
Protein based approaches for further development

of the pyrosequencing technology platform

Maria Ehn

Stockholm 2003

Royal Institute of Technology
Department of Biotechnology



Department of Biotechnology
Royal Institute of Technology
Albanova University Center
SE-106 91 Stockholm
Sweden

ISBN 91-7283-445-5

c© Maria Ehn, Mars 2003

Printed at Universitetsservice US-AB
Box 700 14
100 44 Stockholm Sweden, Stockholm 2003



iii

Maria Ehn (2003): Protein based approaches for further development of the pyrosequencing
technology platform. Department of Biotechnology, Royal Institute of Technology, Stockholm,
Sweden.ISBN 91-7283-445-5

ABSTRACT

The innovation of DNA analysis techniques has enabled a revolution in the field of molecular
biology. In the 70’s, first technologies for sequence determination of DNA were invented and these
techniques enormously increased the possibilities of genetic research. A large proportion of meth-
ods for DNA sequencing is based on enzymatic DNA synthesis with chain termination followed by
electrophoretic separation and detection. However, alternative approaches have been developed
and one example of this is the pyrosequencing technology, which a four-enzyme DNA sequencing
method based on real-time monitoring of DNA synthesis.

Currently, the method is limited to analysis of short DNA sequences and therefore it has
primarily been used for mutation detection and single-nucleotide polymorphism analysis. In order
to expand the use of the pyrosequencing technology, the read length obtained in the methods
needs to be improved. However, it was previously shown that the data quality in pyrosequencing
technology could be significantly increased by addition of Escherichia coli single-stranded DNA-
binding protein, SSB, to the sequencing reaction. Since little was known about the mechanism
of this enhancement, we performed a systematic effort to analyse the effect of SSB on 103 clones
randomly selected from a cDNA library. We investigated the effect of SSB on the obtained
read length in pyrosequencing and identified the causes of low quality sequences. Moreover, the
efficiency of primer annealing and SSB binding for individual cDNA clones was investigated by
use of real-time biosensor analysis. Results from these experiments show that templates with
high performance in pyrosequencing without SSB possess efficient primer annealing and low SSB
affinity.

To minimise the cost of the pyrosequencing system, efficient and scaleable procedures for
production and isolation of the protein components are required. Therefore, protocol for efficient
expression in E. coli and rapid isolation of native SSB was developed. Moreover, by use of a
gene fusion strategy, Klenow polymerase was produced in fusion with the Zbasic domain at high
levels in E. coli. This highly charged protein handle enables selective and efficient ion exchange
purification at physiological pH. Furthermore, active Apyrase was expressed in Methyltropic yeast
Pichia pastoris and purified by two chromatographic steps.

Since pyrosequencing analysis mainly is performed in a 96-sample plate format, an increase
in sample capacity would be very beneficial. One approach to achieve this would be to use micro-
machined filter chamber arrays where nano-liter samples can be monitored in real-time. However,
to enable accurate pyrosequencing analysis of parallel samples, the produced light should prefer-
able be docked to the correct DNA template. Therefore, two different gene fusion strategies were
utilised based on directed immobilisation of the light-harvesting enzyme Luciferase on the DNA
molecules. The thermostable variant of the enzyme was genetically fused to a DNA binding pro-
tein (either SSB or Klenow) and the Zbasic purification handle, which could be selectively removed
by protease cleavage. A protocol was developed for efficient expression in E. coli and purification
by Ion Exchange Chromatography. The proteins were analysed by complete extension of DNA
templates immobilised on magnetic beadspyrosequencing monitored by pyrosequencing chemistry.
Results from these experiments show that the proteins bound selectively to the immobilised DNA
and that their enzymatic domains were active.

In summary, the work presented in this thesis pinpoints features in the pyrosequencing technol-

ogy that needs to be further developed. Moreover, various protein-based strategies are presented

in order to overcome these limitations.

Keywords: pyrosequencing, SSB, Zbasic, Klenow, Apyrase, expression, purification, Biacore,

DNA template length, Luciferase, affinity, gene fusion, immobilisation.
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Chapter 1

Introduction to DNA
analysis methods

1.1 An historical perspective to genetic research

In 1865 the German scientist Gregor Mendel presented the idea that differences be-
tween two organisms are distributed among the offspring of their mating (Mendel,
1865). A pattern could be found in the heritage of parental qualities only if the
traits are determined by discrete entities, later called genes. However, his work
did not receive much credit until the beginning of the 20th century when it was
rediscovered. At this time, the field of biology had changed into a more experimen-
tally based and rigorous science. In 1920, novel techniques enabled visualisation of
chromosomes and gave information of the organisation of genetic material within
the cell. The work of Oswald Avery in 1944, suggested that the genetic material
organised into chromosomes consist of DeoxyriboNucleic Acid, DNA, (Avery et al.,
1944). A more detailed description of the genetic organisation was given in 1953
when Watson and Crick described the double helical structure of DNA (Watson
and Crick, 1953). In the 60’s, the genetic code and informational flow within liv-
ing cell, illustrated in Figure 1, (the central dogma) was elucidated (Crick, 1958).

5



6 Chapter 1. Introduction to DNA analysis methods

DNADNA RNARNA Proteinrotein

Replication

Transcription Translation

Figure 1. The central dogma in molecular biology.

During the latter part of the 20th century, the innovation of a broad range of DNA
techniques enabled a revolution in the field of molecular biology. In the 70’s, tech-
nologies for sequence determination of DNA were invented, both by Maxam-Gilbert
(Maxam and Gilbert, 1977) and Fredrick Sanger (Sanger et al., 1977), and these
techniques enormously increased the possibilities of genetic research. The complete
DNA sequences of whole genomes are currently known for an increasing number
of organisms including the human (Venter et al.; 2001, Lander et al., 2001) and
mouse (Waterston et al., 2002). Even with the genetic sequence of whole genomes
available, the ultimate information for a deeper understanding of the basis of life is
the function of the gene products, the actions performed by the proteins. DNA only
consists of four building blocks (A, C, G and T nucleotides) and can give rise to an
exact copy of itself while 20 different types of amino acid with very different charac-
teristics build up proteins with unique structures crucial for their functions. Due to
this increased complexity when going from DNA to protein analysis, no universal
analysis methods like those suited for DNA -analysis and -preparation are currently
available. Therefore, extensive work on gene function has been carried out on the
DNA and RNA levels. Measurements of quantities of different RNA’s correspond-
ing to different cells are believed to give information about what genes in a cell that
are activate under certain conditions. Moreover, detection of genetic variations in
a large number of samples representing a broad range of biological material give
insight in genetic mechanisms of different diseases. Even with an increasing number
of genomes already sequenced the importance of technical developments in the field
of DNA analysis evident.
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1.2 Overview of DNA sequencing technologies

The number of DNA sequencing technologies is currently very high and only a
few are briefly described below. Different techniques are advantageous over others
depending on the application and therefore, a general ranking of the technologies is
rather misleading. However, a short discussion, concerning different aspects of the
applicability of the techniques is included in the end of this section (for a review of
DNA sequencing techniques, see (Franca et al., 2002)).

1.2.1 Sanger - DNA sequencing by chain termination

The invention of this technique in 1977 (Sanger et al., 1977) revolutionised DNA
sequencing technology. This sequencing technology is undoubtedly, by far the most
frequently used, exemplified by sequencing of various genomes such as the human.
The principle of the method is depicted in Figure 2.

DNA polymerase
dATP, dCTP, dGTP, dTTP

Primer
Template 3’ CTAAGCTCG

5’

+

ddATP ddCTP ddGTP ddTTP

5’

5’
5’ GddA

GATTCGddA
5’ GATTddC
5’ GATTCGAGddC

5’ GAddTTP
5’ GATddTTP

5’ ddGTP
5’ GATTCddGTP
5’ GATTCGAddGTP

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

Electrophoretic separation pattern

C
T
A
A
G
C
T
C
G

3’

5’
Template sequence

Figure 2. Schematic representation of the Sanger DNA sequencing technology.



8 Chapter 1. Introduction to DNA analysis methods

Generation of fragments.

The starting material consists of a single stranded DNA (ssDNA) molecule whose
sequence is to be determined (sequencing template). The sequence of 5’-end of
the template is known so that an oligonucleotide primer complementary to this
region can be hybridised to the ssDNA. The enzyme DNA polymerase synthesises
the DNA strand complementary to the template starting at the primer. If only
unmodified nucleotides, dNTPs, were used in the DNA polymerisation, the synthe-
sised DNA strands would all be identical with the same length as the sequencing
template. Hence, the natural dNTPs are mixed with dideoxy nucleotides, ddNTPs,
which, due to lack of the 3’-hydroxyl group can be incorporated into the DNA
chain but cause chain termination. The fact that dNTPs are in excess compared
to the ddNTPs and that the DNA elongation stops when a ddNTP has been incor-
porated into the DNA chain results in DNA fragments of different lengths. Four
parallel DNA elongation reactions are run with dNTPs/ddATP, dNTPs/ddCTP,
dNTPs/ddGTP and dNTPs/ddTTP, respectively. The obtained fragments can be
analysed with regard to size as well as terminating dideoxynucleotide and thereby,
the DNA sequence can be deduced from these results (Figure 2).

Separation and detection of fragments.

The size separation of the Sanger fragment is usually performed by electrophoretic
separation although mass spectrometry analysis has also been described (Jacobson
et al., 1991; Murray, 1996). For detection of the fragments, the primers were origi-
nally labelled using radioactivity. The four samples from sequencing reactions each
with a different terminator are loaded onto slab polyacrylamide gels and separated
by electrophoresis so that the separation pattern deduced from the developed au-
toradiograms. To date, the radioactivity has been replaced by fluorescent dyes so
that the Sanger fragments are detectable when excited by a laser beam. By labelling
the four ddNTPs with different fluorescent dyes, the former four separate Sanger
reactions can be included in one and no modification of the primer is required.
The system became fully automated when the slab gel electrophoretic separation
step, which required manual gel fabrication and sample loading, was replaced by
capillary electrophoresis.

1.2.2 Maxam and Gilbert - DNA sequencing by chemical
cleavage

A DNA sequencing technique based on sequencing by chemical cleavage was pre-
sented by Maxam and Gilbert in 1977 (Maxam and Gilbert, 1977). In this tech-
nique, the DNA fragments are generated either by digestion of the sequencing
template by restriction enzymes or PCR amplification and the ends of the frag-
ments are labelled, traditionally by radioactivity. Single stranded DNA fragments
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radioactively labelled at one end are isolated and subjected to chemical cleavage of
base positions. Four parallel cleavage reactions are performed, each one resulting in
cleavage after one specific base. Cleavage conditions are optimised so that approxi-
mately one break occurs per DNA strand, resulting a collection of DNA fragments
of different length that are all cleaved after a specific base. The different cleavage
products are separated on polyacrylamide gels and different bands are detected by
autoradiography if radioactively labelled. The sequence is deduced from the gel
separation pattern like in the Sanger sequencing method.

1.2.3 DNA sequencing by hybridisation

In 1975, Ed Southern (Southern, 1975) presented a technique for detection of spe-
cific DNA sequences using hybridisation of complementary probes. This principle
laid the foundation for the sequencing by hybridisation technology presented in
1988 (Lysov Iu et al., 1988; Drmanac et al., 1989). Sequencing by hybridisation
utilises a large number of short nested oligonucleotides immobilised on a solid sup-
port to which the labelled sequencing template is hybridised. The target sequence
is deduced by computer analysis of hybridisation pattern of the sample DNA.

1.2.4 Pyrosequencing - DNA sequencing by real-time detec-
tion of released PPi

Pyrosequencing is a four-enzyme DNA sequencing technology based on real time
monitoring of DNA synthesis by bioluminescence (Ronaghiet al., 1998). The system
is thoroughly described in the second chapter of this thesis.

1.2.5 Different techniques - different applications

Sequencing technologies like Sanger, Maxam-Gilbert and pyrosequencing have the
ability to determine unknown DNA sequence, de novo sequence determination. On
the contrary, sequencing by hybridisation is mainly suitable for detection of genetic
variations within known DNA sequences, re-sequencing. For certain applications
such as genotyping samples for well-known SNPs, this is the required information.
However, the extremely small differences in duplex stability between a perfect match
and a one-base mismatch duplex limits the reliability and applicability of this tech-
nology (Tibanyenda et al., 1984). This difficulties can be relieved by use of probes
made of Peptide Nucleic Acid, PNA, or Locked Nucleic Acids, LNA, which form
duplexes with DNA with higher melting point than the corresponding DNA-DNA
duplex (Egholm et al., 1993; Buchardt et al., 1993; Demidov, 2003). However, cur-
rently the price of these molecules is significantly higher compared to DNA. The
read length and accuracy of the obtained sequences is of crucial importance for
the choice of sequencing technology. In the case of the Maxam-Gilbert technique
read length up to 500 bp has been achieved (Dolan et al., 1995). Nevertheless,
the occurrence of incomplete reactions usually decreases the read length. Using
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Sanger sequencing followed by separation by capillary gel electrophoresis, the av-
erage read-length obtained is typically between five hundred and thousand bases.
Several commercial systems are available for this technology and development in
capillary electrophoretic equipment has enabled rapid and accurate determination
of up to significantly above thousand bases (Zhou et al., 2000). However, when
using sequence technology for identification of genetic variants such as SNP geno-
typing, bacterial- or virus typing, detection of specific mutations, gene identification
in transcript analysis etc, the read-length required is much shorter. In these cases,
running a several hour experiment for obtaining sequences of several hundred bases
is not meaningful. In such cases, faster sequence analysis methods like pyrosequenc-
ing are very attractive and has been successfully used (Ahmadian et al., 2000a;
Alderborn et al., 2000; Gustafsson et al., 2001a; Gustafsson et al., 2001b; Milan et
al., 2000; Unnerstad et al., 2001; Vorechovsky et al., 2001; Ahmadian et al., 2000b;
Chapman et al., 2001; Garcia et al., 2000; Van Goethem et al., 2000; Monstein
et al., 2001; O’Meara et al., 2001; Nygren et al., 2001; Andreasson et al., 2002;
Agaton et al., 2002). Moreover, the use of directed base dispension in pyrosequenc-
ing analysis of SNPs in close proximity to each other enables haplotype profiling
which is not possible using Sanger DNA sequencing. One important argument for
the choice of sequencing technique is the amount of work and time required as
well as the possibility for automation of different steps. In the sequencing methods
described above a step of template amplification performed by Polymerase Chain
Reaction, PCR (Mullis et al., 1986) is generally required. A PCR clean up prior to
sequence analysis is usually performed and a vast number of commercial solutions
are available for this purpose. The Sanger sequencing reaction is usually purified
and thereafter separated by electrophoresis. The fragment purification has mainly
been performed by ethanol precipitation which includes several manual operations
and therefore does not facilitate automation. However, alternative techniques such
as separation using magnetic beads are available (Wahlberg et al., 1992). Although
the Sanger DNA sequencing method can be highly automated, the longer analysis
time compared to pyrosequencing decreases its suitability when only shorter se-
quences are required. The chemical reactions in the Maxam-Gilbert technique are
slow and involve hazardous chemicals that require special handling care in the DNA
cleavage reactions. Therefore, this technology has not been suitable for large-scale
investigations. Sequencing by hybridisation would, if the accuracy and reliability
of the technique were sufficient, provide a very fast analysis of a specific sequence.
Although the economical aspect is also very important when choosing sequencing
technology, this is not discussed here.



Chapter 2

Pyrosequencing technology

The real time monitoring of DNA synthesis, the sequencing-by-synthesis principle,
was first described in 1985 (Melamede, 1985). The technique is based on sequen-
tial addition of nucleotides to a primed template and the sequence of the template
is deduced from the order different nucleotides are incorporated into the growing
DNA chain which is complementary to the sequencing template. In 1987, P̊al
Nyrén described how DNA polymerase activity can be monitored by biolumines-
cence (Nyrén, 1987) and the following year, Hyman presented a DNA sequencing
method based on the same biochemical system (Hyman, 1988). This sequence
technology utilised six different sequential columns with immobilised enzymes that
the nucleotides needed to pass through upon each base addition. Ten years later,
the pyrosequencing DNA sequencing method was presented (Ronaghi et al., 1998)
enabling real-time sequencing in solution.

2.1 The pyrosequencing principle

2.1.1 Overview

The four enzymes included into the pyrosequencing system are the Klenow frag-
ment of DNA Polymerase I (Klenow et al., 1971), ATP sulphurylase (Segel et al.,
1987), Luciferase (Deluca, 1976) and Apyrase (Komoszynski and Wojtczak, 1996).
The reaction mixture also contains the enzyme substrates adenosine phosphosulfate
(APS), D-luciferin and the sequencing template with an annealed primer to be used
as starting material for the DNA polymerase. The four nucleotides are added one
at a time, iteratively, in a cyclic manner and a CCD camera detects produced light.

11
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2.1.2 Enzymatic reactions

The enzymatic reactions exploited in the pyrosequencing technology, with catalysing
enzyme given in the reactions or in the right margin in parentheses, are the follow-
ing:

(1) (DNA)n + dNTP → (DNA)n+1 + PPi (Polymerase)

(2) PPi + APS → ATP + SO2−
4 (ATPSulphurylase)

(3) Luciferase+D-luciferin +ATP → Luciferase-luciferin-AMP+PPi

(4) Luciferase-luciferin-AMP + O2 → Luciferase + oxyluciferin+AMP+

CO2 + hν

(5) ATP → AMP + 2Pi (Apyrase)

(6) dNTP → dNMP + 2Pi (Apyrase)

The first reaction, the DNA polymerisation, occurs if the added nucleotide forms a
base pair with the sequencing template and thereby is incorporated into the growing
DNA strand. The released inorganic pyrophosphate, PPi, released by the Klenow
DNA polymerase serves as substrate for ATP Sulphurylase, which produces ATP in
the second reaction. Through the third and fourth reactions, the ATP is converted
to light by Luciferase and the light signal is detected. Hence, only if the correct
nucleotide is added to the reaction mixture, light is produced by the enzymatic
reactions (1)-(4). The nucleotides are added to the reaction one at the time and
the DNA sequence of the template is deduced from the order of the incorporated
nucleotides (Figure 3). Apyrase removes unincorporated nucleotides and ATP by
reactions (5) and (6) between the additions of different bases. This degradation
between base additions is crucial for synchronised DNA synthesis asserting that
the light signal detected when adding a certain nucleotide only arises from incor-
poration of that specific nucleotide.
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Figure 3. Schematic representation of the pyrosequencing technology illustrating
how the template sequence is deduced from the enzymatic reactions.
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2.2 Pyrosequencing enzymes

The performance of the four enzymes is crucial for the accuracy of this DNA se-
quencing technology. Their basic characteristics and influence on the pyrosequenc-
ing result quality is therefore discussed. Moreover, the sources and isolation proce-
dures currently in use for obtaining the enzymes are presented.

2.2.1 Klenow DNA polymerase

DNA polymerases (E.C 2.7.7.7) catalyse DNA polymerisation in replication and
repair and are thus crucial for survival of all living cells (Kornberg, 1988). Es-
cherichia coli DNA polymerase I is the most extensively studied polymerase and
possess, in addition to polymerase activity, both 3’→5’ and 5’→3’ exonuclease ac-
tivity. Proteolytic cleavage of the native 109 kDa polymerase by Subtilisin results
in one smaller proteolytic fragment harboring 5’→3’ exonuclease activity and one
larger fragment, called Klenow polymerase, that posses both polymerase and 3’→5’
exonuclease activity (Klenow et al. , 1971). However, by mutating only two amino
acids, an exonuclease deficient (exo−) Klenow with intact structure and polymerase
activity variant has been created (Derbyshire et al., 1988). In pyrosequencing, the
(exo−) Klenow polymerase is used for extension of the primer and simultaneous
release of PPi . Crystal structures of the Klenow polymerase in complex with the
DNA duplex (Beese et al., 1993) as well as dNTP and PPi (Beese et al., 1993)
are solved and the molecular mechanism of the enzyme has been extensively in-
vestigated by various techniques such as site-specific mutagenesis (Polesky et al.,
1990). In the polymerisation reaction, Klenow binds the growing DNA strand
near the 3’-end of the extended primer followed by recruitment of the correct nu-
cleotide in complex with Mg2+ (Bryant et al., 1983). The binding of the correct
nucleotide to Klenow causes a conformational change of the enzyme from an open
to a closed state leading to sequestering of preceding dNTP on DNA (Ramanathan
et al., 2001). In the closed state, Mg2+ mediates a rapid chemical step involving
nucleophilic attack of the 3’- hydroxyl group of the DNA template terminus on the
innermost phosphogroup on the dNTP. The attack results in nucleophilic displace-
ment of pyrophosphate from the dNTP and by release of PPi, the enzyme returns
to its open state and can either translocate to the next available template position
or dissociate from the DNA. In summary, polymerisation takes place according to
the following reaction:

DNAn + dNTP
−−−−−−−−−−−−−→
DNA Polymerase DNAn+1 + PPi

During non-processive DNA synthesis, the dissociation of the enzyme from the
DNA is rate limiting with a sequence dependent rate constant (Frey et al., 1995).
Since E. coli Polymerase I plays an important role in DNA repair, the processivity
of the enzyme is rather low compared to replicative polymerases such as T7 DNA
polymerase. While DNA polymerase I generally extends 20-50 nucleotides before
dissociating from the primer-template (Bambara et al., 1978; McClure and Jovin,
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1975; Bryant et al., 1983), T7 polymerase can, when bound to its accessory protein
E. coli thioredoxin, extend thousands of nucleotides without dissociation (Tabor et
al., 1987). By forming a protein complex with the polymerase, thioredoxin increases
the number of charge-charge interactions between the protein and the DNA and
thereby the equilibrium dissociation constant of T7 DNA polymerase and the tem-
plate is reduced 80-fold (Huber et al., 1987). The thioredoxin-binding domain of T7
DNA polymerase was inserted into the homologous site in E. coli DNA polymerase
I so that the chimeric polymerase showed dramatically increased processivity when
binding to thioredoxin (Bedford et al., 1997). Although, the (exo−) Klenow used
in pyrosequencing is devoid of the proofreading 3’→5’ exonuclease activity from
DNA polymerase I, several mechanisms in the DNA extension ensures high fidelity
of base insertion. Firstly, the binding of the correct nucleotide is stronger than
binding of an incorrect one (Hopfield, 1974). Secondly, the conformational change
from open to closed conformation takes place only upon binding of the correct nu-
cleotide. This conformational change positions the 3’-OH and the dNTP for the
nucleophilic attack and thereby determines the rate of phosphodiester bond forma-
tion (Bryantet al., 1983; Mizrahi et al., 1985; Kuchta et al., 1987; Frey et al., 1995).
After formation of the phosphodiester, a conformational change slows dissociation
of the incorrect DNA products from Klenow and in use of (exo+) Klenow, 3’→5’
exonuclease activity removes the incorrect base (Kuchta et al., 1988). However, in
pyrosequencing with (exo−) Klenow, the slower kinetic mechanism for mismatch
incorporation is exploited by the use of Apyrase so that mismatch incorporation
is efficiently eliminated (Ahmadian, 2001). The KM of Klenow differ for different
dNTPs but ranges from 0.1 to 5 µM (for determination of KM of dATP and dTTP,
see (McClure, 1975)). For efficient polymerisation, the nucleotide concentration
should be above the KM and yet not be too high since that decreases the polymeri-
sation fidelity (for the effect of dNTP concentration on thermostable polymerases,
see (Cline et al., 1996)). Klenow was originally isolated from E. coli extracts giving
only 10 mg of pure protein per kg cell paste (Jovin et al., 1969). However, by
cloning of the gene, systems for high production of the protein have been developed
and the purification is usually performed by several steps (Joyce, 1983). By use of
various gene fusion strategies, affinity tags have been utilised for efficient recovery
of the protein (Bedouelle, 1988; Nilsson et al., 1996).

2.2.2 ATP Sulphurylase

The second reaction in pyrosequencing technology, namely the production of ATP
from PPi released upon DNA polymerisation, is catalysed by ATP sulphurylase
(E.C 2.7.7.4). ATP sulphurylase is in vivo involved in sulphur activation by catalysing
the following reaction:

MgATP + SO2−
4

−−−−−−−−−−−−−−→
ATP Sulphurylase MgPPi + APS

The produced adenosine phosphosulfate, APS, is further phosphorylated by APS
kinase into adenosine 3’-phospate 5’-phosphosulphate, PAPS, which is used for
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synthesis of various sulphur containing compounds. However, the equilibrium of
the reaction catalysed by ATP sulphurylase is naturally very unfavourable for APS
production but the removal of APS and PPi by APS kinase and inorganic pyrophos-
phatase pulls the reaction to the right (Segel et al.,1987). Hence, being uncoupled,
the ATP Sulphurylase catalysed reaction is favourable for ATP synthesis from PPi

and this is exploited in the second reaction in the pyrosequencing technology which
is:

PPi + APS
−−−−−−−−−−−−−−→
ATP Sulphurylase ATP + SO2−

4

ATP sulphurylase has been found in a broad range of organisms such as yeast
and filamentous fungi (Segel et al., 1987), spinach leaf (Renosto et al., 1993) and
rat (Brandan, 1988). The gene from several species have been cloned and the
corresponding enzyme has been characterised exemplified by Escherichia coli (Leyh
et al., 1988) and mouse (Li et al., 1995). However, the first ATP sulphurylase
was cloned from the MET3 gene on chromosome X of Saccharomyces cerevisiae
yeast and this currently the only commercially available enzyme. This enzyme is
a 315 kDa homo hexamer (Segel et al., 1987) that has been successfully produced
intracellularly in E. coli for use in pyrosequencing technology. The recombinant
enzyme is purified in three steps including ammonium sulphate precipitation, anion
exchange chromatography and gel filtration (Karamohamed et al., 1999).

2.2.3 Luciferase

Luciferase (E.C. 1.13.12.7) catalyses the light production from ATP detected in
pyrosequencing. Variants of the enzyme are required for light production in all bi-
oluminescent organisms, which are divided into the two superfamilies, Elateroidea
and Cantharoieda. The former comprises a single family, Elateroidae (click beetle)
from which four Luciferases from Pyrophorus plagiophtalamus (Wood et al., 1989)
been sequenced and cloned. The Canthatoidea, however, contain the four luminous
families: Homalisidae, Teleusidae, Phengodidae (glowworm) (Viviani et al., 1999)
and Lampyridae (firefly). Four Luciferases have been cloned and sequenced from
the Lampyridae, showing more than 60 percent sequence homology (de Wet et al.,
1985; Tatsumi, 1989; Tatsumi, 1992; Devine, 1993). The light emission from each
species is characterised by the colour and the flashing pattern. The colour of the
emitted light, which is determined by the active site of the Luciferase, varies be-
tween species from green (λmax ∼ 543 nm) to red (λmax ∼ 620 nm). Moreover,
each beetle emits a distinct flashing pattern that is recognised by the opposite sex
of the species. The most extensively used Luciferase that first was cloned and is
the only commercial variant originates from the North American firefly Photinus
pyralis (de Wet et al., 1986). This Luciferase is a 61 kDa enzyme which produce
light in the green-yellow region (550-590 nm) with an emission maximum at 562
nm (at the pH 7.5 - 8.5 which is the optimum) (Sala-Newby et al., 1996). Several
strategies have been used for identification and characterisation of the Luciferase
active site including site specific mutagenesis (Branchini et al., 1998; Branchini
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et al., 1999; Sala-Newby and Campbell, 1994; Thompson et al., 1997) and sub-
strate analogs (Branchini et al., 1997). The light production performed by the
P. pyralis Luciferase is rather efficient with 0.88 photons produced per luciferin
molecule consumed (Seliger and McElroy, 1960). In the first Luciferase catalysed
reaction, the enzyme undergoes a conformational change upon forming a complex
with D-luciferin in presence of magnesium ions according to:

Luciferase + D-luciferin + ATP
−−−→
Mg2+ Luciferase-luciferin-AMP + PPi

Successively, light production takes place through oxidative carboxylation of the
luciferyl-adenylate through:

Luciferase-luciferin-AMP + O2 → Luciferase + oxyluciferin+AMP +
CO2 + hν

Since Luciferase can produce light from dATP but no other nucleotides, a modified
A nucleotide, dATP-S, is used instead of dATP in the pyrosequencing polymerisa-
tion (Ronaghi et al., 1998). Moreover, ATP concentrations in the micro-molar range
causes production of light by flash kinetics which rapidly decays to the constant
light production taking place at nano-molar ATP concentration where the light in-
tensity is proportional to the amount of ATP. In pyrosequencing technology, the low
thermostability of Luciferase limits the reaction temperature to approximately 25o

C. Since the temperature optimum for several other enzymes is higher, an increased
reaction temperature might shorten the analysis time and decrease background sig-
nals. However, various strategies have been used to increase the thermostability
of Luciferase such as addition of stabilising compounds (Thompsonet al., 1991;
Simpsonet al., 1991) and site specific mutagenesis (Kajiyama and Nakano, 1993;
White et al., 1996). Moreover, extensive studies have been performed to map pro-
tease sensitive regions within the protein (Sung and Kang, 1998; Thompson et al.,
1997). P. pyralis Luciferase was originally purified from the firefly tails but exten-
sive isolation was required since contaminant in the tails interfered with the light
production (Nielsen and Rasmussen, 1968; Klofat et al., 1969; Gates and DeLuca,
1975; Beny and Dolivio, 1976; Branchini et al., 1980; Filippova et al., 1989). After
cloning of the gene, recombinant production in E. coli has been performed (de Wet
et al., 1986; Sala-Newby and Campbell, 1992). By use of gene fusion technology,
several purification tags such as protein A (Lindbladh et al., 1991; Kobatake et
al., 1993) has enabled rapid purification as well as immobilisation of the enzyme
on solid supports. Luciferase is frequently used as a reporter gene for monitoring
gene expression and tumour progression, (for examples of reviews, see (Contag and
Bachmann, 2002; Contag et al., 2000) and (Greer and Szalay, 2002)). Luciferase
is highly suitable for this purpose since it consists of one single polypeptide chain
without need for post translational modifications or disulphide bridges (Ohmiya
and Tsuji, 1997). Moreover, most cells lack endogenous Luciferase activity so the
background level of Luciferase activity is very low and the enzyme has a broad
dynamic range as well as high sensitivity (Bronstein et al., 1996).
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2.2.4 Apyrase

Apyrase (E.C. 3.6.1.5) is included in the pyrosequencing technology for degradation
of unincorporated nucleotides and excess ATP between base additions. Apyrases
and ecto-ATPases are E-type ATPases, a group of enzymes different from other
ATPases by several aspects. Firstly, their activity is dependent on divalent cations,
mainly Ca2+ or Mg2+ (Kettlun AM et al., 1992; Plesner, 1995). Secondly, they are
insensitive to specific inhibitors of other types of ATPases such as P-, F- and V-
types (Handa and Guidotti, 1996). E-type ATPases play diverse important roles in
biological processes as modulation of neural cell activity (Zimmermann, 1994), pre-
vention of intravascular thrombosis (Kaczmarek et al., 1996; Marcus et al., 1997),
regulation of immune response (Wang and Guidotti, 1996), protein glycolysation
and sugar level control (Abeijon et al., 1993) as well as regulation of membrane
integrity (Girolomoni et al., 1993). However, apyrases differ from ecto-ATPases
since they can hydrolyse nucleoside tri-di- and mono phosphates and thus have a
lower substrate specificity (Plesner, 1995). The reactions catalysed by apyrases are
thus the following (Komoszynski and Wojtczak, 1996):

(d)NTP
−−−−−→
Apyrase (d)NDP + Pi

−−−−−→
Apyrase (d)NMP + Pi

Apyrases have been described in various animal tissues and organisms such as Tox-
oplasma gondii (Bermudes et al., 1994), Saccharomyces cerevisiae (Zhong et al.,
1996). However, the only commercially available apyrases, which are the most
extensively studied, origins from potato tubers Solanum tuberosum. Several isoen-
zymes from different clonal varietes of S. tuberosum have been isolated and charac-
terised although the best known are those from Pimpernel and Desire type (Ket-
tlun et al., 1992a). The two apyrases have the same size (49 kDa) but different
isoelectric points, pI (Kettlun et al., 1992b). Most interesting difference for use
in pyrosequencing technology is the ratio between ATP and ADP hydrolysis rates
since a high ratio increases the efficiency of nucleotide degradation (Espinosa et al.,
2000). Thus, since the ratio is ten for apyrase from the Pimpernel and one for that
from Desire, Pimpernel apyrase from S. tuberosum is used in pyrosequencing.



Chapter 3

Production, isolation and
characterisation of
recombinant proteins

3.1 Introduction to protein chemistry

Proteins play important roles such as messenger molecules, structural elements and
regulators of biological processes. The basic aspects on the in vivo production of
protein and the factors that determine their function are briefly described.

3.1.1 The central dogma

A schematic overview of the central dogma is depicted in Figure 1 on page 6. In
the cell, the genetic material is stored in DNA, composed by long strands where the
four nucleotide building blocks ,dATP, dCTP, dGTP and dUTP, are joint together
sequentially. The formation of specific base pairs between dATP-dTTP and dCTP-
dGTP results in a double helical structure where two DNA strands are held together
by hydrogen bonds within a base pair. Hence, the specific sequence of nucleotide
linkage in one strand give rise to the complementary nucleotide sequence in the
other strand and this gives the DNA molecule the ability to make exact copies if
itself through a process called DNA replication. For a protein to be generated from
the part of the DNA molecule encoding it, its corresponding gene copy that can
be interpreted by the protein machinery must be produced. This is accomplished
through the transcription where a genetic copy is generated represented by a RNA
molecule, the genetic transcript. The transcript is transported to the cell protein
machinery, the ribosome, where a protein molecule is built, based on the RNA
information, in a process called translation.

19
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3.1.2 Basic protein structure

Proteins are built by twenty different amino acid building blocks with diverse char-
acteristics defined by the chemical nature of the side chains. However, all amino
acids contain at least one amine (-NH2) and one carboxyl group (-COO−) by
which they can be covalently linked to each other through peptide bonds form-
ing a polypeptide chain. The specific order by which the amino acids are linked
in a protein together is called the primary sequence of the protein. The protein
can thus be viewed as a chain composed of linked amino acids that all contain
side chains with different charges, hybrophobicity, rigidity, etc. The local three-
dimensional organisation of the polypeptide chain is called the secondary structure.
Different parts of one polypeptide chain can fold into different secondary struc-
tures. Without any stabilising interactions, the polypeptide adopts a non-ordered
random-coil secondary structure. On the contrary, if stabilising hydrogen bonds
form between certain residues, the polypeptide backbone folds into folded struc-
tures such as a spiral, the (α-helix) (Pauling et al., 1951; Nemethy et al., 1967)
or an extended polypeptide, (β-strand). Different β-strands align parallel or anti-
parallel to each other and form β-sheets (Pauling and Corey, 1951) as hydrogen
bonds are established between carbonyl- and amid groups of amino acids of differ-
ent strands. Turns and loops are connective secondary structure elements. While
loops can vary in length and have flexible structure, turns only consist of a few
highly ordered residues. However both elements are normally located on the pro-
tein surface and therefore their content of charged and polar residues is often high
(Leszczynski and Rose, 1986). The overall three-dimensional protein conformation,
the tertiary structure, is formed through multiple interactions between different
secondary structure elements within one polypeptide chain. For proteins soluble in
aqueous environment, hydrophilic surfaces are exposed outwards while hydrophobic
areas interact with each other forming the protein core. For monomeric proteins
built up by one polypeptide chain, the highest order of structure is tertiary struc-
ture. However, multimeric proteins consist of several polypeptide chain subunits
assembled together. The total structure for those proteins is thus determined by
the interactions between different subunits, the quaternary structure.
Hence, the three-dimensional organisation of a protein chain is determined by its
primary structure (Anfinsen, 1973) and the biological function of the protein is
derived from its overall structure.

3.2 Recombinant DNA technology

In 1970, the first members of a group of enzymes that endogenously cleaved a DNA
helix in a specific recognition sequence were isolated (Smith and Wilcox, 1970).
Using these restriction enzymes, DNA fragments could be cut out from a longer
DNA molecule. Moreover, DNA fragments cut out from different sources using the
same restriction enzymes could be joint together using the DNA Ligase enzyme
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(Little et al., 1967). Hence, a recombination of DNA fragments originating from
different organisms could be performed and this was first shown in 1972 (Cohen
et al., 1973). The progress of recombinant DNA technology had thus enabled the
fabrication of recombinant DNA molecules containing specific genes for introduction
into host cells. Having a clone of host cells containing the same recombinant DNA
molecule gives the opportunity for a large number of different experiments; large
amounts of the DNA molecule can be prepared, the DNA sequence of the inserted
gene fragment can be obtained, the function of the gene product (the protein) can
be studied both within the cell, i.e. in vivo and purified from other cell constituents
and studied in vitro. The advent of the Polymerase Chain Reaction, PCR, (Mullis
et al., 1986), revolutionised the recombinant DNA technology. Not only did it
enabled production of high amounts genetic material from very little start material
simultaneously but also did it simplify the experimental design since restriction
enzyme recognition sequences could be included in the PCR primers. A schematic
overview of cloning using restriction enzymes is depicted in Figure 4. Alternative
cloning technologies for creation of recombinant DNA molecules by use of site-
specific DNA recombination instead of restriction cleavage followed by ligation have
been developed and are currently commercially available (Gateway, Invitrogen).
Regardless of what cloning methods used, recombinant DNA technology enables
combinations of gene fragments of different origin and introduction of these genes
in different host cells.
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Gene of interest (GOI)

Foreign DNA

Recognition sequence
endonuclease 1

Primer 1

Primer 2

Recognition sequence
endonuclease 2

PCR amplification of GOI using
primers containing recognition
sequences for endonucleases 1 and 2

Restriction cleavage using
endonucleases 1 and 2

PCR productCloning vector (plasmid)

Ligation

Transformation into bacterial cells

Figure 4. Schematic overview of cloning using restriction enzymes.
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3.3 Protein expression

Introduction of foreign genes into host cells enables expression of the correspond-
ing gene products, the foreign proteins, in those cells. Moreover, introduction of
extra genetic copies encoding endogenous gene products can be exploited for overex-
pression of those proteins. Recombinant protein expression has several advantages
compared to purification of the protein from its natural source. Primarily, recom-
binant protein expression often enables accumulation of the protein product within
the host cells. The use of well characterised bacteria enables controlled cultivation
that can easily be scaled up, thus giving very cost-effective means for obtaining
high amounts of protein. Secondly, genetic engineering of the product can be per-
formed for introducing new characteristics into the protein as well as modulation of
protein function. Also, new features can be exploited for facilitated isolation of the
protein product. Thirdly, expression in well-defined cell such as bacteria cultures or
yeast eliminates eukaryotic viral contaminations of protein products that otherwise
would limit the use of the products especially as pharmaceuticals. The yield when
expressing a protein in a foreign cell is highly dependent on protein characteristics,
compatibility to the host cell transcription-translation system and the toxicity of
the protein product to the host cell. However, there are a large number of pos-
sibilities for optimisation of recombinant protein production and a short overview
is given below. The introduction of cell-free protein synthesis enables highly con-
trollable and automatable expression of recombinant proteins. Currently, several
systems based on cell free extracts are commercially available although mainly used
for high-throughput expression of proteins at levels sufficient for various analyses
(Sawasaki et al., 2002). In this chapter a brief comparison between different host
organisms is given followed by short descriptions of several aspects in the E. coli
system.

3.3.1 Hosts

Examples of the most common host organisms for protein production is given in
Table 1. Prokaryotes are often attractive as host for recombinant production be-
cause of its cost-efficiency and suitability for large-scale cultivation.

Bacteria

The most widely used prokaryotic host is the Gram-negative Escherichia coli bac-
teria which is well characterised both genetically (Blattner et al., 1997) and phys-
iologically. Its main advantages are fast growth in simple, well defined culture
media and the vast number of possibilities available for cell manipulation (Baneyx,
1999; Makrides, 1996). However, the simplicity of the protein folding machinery of
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Hosts Example of organism Reference
I. Prokaroyts

Gram(−) bacteria Escherichia coli (Baneyx, 1999)
Gram(+) bacteria Bacillus subtilis (de Vos el al., 1997)

I. Eukaroyts
Yeast Pichia pastoris (Cregg el al., 2000)

Saccharomyces cerevisiae (Sudbery, 1996)
Plant cells Tobacco cells (James and Lee, 2001)

(Doran, 2000)
Insect cells Spodoptera frugiperda (Altmann el al., 1999)
Transgenic Cattle (Brink el al., 1999)
multicellular
organisms

Table 1. Examples of host organisms used for recombinant protein production.

the bacteria sometimes limits their use as production host organisms. High con-
centration of incompletely folded polypeptides within the bacteria often results in
insoluble protein aggregates, inclusion bodies, within the cells (Marston, 1986).
While Gram-negative cells are encapsulated by two cell membranes separated by a
cell wall and a periplasmic space, Gram-positive bacteria, such as Bacillus subtilis,
have only one inner plasma membrane and a cell wall. The lack of outer membrane
simplifies the secretion pathway of the Gram-positive cells and makes them suitable
for expression of recombinant proteins secreted into the cell media (Sandkvist and
Bagdasarian, 1996; Billman-Jacobe, 1996; de Vos et al., 1997) as well as cell sur-
face display (Wernerus et al., 2002). Furthermore, the absence of outer membrane
and its major components, lipopolysaccharides, LPS could be advantageous when
producing pharmaceutical proteins (Alexander and Rietschel, 2001).

Yeast

Many eukaryotic proteins require post-translational modifications such as glyco-
sylation to obtain correct fold and biological activity (Kukuruzinska and Lennon,
1998). The enzymes carrying out these modification processes are located on mem-
branes of different sub cellular organelles which are only present in eukaryotic cells
and not in bacteria. Yeast is an eukaryotic organism which, because it is unicel-
lular, retain the advantageous growth properties of bacteria such as rapid growth
and ease of genetic manipulation (Buckholz and Gleeson, 1991). Even though
the yeast contain sub cellular organelles and thereby is capable of performing sev-
eral post-translational modifications, the carbohydrate modifications performed by
yeast often differ from those in higher eukaryotic cells (Jenkins et al., 1996). While
different types of sugar molecules are attached to hydroxyl groups of serines and
threonines in mammals, lower eukaryots can only attach mannose on these positions
(Cereghino and Cregg, 2000). Furthermore, the specific serines and threonines to
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which sugars are linked in a process called O-glycosylation differ between mammals
and yeast. Moreover, mammal proteins that are devoid of sugars in the native host
can be O-glycosylated in yeast. A second type of sugar attachment to proteins in
eukaryots is N-glycosylation by which lipid-linked oligosaccharide units are cova-
lently linked to asparagines in consensus sequence Asn-X-Ser/Thr. In mammalian
cells, the sugar groups are trimmed and added to the attached complexes accord-
ing to specific patterns. However, in Bakers yeast, Saccharomyces cerevisiae, the
outer chains of the N-linked carbohydrate cores are elongated by addition of 50-100
mannose residues so that the proteins become hyperglycosylated (Jenkins et al.,
1996). Although S. cerevisiae has been extensively used for expression of heterol-
ogous proteins (Sudbery, 1996) and several genetic tools and expression systems
are available, the hyperglycosylation problems might limit the use of this expres-
sion host in certain cases. Methylotrophic yeast are considered to generate less
hyperglycosylation, which if present can be highly immunogenic, as well as produce
higher amounts of recombinant proteins (Hollenberg and Gellissen, 1997); Gellissen
and Hollenberg, 1997). The methylotropic yeast strain Pichia pastoris (Cereghino
and Cregg, 2000) is widely used for expression of heterologous proteins at high
levels, either intracellularly or secreted. However, since P. pastoris secretes low
levels of endogenous proteins and its growth medium is devoid of added proteins,
a secretion protein product will be the main protein of the culture media (Cregg
et al., 2000). The availability of commercial expression systems and simplicity of
techniques required for genetic manipulation of the cells makes it a very attractive
host organism (Gellissen, 2000; Cereghino et al., 2002).

Eukaryotic cell cultures

Proteins consisting of multiple subunits that are highly post-translationally mod-
ified can usually not be produced in bacteria or yeast. In those cases, production
can be performed in mammalian cells such as African Green Monkey kidney (COS)
(Gluzman, 1981) or Chinese Hamster Ovary (CHO) (Urlaub and Chasin, 1980).
The vectors used are of viral origin and can induce either transient expression of
the foreign gene from a non-integrating and non-replicating DNA plasmid or inte-
gration of the foreign gene into the host cell genome (Makrides, 1999; Colosimo et
al., 2000). If integration into the host cell genome takes place and a stable trans-
formation is obtained, all daughter cells from cell division will express the foreign
gene product for a considerable period of time (Shoji et al., 1997). Mammalian
cell cultures are usually laborious and often produce low levels of protein. More-
over, growth supplement such as mammalian serum components is often required
increasing cost and violating biosafety. Insect cells is a more cost-effective alterna-
tive to mammalian cell cultures for expression of heterologous proteins (Altmann et
al., 1999; McCarroll and King, 1997). Maintenance of the cells is relatively cheap
and the yield of correctly folded and processed protein product is generally high
although all post-translational modifications of higher mammals are not correctly
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carried out. Expression systems based on gene introduction by recombinant bac-
ulovirus into different cells such as Spodoptera frugiperda are the most commonly
used (Altmann et al., 1999). Plant cells are suitable for production of secreted
proteins (James and Lee, 2001). The simple cultivation media required for growth
makes the expression and purification of proteins cost effective (Doran, 2000). Great
efforts have been put into the development of whole organisms of transgenic plant
and animals to be used as bioreactors for production of large quantities of thera-
peutic proteins (Larrick and Thomas, 2001). Milk, egg white, blood, urine, seminal
plasma and silk worm cocoon from transgenic animals are candidates to be source of
recombinant proteins at an industrial scale (Houdebine, 2000). The most common
concept is to express foreign genes in the mammary gland of transgenic animals
for subsequent isolation of the target proteins from the secreted milk. This would
result in excellent accessibility of the produced protein, outstanding possibilities
for post-translational protein processing and generous daily output of recombinant
protein (Echelard, 1996). The generation of transgenic animals raises a number
of ethical questions simultaneously as the issue of prion contaminations is another
concern (Houdebine, 2000). Furthermore, the long time for generation of the trans-
genic animals results in high initial cost. Transgenic plants have also been used as
bioreactors for production of heterologous proteins such as antibodies (Conrad and
Fiedler, 1998).

3.3.2 Vectors for protein expression in E. coli

Circular double stranded DNA molecules called plasmids or vectors carrying the
gene to be expressed are introduced into E. coli for production of the encoded
protein in the bacterial cells. Vectors used for expression of recombinant proteins
in E. coli usually contain specific DNA sequences required for replication of the
vectors by DNA polymerase (Origin of replication), initiation of transcription by
RNA polymerase (promoter), termination of transcription, ribosomal binding and
genes encoding selective markers such as antibiotic resistance.

Origin of replication

The origin of replication determines the number of identical vector molecules present
in every bacterial cell, the plasmid copy number. 10-50 copies are present in each
cell of low copy vectors and 150-200 copies if the plasmid is high copy. A high copy
number decreases the risk of occurrence of plasmid-free cells during cell division
when plasmids are randomly distributed spatially and thereby increases plasmid
stability of the cells. Nevertheless, growth rate of the cells is usually impaired by
high copy plasmids and cells with only a few plasmid copies might dominate a cell
cultivation (Friehs and Reardon, 1993). Hence, no general conclusion of that high
copy number plasmids are advantageous with regard to production yield can be
drawn (Yansura and Henner, 1990).
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Promoter

Promoters can be either constitutive or inducible. Constitutive promoters, exem-
plified by the Staphylococcal aureus protein A promoter (Löfdahl et al., 1983), cause
constant levels of transcription and subsequent translation. This can be desirable
for prevention of inclusion body formation and for efficient secretion of the target
protein to the periplasmic space. However, since the translation rate is critical
for aggregation of target protein, the use of a weak inducible promoter could also
prevent formation of inclusion bodies. Inducible promoters should preferentially
initiate high levels of transcription when given a specific signal. They should there-
fore be efficiently down regulated when not induced and measures to be taken for
repression should preferably be available. Moreover, the induction should be sim-
ple, non-toxic, cost effective and result in rapid, specific and strong response on
the transcriptional and translational levels. The lac-promoter (Gronenborn, 1976),
derived from the E. coli lac-operon, with variants such as tac- (de Boer et al., 1983)
and trc- (Brosius et al., 1985) promoters are induced by addition of isopropyl-β-
D-thiogalacto-pyranoside, IPTG. In non-induced cells a lac-repressor protein binds
the lac-promoter DNA sequence and hence inhibits RNA polymerase binding and
subsequent transcription. However, IPTG binds the lac-repressor and prevents
its binding to the promoter sequence so that transcription can take place. Nev-
ertheless, these promoters are not completely down regulated when not induced.
Therefore, they are not ideal for expression of proteins that could be harmful to
the host cell. The pET system also exploits IPTG induction and is yet tightly reg-
ulated (Studier and Moffatt, 1986). The system is built on the T7 promoter that
can only be transcribed by the T7 phage RNA polymerase whose gene is included
in the chromosome of the specific E.coli strain BL21 (DE3) and under control of
the lac promoter. Further suppression of transcription in non-induced cells can be
obtained by inclusion of a plasmid encoding the T7 RNA polymerase degrading
enzyme T7 lysozyme (Studier, 1991). Before induction, the lysozyme activity is
sufficient for elimination of T7 RNA polymerase in the cells while after induction,
the amount of T7 RNA polymerase produced is so high that the lysozyme degrada-
tion is negible. The efficient suppression together with the amplification obtained
by the two step induction makes the system very frequently used on a laboratory
scale. Another frequently used system is the trp-promoter (Yansura and Henner,
1990) induced either by Tryptophan starvation or addition of β-indoleacrylic acid,
(β-IAA). At high levels of Tryptophan, the amino acid forms a complex with the
trp repression protein. Upon Tryptophan interaction, the repressor binds to the
trp promoter DNA sequence and thereby inhibits RNA polymerase from binding to
the gene and transcription. β-IAA binds the repressor like Tryptophan but cannot
induce the repressor-promoter interaction. This chemical compound competes with
Tryptophan for repressor interaction and increases the accessibility of the promoter
sequence for the RNA polymerase so that transcription is induced. The use of this
promoter is limited by the incomplete down-regulation of transcription obtained un-
der non-induced conditions although strategies for reduction of this problem have
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been developed (Chevalet et al., 2000). Several heat induced promoters such as
PL(λ)(Bernard et al., 1979), PR(λ)(Nilsson and Abrahmsen, 1990) and lac(TS)
(Hasan and Szybalski, 1995) as well as induction by other cultivation conditions
are available.

Transcription termination sequence

The presence of transcription termination sequences downstream the recombinant
gene increases the efficiency in the release of the nascent transcript from the RNA
polymerase. Inclusion of these DNA elements, which in prokaryotes consist of a
hairpin followed by an AT region 4-9 bp away of the loop, can cause several pos-
itive effects (Hannig and Makrides, 1998; Makrides, 1996). Firstly, transcription
of unnecessarily long RNA molecules is inhibited. Secondly, transciption of pro-
moters located downstream of the target gene, which could inhibit the effect of
these promoters is hindered. Hence, if a transcription terminator is placed up-
stream the promoter that initiates transcription of the recombinant gene, back-
ground transcription can be minimised. Furthermore, a transcription terminator
prevents transcription through the Origin of replication which otherwise can cause
overexpression of the protein controlling plasmid copy number and decrease plasmid
instability. Moreover, the stem loop introduced in the 3’-end of the transcript by
transcription termination sequence could increase the transcript stability (Newbury
et al., 1987).

Ribosomal binding site

In bacteria, the interaction between the rRNA in the small ribosomal unit and a
short sequence in the transcript is crucial for translation initiation. The transcript
sequence, called Shine-Dalgarno sequence, should be located upstream, rather close
to the start codon of the recombinant gene. The Shine Dalgarno sequence is typi-
cally ten nucleotides long and approximately six of those bases need to match with
a rRNA for recruitment of a ribosome to the mRNA molecule. When recruited
to the transcript, the ribosomal machinery synthesises a polypeptide whose amino
acid sequence corresponds to the genetic code in the transcript.

Selectable marker gene

The purpose of inclusion of genes encoding proteins crucial for cell survival is
twofold. Firstly, to identify transformants and secondly to ensure that only plasmid
containing cells survive. Enclosure of a gene that confers antibiotic resistance is
the most common variant although alternatives exist (Friehs and Reardon, 1993).
Genes for resistance toward ampicillin, kanamycin and tetracyclin are most fre-
quently used in expression vectors.
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3.3.3 Protein localisation in E. coli

Recombinant proteins are produced by ribosomes in the E. coli cytoplasm. How-
ever, by use of genetic strategies, the produced protein can either accumulate inside
the cytoplasm or be secreted to the periplasmic space as well as the culture me-
dia (Cornelis, 2000). The different production strategies have different advantages
and disadvantages and what strategy to chose is highly dependent on the nature
of the target protein. Since the cytoplasm contains approximately 4000 different
protein contaminants and the periplasm only 100 (Blattner et al., 1997), the choice
of protein localisation strongly influence the isolation procedure. An overview of
the different possibilities is given below.

Intracellular production

If the target protein is stable against proteolysis (Maurizi, 1992; Gottesman and
Maurizi, 1992), devoid of disulphide bonds and harmless to the host, it is prefer-
able produced in a soluble form in the cytoplasm. Nevertheless, a proportion of the
protein is often obtained in insoluble precipitate and strategies have therefore been
developed to increase the solubility of recombinant proteins. By use of genetic ma-
nipulation, hydrophobic amino acids within the protein can be exchanged for more
hydrophilic ones. However, this technology can only be applied if structure and
function of the protein is maintained after the modifications. Moreover, there is
no general strategy, meaning extensive work is required for each individual protein.
By use of gene fusion technology, the target protein can be genetically linked to a
highly soluble fusion partner that increases the overall solubility of the produced
protein (Hammarströmet al., 2002). A large number of solubilising tags are avail-
able such as thioredoxin (LaVallie et al., 1993), Staphylococcal protein A (Nilsson
and Abrahmsen, 1990) and the Z domain derived from it (Nilsson et al., 1987) as
well as domains derived from Streptococcus protein G exemplified by BB (Nygren et
al., 1988). Further advantages of these tags is that their affinity for specific ligands
can be exploited in the protein purification (see Affinity purification). Lowering
the translation rate can by use of weak promoters (Weickert et al., 1996) or low
temperature (Schein, 1993) also increase the proportion of soluble target protein.
In certain cases, co-expression of foldases and chaperones has increased the yield of
soluble protein (Hockney, 1994; Buchner and Rudolph, 1991; Georgiou and Valax,
1996; Samuelsson et al., 1996). Nevertheless, in some cases the inclusion bodies
can be solubilised and the target protein activity recovered by refolding (Rudolph
and Lilie, 1996; Guise et al., 1996; Mukhopadhyay, 1997; Lilie et al., 1998). If in
vitro refolding is successful, inclusion body formation might be preferable since it
within the aggregate the target protein is protected from proteolysis. Furthermore,
inclusion body formation might can be desired in cases where the recombinant pro-
tein is toxic to the host since the exposure of the active product to the host cell
is reduced. Moreover, the inclusion bodies mainly consist of the target protein so
that simple isolation of the aggregates results in high amounts of very pure target
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protein. Improper folding of target proteins could lead to proteolytic degradation.
However, strategies such as protease deficient bacterial strains (Makrides, 1996)
and addition of protease inhibitors (Kresze, 1991) could be used to relieve these
problems in certain cases. The inclusion bodies are usually rather dense and consist
mainly of the target protein. Therefore, simple isolation by centrifugation followed
by solubilisation of the inclusion bodies can result in rather high amounts of rel-
atively pure protein (Rudolph and Lilie, 1996). However, if biological activity of
the target protein is required in vitro refolding is required. Protein refolding is
generally cumbersome, expensive and can result in poor recovery yield although
efficient processes can be developed for certain proteins. Inclusion body formation
can be promoted by rapid translation facilitated by high RNA levels obtained by
use of strong promoters. Moreover cultivation at high temperatures or at pH other
that 7.0 can also cause this type of aggregation of the target protein (Strandberg
and Enfors, 1991).

Secretion

By fusion of a signal sequence N-terminal to the target protein, many recombinant
proteins of moderate size can be efficiently exported to the periplasmic space (Wulf-
ing and Plüuckthun, 1994). The signal sequence are usually of E. coli origin such as
periplasmic proteins PhoA and MalE or outer membrane proteins OmpA and LamB
(Blight et al., 1994) but can also be derived from other bacteria. If the recombinant
protein is secretable, it is translocated by the secretory machinery (Muller et al.,
2001) over the inner plasma membrane into the periplasmic space and the signal
peptide is removed. By use of the signal peptide, the bacterial start amino acid me-
thionine, as well as the signal sequence, is removed from the target protein, leaving
a protein with native N-terminal, something not possible in cytoplasmic protein
production (Stader and Silhavy, 1990). The E. coli periplasm harbour several pro-
teases such as DegP (Itzhaki et al., 1998) and OmpT (Stathopoulos, 1998) that
could cause product degradation. Strategies are available for relieving this proteol-
ysis (for review, see (Murby et al., 1996)). Firstly, E. coli strains devoid of one, two
or three protease genes have been generated that can be successfully used although
their growth rate is slower (Enfors, 1992; Meerman and Georgiou, 1994; Park et al.,
1999, Murby et al., 1996). Secondly, genetic design either protein specific through
exchange of protease sensitive amino acid if protein structure and function allows or
generally by use of gene fusion strategies for protection and facilitated down-stream
processing of the target protein (Murby, et al., 1996). The stabilising partners, ex-
emplified by the SpA derived ZZ domain (Nilsson, et al., 1987) or BB from SpG
(Nygren et al., 1988) could be fused to the N- or C-terminus of the target protein or
on both sides (Hammarberg et al., 1989; Murby et al., 1991). Thirdly, cultivation
conditions such as low temperature could also limit product proteolysis (Kosinski
et al., 1992). The main advantage of periplasmic location is its oxidising envi-
ronment that, with assistance of several enzymes, enables formation of disulphide
bonds sometimes necessary for the correct folding of the protein product (Bardwell,
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1994; Fabianek et al., 2000; Raina and Missiakas, 1997). However, mutant E. coli
strains with a less reducing cytoplasm enabling disulphide bond formation also in
intracellular protein production have been developed (Derman et al., 1993). Since
the procedure for specific protein release from the periplasm require several steps
of centrifugation, it is not suitable for industrial scale. However, certain proteins
produced in the cytoplasm can destabilise the outer plasma membrane so that the
product can leak out of the cell into the cultivation media (Uhlén and Abrahm-
sen, 1989). This product release into the media containing very low amounts of
protein contaminants could facilitate the protein purification significantly as well
as inhibit product degradation. However, only a few signal sequences have been
reported to promote excretion into the culture media (for example, see (Moks et
al., 1987)) although it has been shown that temperature elevation after cultivation
could increase the process (Hansson et al., 1994).

3.3.4 Vectors for protein expression in Pichia pastoris

In order to maintain genetic stability of expression strains of Pichia pastoris, the
expression cassette containing the recombinant gene is generally integrated into
the host cell genome. Hence, the methodology in cell manipulation work as well
as expression vector organisation differs from protein expression in bacteria. How-
ever, since the cloning work usually is carried out in Escherichia coli, the plasmids
are E. coli / P. pastoris shuttle vectors containing an E. coli ORI and selectable
markers functional in both organisms (Cereghino and Cregg, 2000). The recombi-
nant gene is inserted into an expression cassette containing a promoter sequence
followed by a Multiple Cloning Site and a transcription termination sequence. Most
P. pastoris expression cassettes contain the methanol-inducable Alcohol OXidase
1-, AOX1-, promoter together with the transcription termination sequence of the
same P. pastoris gene (Cregg, et al., 2000). In cases when secretion of the protein
product is desirable, a secretion signal, exemplified by the S. cerevisiae α-mating
factor (Cereghino and Cregg, 2000), must precede the recombinant gene in the
correct reading frame. To enable in vivo selection of organisms harbouring the ex-
pression vector, selective markers genes conferring metabolic function, such as the
P. pastoris HIS4 gene or antibiotic resistance genes are included in the plasmids.
Before protein expression, the expression vector is integrated into the genome of
the P. pastoris host. The expression cassette is introduced into the host cell as a
linear DNA molecule, either as a linearised plasmid or cleaved out of the vector
with flanking recombination sequences. Site specific recombination integrates the
foreign DNA into the yeast genome. The presence of multiple copies of the foreign
gene in the host strain genome can result in high expression levels of protein prod-
ucts when compared to single-copy strains (Clare et al., 1991). Therefore, several
strategies, either based on traditional recombinant DNA construction or promotion
of recombination by in vivo selection, have been developed for obtaining multiple
copy gene strains.
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3.4 Protein purification

Recombinant protein purification requires product release from cellular compart-
ments, removal of cell debris and several steps of purification by which the target
protein is separated from a vast number of biological contaminants. When puri-
fying the product from various components such as nucleic acids, lipids and other
proteins, differences between the target protein and contaminants are exploited.
Usually, several isolation steps are required for obtaining sufficient product purity
and the potential of each technique is very much dependent on where in this process
it is applied. An overview of separation principles regarding basic concept as well
capacity, selectivity, resolution, speed and relative cost is given below.

3.4.1 Classical approaches

Classical protein purification techniques are based on physical and chemical char-
acteristics of the target protein. Due to the lower specificity of these separation
techniques compared to affinity purification, several isolation steps are often re-
quired to obtain a sufficiently pure product. Each target protein requires its in-
dividual purification scheme, which should be designed in order to minimise the
number of unit operations and optimise the product yield. The first step is usually
a low-resolution capture step, such as precipitation, that reduces the volume of the
sample, followed by one or several purification steps and a final polish step, often
performed by diverse chromatographic techniques. Different purification technolo-
gies enable different sample characteristics such as volume, pH and conductivity
and it is therefore important to combine the step in such order that adjustment of
those parameters is minimal. For an overview of separation principles, see Figure
5.
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Figure 5. Illustartion of classical approaches in protein purification. (A) Pre-
cipitation, (B) Ion Exchange Chromatograpgy, (C) Gelfiltration (D) Hydrophobic
Interaction Chromatography and (E) Reverse Phase Chromatography. D and E
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are included in the same picture where stars represent hydrophobic groups on the
matrix.

Precipitation

Precipitation exploits differences in solubility between different sample components
under various condition (Glatz, 1990; Lillehoj and Malik, 1989). Protein precipita-
tion is usually induced by addition of salt such as ammonium sulphate (King, 1972).
The added salt competes against proteins over water molecules and removal of the
water molecules shielding the proteins, increase contact between protein surfaces,
promoting precipitation (Figure 6a). This precipitation is generally reversible so
that it can be exploited for concentration of the target protein allowing precipitation
and subsequent dissolution. Several steps of precipitation are frequently combined
including a first step with low salt concentration keeping the target protein in so-
lution and precipitating membrane proteins and nucleic acids etc. Differences in
heat stability can also be used for precipitation. Since protein renaturation after
heat precipitation generally is less efficient than after salt addition, this technique
is mostly used for heat stable target proteins. In order to separate the insoluble
precipitate from the soluble liquid phase, centrifugation is required. Despite that,
precipitation is fast, cost-effective, suitable for large-scale preparation and can after
optimisation give high yield and significant increases in purity for target proteins.

Ion exchange chromatography

Ion exchange chromatography, IEC, is based on charge differences between proteins
(Bollag, 1994b; Wang, 1990). The columns used are packed with beads whose sur-
faces are covered with charged groups that are either positively, anionic exchanger,
or negatively, cationic exchanger, charged (Figure 6b). Proteins interact with the
column through electrostatic attractive forces and elution of bound proteins is gen-
erally performed by increase of salt concentration. There are a vast number of
beads of different mechanical characteristics such as size and rigidity as well as
chemical properties determined by the type and density of the immobilised charged
groups. Since the immobilised molecules are organic, the resins are cheap, robust
and able to withstand sanitation at high pH. The low cost and the extensive knowl-
edge about scaling ion exchange makes this separation technique highly suitable
for both small and large scale protein purification. Moreover, the technology can
be used as a rough, rapid capture step or high resolution polish step depending on
the choice of column media and a great numbers of other parameters such as flow,
pH and conductivity. However, extensive optimisation is usually required for each
target protein and gene fusion strategies have therefore been applied to combine
the robustness of IEC with the high of affinity tags. One strategy was to fuse a pos-
itively charged hexa-arginine tail to a target protein allowing for strong adsorption
of the fusion protein to a cation exchange column (Smith et al., 1984; Sassenfeld
and Brewer, 1984).
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Gel filtration

Gel filtration or Size Exclusion Chromatography, SEC, separate proteins of differ-
ent size on columns packed with porous beads having well-defined pore size (Bollag,
1994a). Proteins smaller than the pores penetrate the beads and migrate through
their interior while proteins larger than the pores migrate in the column space
outside the beads (Figure 6c). Hence, larger proteins migrate through the column
faster than the smaller that migrate through the particles with a retention time de-
pending on their size. To obtain high resolution in SEC, the sample volume should
not exceed 5-10 percent of the column volume and a low flow rate should be used.
Furthermore, the pore size of the beads should be selected on basis on the size of
the target protein and the contaminants. Beads with different mechanical proper-
ties are available although they are generally, due to their porosity, labile towards
pressure. The mentioned facts makes gel filtration suitable as a late separation step
applied when the target protein is rather pure and at high concentration.

Hydrophobic interaction chromatography

Hydrophobic interaction chromatography, HIC, exploits variability in surface expo-
sure of hydrophobic residues between proteins (Queiroz et al., 2001; el Rassi et al.,
1990), (Figure 6d). Hydrophobic organic molecules are immobilised on the beads
and hydrophobic patches on the proteins interact with the groups, promoted by salt
concentration just below the protein precipitation point (see Precipitation). Bound
proteins are usually eluted from the column by decreased salt concentration and
these mild conditions promote preservation of biological activity within the target
protein. A broad range of matrices with immobilised groups different density and
type are available making the technology suitable as early capture step or high res-
olution polishing step. The high salt concentration required in the sample makes
HIC highly suitable after salt precipitation or IEC that result in protein solutions
with high conductivity.

Reversed phase chromatography

Reversed phase chromatography; RPC, like HIC, separates protein based on their
different ability to establish hydrophobic interactions with immobilised organic
molecules (el Rassi et al., 1990) (Figure 6e). However, the techniques differ since
the degree of substitution as well as aliphatic content of the groups is much higher
on the RPC matrices. The much stronger interactions in RPC between adsorbents
and proteins require elution by organic solvents that could be delirious for biological
activity of the target protein. Moreover, to promote the exposure of hydrophobic
patches of the protein, the purification is often performed at low pH so that the
three-dimensional structure is ruptured. However, in cases where this is acceptable,
RPC is often used as final polishing step since the resolution of the technology is
very high.
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Fusion partner Ligand Reference
Staphylococcal protein A Human IgG (St̊ahl et al., 1993)

and derivatives (St̊ahl and Nygren, 1997)
Streptococcal protein G Human Serum (reviews)

Albumin
and derivatives

Histidin6 Me2+-chelators (Porath et al., 1975)
Glutathione S-Transferase Glutathione (Smith and Johnson, 1988)

Monoclonal antibody-peptide Monoclonal (Einhauer and
antibodies

(FLAG-, T7-tags) (M1, M2, M5) Jungbauer, 2001)
Mouse α-FLAG

Streptavidin-peptides I and II Streptavidin (Schmidt and Skerra, 1993),
(Schmidt et al., 1996)

Table 2. Examples of affinity fusion systems widely used in protein purification

3.4.2 Affinity purification

The design of effective purification schemes for target protein has very much been
a labour-intensive highly protein specific and empirical process. Affinity purifica-
tion by gene fusion technology have thus been very successful for obtaining general
purification protocols adaptable to a vast number of target protein with different
characteristics (Sheibani, 1999). In this technique, the target protein is genetically
fused to a well-characterised protein domain possessing high affinity for a specific
ligand. Since the fusion protein will retain the affinity to the ligand, the ligand can
be immobilised on a solid support and capture the fusion protein by specific recog-
nition (Ford et al., 1991). The fusion partner can not only be used as purification
handle but also affect the solubility and stability in the protein production (see
Protein production). A large number of affinity tags are currently commercially
available (Nilsson, et al., 1996) and a few examples is given in Table 2. Affinity
purification is highly specific enabling efficient and selective capture of the prod-
uct protein from complex samples. However, the solid support with immobilised
ligands often consisting of proteins is expensive, labile and therefore not suitable
for industrial use. Moreover, elution of the captured target proteins is generally
performed by low pH and this might impair the activity of labile proteins such as
enzymes. Thus, strategies allowing for milder elution conditions using competitive
elution (Nilsson et al., 1994) or destabilised purification tags (Gülich et al., 2000)
have been developed.
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Cleavage agent Example of recognition Reference
sequence

Chemical agents
Hydroxylamine -XN/GX- (Bornstein and Balian, 1977)
CNBr -XM/X- (Ikatura et al., 1977)
Enzymatic agents
Trypsin -XR/X- or -XK/X- (Wang et al., 1989)
Protease 3C -XLEALFQ/GPX- (Miyashita et al., 1996a)

(Miyashita et al., 1996b)
Table 3. Examples of strategies for site-specific removal of fusion tags.

Site-specific removal of affinity tags

Certain applications of the product, native target proteins, devoid of fusion tag,
are required. Therefore, strategies for specific removal of affinity tags have been
developed based on either chemical or enzymatic cleavage. By use of genetic design,
the fusion partner can be specifically removed by chemical or enzymatic cleavage
(Carter, 1990) before use of the protein product. Chemical cleavage is generally
more unspecific and requires harsh conditions that can cause unwanted modifica-
tions of the target protein. Enzymatic cleavage is usually performed under milder
conditions enabling maintaining higher degree of biological activity within the pro-
tein product. Moreover, the specificity is higher for enzymatic cleavage than by
using chemicals. However, the cost is much higher for enzymes than for chemicals.
An overview of strategies for site-specific removal of fusion tags is given in Table 3.

Staphylococcal protein A and derivatives thereof

Staphylococcal protein A (SpA) is an immunoglobulin binding receptor displayed
on the cell surface of the Gram positive bacteria Staphylococcus aureus. SpA in-
teracts with immunoglobulins of different origin including human IgG subclasses
1, 2 and 4 via the constant effector domain, FC , (Langone, 1982; Eliasson et al.,
1988). Furthermore, SpA can also bind a limited number of Fab fragments con-
taining certain variants of the variable VH part (Vidal and Conde, 1985; Potter et
al., 1996). The complete sequence of the SpA gene was published in 1984 (Uhlén
et al., 1984) showing highly repetitive organisation of the protein (Figure 6). SpA
consists of a signal peptide, S, that is processed upon secretion followed by five
homologous domains (E, D, A, B and C) all individually capable of binding IgG
(Moks et al., 1986) and a cell anchoring sequence denoted XM. The protein has
been extensively used as a fusion partner, primarily for its IgG affinity but also
because it is highly soluble and stable against proteolysis and also can confer these
characteristics when fused to target proteins. Moreover, the C- and N-terminals



38 Chapter 3. Production, isolation and characterisation of recombinant proteins

of the protein are solvent exposed and this promotes independent folding both for
SpA and a fused target protein. Furthermore, since SpA is free from disulphide
bonds it does not interfere with disulphide formation in the target protein and can
efficiently be produced in the cytoplasm of E. coli. On the other hand SpA is sec-
retable both in the E. coli periplasm and the cultivation media and has successfully
been produced in various hosts such as yeast, plant-, insect- and mammalian cells.
It has also been shown that several protease recognition sites can be introduced
between SpA and the target protein so that they are accessible to the protease and
release of the target protein is allowed (for review, see (St̊ahl and Nygren, 1997)).
An engineered IgG binding domain, Z (Nilsson et al., 1987) was constructed to
allow for release of target protein by chemical cleavage using hydroxylamine as well
as head-to-tail polymerisation of the domain on the genetic level. Z is based on B
domain in SpA where two of the 58 amino acids have been substituted, ala→val and
gly→ala at residues 1 and 29, respectively. By protein engineering of the Z domain,
a great number of Z-variants binding different ligands have been developed. In the
combinatorial approach, 13 amino acid residues in the FC binding surface of Z has
been randomised and from libraries of molecules, binders (Nord et al., 1995), called
affibodies, against various target molecules have been selected using phage display
technology (Gunneriusson et al., 1999; Nord, et al., 1997; Nord et al., 2000). When
panning against a highly acidic protein, one affibody harbouring numerous basic
amino acids on the protein surface were isolated (Ahlborg et al., 1997). Circular
dichroism analysis of the protein showed secondary structure content similar to Zwt

indicating that this domain is able to accommodate numerous basic amino acids
on its surface. Therefore, based on the basic affibody, two new basic Z variants,
Zbasic1 and Zbasic2 were created (Gräslund et al., 2000). Compared to Zwt, the
first one contained three extra arginines and three extra lysines while the second
eleven additional arginines. The secondary structure content of the two variants
α-helical content was similar to Zwt and melt curve analysis showed that they had
lower melting temperatures. Cation exchange experiments at high pH showed that
Zbasic2 bound hardest to the resin under those conditions where the majority of E.
coli proteins are negatively charged and this protein was further evaluated for use
as a purification partner. This tag has been used as a purification handle for vari-
ous target proteins, fused both in the N- and the C-terminal of the target protein,
enabling high production levels both in the E. coli cytoplasm and periplasm as well
as very selective purification under physiological pH (Gräslund et al., 2002).
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Figure 6. Overview of the organisation of Staphylococcal protein A and the gen-
eration of its derivatives.

3.5 Protein characterisation

A large number of methods are available for characterisation of different protein
properties. Different techniques have different requirements on the samples to be
analysed and there is a great variability in their applicability. Certain analyses
can be performed on complex protein mixtures and can be used for monitoring the
target protein during a purification process. Others require highly pure protein and
are mainly used for analytical characterisation of an isolated protein. The informa-
tion obtained from a specific characterisation method covers usually only one type
of protein property and therefore several analyses are required for obtaining a more
complete picture of the target protein characteristics.

3.5.1 Size based characterisation

The molecular weight of a protein is usually one of the first properties to be anal-
ysed. Analysis can either be performed under native or denaturing conditions where
the protein is chemically treated so that interactions between different polypeptide
subunits are broken.

Gel filtration

Size exclusion chromatography (described in Protein purification) can be used both
preparatively as well as analytically (Winzor, 2000), (Holthuis and Driebergen,
1995). The analysis is usually performed under native conditions and can there-
fore detect assembly of polypeptide subunits into multimeric proteins. Moreover
stochiometric relationships between populations of a target protein in different as-
sociations can be monitored.
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Poly Acrylamide Gel Electrophoresis

In Poly Acrylamide Gel Electrophoresis, PAGE, the proteins are separated in poly
acrylamide gels under influence of an electric field at rates that, at a certain electric
field strength and gel pore size, are determined by their charge:mass ratios. The
separation can be performed under native conditions thus separating proteins with
regard to their natural net charge:mass enabling detection of multimer formation.
However, PAGE is usually run under denaturing conditions in presence of the neg-
atively charged detergent Sodium Dodecyl Sulphate, SDS. SDS causes multimer
dissociation and force the polypeptide chains into extended conformations with
similar charge:mass ratios. Thus, in SDS-PAGE, proteins are separated merely on
basis on their size and the analysis can be performed in oxidising or reducing en-
vironment where disulphide bonds are broken. For analysis of a vast number of
proteins in a mixture, SDS-PAGE can be performed in two dimensions (mass- fol-
lowed by isoelectric point separation) (Dunn, 1987) for high resolution separation
and detection of proteins in complex samples (Herbert et al., 2001). Staining of
gels by various dyes is usually performed for detection of the separated proteins.
However, for further investigation of protein represented on spots or bands on the
gels a second characterisation technique, such as mass spectrometry, Western blot
or enzyme activity assays is often applied.

Mass spectrometry

Mass spectrometry enables rapid molecular mass determination with high reso-
lution, accuracy and sensitivity (Jonsson, 2001). The technique can be used for
several purposes such as protein identification and characterisation of their post-
translational modifications. For a whole proteome scale analysis it is usually pre-
ceded by separation techniques such as 2D SDS-PAGE or liquid chromatography
(Larsen and Roepstorff, 2000; Griffin et al., 2001). In the technique, the sam-
ple components are ionised by electrospray (Electro Spray Ionisation, ESI) or laser
(MAtrix Laser Desorption Ionisation, MALDI). The Nobel Prize in Chemistry 2002
was given to John Fenn and Koichi Tanaka for their development of ionisation tech-
niques ESI and MALDI, respectively. Mass:charge ratios determination of the ions
is performed either by measurement of ion velocity in a magnetic field, Time-Of-
Flight (TOF), or sorting out ions with certain mass:charge in a magnetic field,
Quadropol (Q) analysis. Combinations of several magnetic fields and ion collision
chambers can be used for extensive analysis and mapping of different peptide or
protein fragments.

3.5.2 Structural based characterisation

As earlier describes, the structure of a protein determines its biological function. A
deeper understanding of the relationship between amino acid sequence - polypep-
tide conformation and biological function of proteins would immensely increase the
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knowledge of life obtained from the genomic sequence. In the post-genomic era, the
importance of structural determination of macromolecules encoded by the genome
is enormous and intense work is spent on the development of methods for high
throughput analysis within this field (Brenner, 2001). Overall three-dimensional,
tertiary or quartenary, protein structure is mainly determined by X-ray is crystal-
lography or multidimensional NMR (Heinemann et al., 2001). However, secondary
structure analysis mainly obtained by spectroscopic methods like circular dichro-
ism, CD (Johnson, 1990) although NMR (Pelton and McLean, 2000) can also give
valuable information.

Circular Dichroism

Circular dichroism, CD, measures differential absorption of left- and right circular
polarised light by chromophores in asymmetric environments (Adler et al., 1973).
In proteins, CD spectra in different wavelength regions can give information both
about the secondary- as well as the tertiary structure. In the far UV region, between
wavelengths of 180 and 260 nm, peptide bonds absorb light. Consequently, spectra
from this region can be used for analysis of secondary structure content in proteins
with different structural elements, such as α-helices, corresponding to a character-
istic spectrum (for reviews, see (Kelly and Price, 2000; Woody, 1995; Kuwajima,
1995; Bloemendal and Johnson, 1995)). Absorbents in the near-UV region, between
250 and 290 nm, are the aromatic amino acid side chains phenylalanine, tyrosine
and tryptophan. The tertial structure of the protein creates the chemical environ-
ment of these amino acids and their CD spectra can thus serve as fingerprint of
the native three dimensional protein structure. Even prostethic groups may absorb
light in regions distinct from aromatic acids and peptide bonds there by giving
information of their chemical environment. Protein secondary structure content is
valuable information when engineering proteins without distorting their three di-
mensional orientation. Moreover, it can be studied over time for monitoring protein
folding (Kelly and Price, 1997) as well as unfolding induced by denaturants or heat.

Nuclear Magnetic Resonance

Nuclear magnetic resonance, NMR, enables determination of native macromolecu-
lar structure in solution (Wüthrich, 1990). Kurt Wüthrich was awarded the Nobel
Prize in Chemistry 2002 for the development of the technology for these purposes.
The NMR technique exploits a quantum mechanical property called spin of certain
atom nucleic. The spin of certain atom nuclei, such as 1H, 13C and 15N produces
a nuclear magnetic field characterised by the chemical environment. By studying
the interactions between the small nuclear magnetic fields within a molecule and a
strong external magnetic field, information can be obtained about the local chem-
ical environment of the atom nuclei. The overall picture obtained from all nuclei,
interacting with each other through covalent bonds or over space, describes the
protein structure (Wishart and Case, 2001). NMR can be used both for secondary
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as well as higher orders of structure determination at high resolution (Kanelis et al.,
2001). Due to limited resolution in spectra obtained from larger proteins, the tech-
nique has earlier been seen as a complement to crystallography mainly for studies of
globular protein domains of limited size. However, recent advances in development
stronger magnets and new methods has extended the use of NMR for investigation
of proteins up to 50 kDa (Kelly et al., 2001), as well as protein-protein complexes
(Walters et al., 2001).

X-ray crystallography

X-ray crystallography is currently one of the most widely used technique for high-
resolution structural determination of proteins and other biological macromolecules
(Smyth and Martin, 2000; Rose, 1990). The technique analyses X-ray diffraction
pattern obtained when atoms in the irradiated protein crystals scatter the radiation.
By extensive computer analysis of the pattern, the three dimensional organisation
of the atoms protein can be deduced. The major obstacle in X-ray crystallogra-
phy is the production of single, high quality protein crystals that required for the
analysis and are formed via mechanisms that are not fully understood (Kierzek and
Zielenkiewicz, 2001). However, extensive work is currently performed in develop-
ment of new strategies for crystal growth as well as high-throughput automated
optimisation technologies (Wiencek, 1999; Chayen and Saridakis, 2002).

3.5.3 Affinity based characterisation

The highly biospecific interaction between a target protein can be exploited both in
affinity purification and various techniques for protein characterisation. Measure-
ment of target protein affinity can be performed both for confirming protein identity
as well as characterisation of the protein-ligand interaction in terms of kinetics or
overall affinity.

Biocore technology

Biacore technology utilises affinity-based biosensors for real-time monitoring of in-
teractions between unlabelled analytes through Surface Plasmon Resonance, SPR
(Liedberg et al., 1993). In the system, ligands can be immobilised, either covalently
or via other interactions, to solid surfaces by use of various surface chemistries (for
examples, see (Schlecht et al., 2002; Nieba et al., 1997)). By use of microfluidics,
samples containing ligand targets can be injected over the immobilised ligands
with simultaneous detection of interactions between molecules (Fivash et al., 1999;
Malmqvist and Karlsson, 1997). The microfluidic system enables parallel analy-
sis of several surfaces onto which different ligands can be attached. The resulting
curves, sensorgrams, depicting response versus time can be fitted to kinetics models
so that kinetic and equilibrium parameters of the interactions can be determined.
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A schematic overview of how processes on the Biacore surface influence the sen-
sorgram is shown in Figure 7. In the outset of the experiment, a buffer solution
devoid of target molecules is flowed over the surface on which the ligand has been
immobilised resulting in a horizontal base line. When target molecules with affin-
ity for the immobilised ligand are injected over the surface, they associate with
the ligands on surface. The kinetics of the formation of ligand-target complexes,
as well as the binding mode of molecules in the complexes determine the shape
of the Resonance Unit-, RU, curve during this association phase. The amount of
target molecules needed to saturate the attached ligands depend on the number of
ligand molecules attached to the surface and the stochiometry of the ligand -target
interaction. When saturation is obtained, the complex formation is at equilibrium
so that the RU-value reaches a plateau. The difference in RU:s between the plateau
and the base line prior to sample injection is correlated to the mass increase gained
from target molecules bound to the surface. Hence, given the molecular masses of
the target molecule, the equilibrium concentration of the target molecule in com-
plex association can be evaluated. After sample injection, a buffer solution is flowed
over the surface. The absence of target molecules in the mobile phase disrupts the
equilibrium so that the rate of complex dissociation exceeds that of association.
The kinetics of the complex dissociation can be calculated from the shape of the
RU curve during this phase. Finally regeneration solution is injected over the sur-
face, breaking interactions between remaining complexes efficiently although being
sufficiently mild to the ligand for maintenance of its biological activity so that the
surface are re-usable.
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Figure 7. Schematic overview of how processes on the Biacore surface influence
the sensorgram.
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Western blot analysis

Western blotting combines the resolving power of electrophoresis with the speci-
ficity of antibodies and sensitivity of enzyme assays (Egger and Bienz, 1994). The
protein samples are first separated by gel electrophoresis (see Poly Acrylamide Gel
Electrophoresis) followed by protein transfer into a synthetic membrane usually by
electroblotting (Gershoni, 1988; Dunn, 1996). In the blotting procedure, the mem-
brane is applied to the face of the gel and the orthogonal current drives the proteins
from the gel to the membrane making its protein pattern a mirror image of that
in the gel. The membrane is incubated with a solution containing antibody (Ab1)
or other affinity ligand specific for the target protein. Detection is performed by
a enzyme-linked secondary antibody (Ab2). Thus, complexes consisting of target
protein-Ab1-Ab2 can be detected by assaying the enzyme that is covalently linked
to Ab2 and give information about the localisation of the target protein on the
membrane and hence in the gel.

Enzyme-linked Immunosorbent assay

Enzyme-linked Immunosorbent assay, ELISA, is an immunologically based method
for quantification of a protein. ELISA was first developed for quantification of anti-
bodies (Engvall and Perlman, 1971) but can be applied for all proteins that specific
antibodies has been raised against (Engvall et al., 1971). Currently, the method is
very extensively used in serological diagnostics of various diseases in hospitals world
wide (exemplified in (Sarmati, 2001)). ELISA uses solid support coated with ligand
which is antigen in the case of antibody quantification and antibody if antigen is
to be quantified. The test sample containing target molecule is added so that in-
teraction between immobilised ligand and target protein takes place. The amount
of bound test molecule is determined by addition of a secondary antibody with a
covalently linked enzyme domain, which, by addition of its substrate, produces a
colour change.

3.5.4 Activity based characterisation

Enzyme activity measurement is an extremely selective tool for protein identifica-
tion and characterisation. A vast number of assays for detection of a broad range of
different enzymes, such as proteases and polymerases, are currently commercially
available. Since the measurements should be easily performed and quantitative,
spectroscopic methods, monitoring light- or colour production, are frequently used.
The assays are either monitoring the target protein activity directly or coupled to
other enzymatic reactions (exemplified in pyrosequencing technology). If the target
protein does not possess enzymatic activity, a reporter enzyme can be genetically
fused so that the fusion protein can be monitored (Southward and Surette, 2002;
Greer and Szalay, 2002). Generally, quantitative analysis poses higher requirements
on protein purity than qualitative since competing or inhibitory contaminants will
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affect the measured activity. Hence, the complexity radically increases when mea-
suring coupled enzymatic reactions. However, the reliability can be ameliorated
by use of intelligent experimental design employing standard curves and relevant
controls.
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Chapter 4

PRESENT
INVESTIGATION

The overall objective of the research presented here was to further improve the
pyrosequencing technology platform by use of protein based approaches. The first
problem addressed was the limited read length obtained in pyrosequencing technol-
ogy. A systematic effort was made to investigate the influence of DNA template
characteristics on read length when analysing these templates with pyrosequenc-
ing technology. By addition of Escherichia coli single-stranded DNA-binding pro-
tein(SSB) to the pyrosequencing reaction, sequence quality was importantly ame-
liorated and read length prolonged (III). Secondly, to increase the cost-efficiency
of the pyrosequencing technology, strategies were developed for efficient recombi-
nant expression as well as rapid, selective and mild isolation of the pyrosequencing
proteins SSB, Klenow and Apyrase (I, II and IV, respectively). Thirdly, DNA-
binding Luciferase fusion proteins were produced using gene fusion strategies en-
abling directed immobilisation of the light-harvesting enzyme onto the sequencing
template (V). The aim was to increase the sample capacity of the pyrosequencing
technology by enabling specific light detection in sequence analysis of immobilised
DNA. The DNA could be attached to beads and analysed in multi-parallel sample
set-up in microfluidics or be covalently linked to DNA arrays.

4.1 Identification and relief of factors limiting read
length in pyrosequencing (III)

The use of pyrosequencing technology is currently restricted to analyses of short
DNA sequences exemplified by mutation detection (Ahmadian et al., 2000b; Chap-
manet al., 2001; Garcia et al., 2000; Van Goethem et al., 2001) and single nu-
cleotide polymorphism, SNP, analysis (Ahmadian et al., 2000b; Alderborn et al.,
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2000; Gustafsson et al., 2001a; Gustafsson et al., 2001b; Milan et al., 2000; Un-
nerstad et al., 2001; Vorechovsky et al., 2001). However, to extend the use of the
pyrosequencing technology to applications such as sequencing DNA libraries for
gene identification, prolonged read lengths are required for acquisition of sufficient
amounts of data. Escherichia coli single-stranded DNA binding protein, SSB, sta-
bilises single stranded DNA, ssDNA, by binding to it and thereby protecting it
from proteolytic degradation and formation of secondary structures (for reviews,
see (Lohman and Ferrari, 1994) and (Meyer and Laine, 1990)). This property has
been exploited in several DNA techniques (Chou, 1992; Dabrowski and Kur, 1999;
Oshima, 1992; Ball and Desselberger, 1992; Kieleczawa et al., 1992) including py-
rosequencing (Garcia et al., 2000; O’Meara et al., 2001; Andreasson et al., 2002;
Agaton et al., 2002; Nordstr”om et al., 2001; Ronaghi, 2000) where the sequence
quality has been improved by addition of the protein. In our study, a systematic
effort was made to analyse the positive effect of SSB on template with different
characteristics (for project out-line, see Figure 8.)

cDNA library previously used in transcript
	 analysis by signature pyrosequencing

103 randomly selected independent cDNA clones
	 	 Sanger sequencing
	 	 Pyrosequencing (+/-) SSB, read length analysis
	 	 PCR product length estimation

	 	 71 cDNA clones
Identification of factors limiting
read length in individual pyrograms

	 	 	 3 cDNA clones
Biosensor analysis of primer annealing
efficiency and SSB affinity on templates 
differentlyaffected by SSB in pyrosequencing

Figure 8. Project outline for investigation of the positive effect of SSB in pyrose-
quencing technology.

The template material consisted of 103 PCR products from a cDNA library pre-
viously used in a transcript profiling study where the pyrosequencing technology
had been compared to Sanger sequencing (Agaton, et al., 2002). We correlated the
read length in pyrosequencing performed both with and without SSB to the PCR
product length (Figure 9).
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Figure 9.Correlation between PCR product length and read length obtained in
pyrosequencing analysis.

Results from these experiments show that the pyrosequencing read length is dra-
matically increased by addition of SSB. Furthermore, they prove that the sequence
quality decrease with increasing PCR product length. In the following analysis, the
causes of low quality sequences from 71 different templates were mapped through
thorough investigation of the pyrograms (Figure 10). The factors limiting read
length in pyrosequencing can be divided into three major groups: background se-
quence, plus- and minus frameshift. In previous work with the studied cDNA clones
(Agaton et al., 2002), read length above 25 bases has proven to enable high per-
centage of unique gene identification, therefore, we defined sequences with more
than 25 bases correctly called as complete.
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PCR product length
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A

B
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Complete
Background
Plus shift
Minus shift
Non-proportional signals

Figure 10. Factors limiting read length in pyrosequencing performed without (A)
and with (B) SSB.

The major limiting factor for longer DNA templates (>600 bp) is background se-
quence which occur very early in the pyrogram and thereby limit the read length
significantly. These background disturbances are probably caused by primer mis-
annealing and their occurrence and can efficiently be suppressed by SSB addition
(Figure 10). Plus frameshift is caused by insufficient apyrase activity causing incom-
plete nucleotide degradation between subsequent base dispensions. Small amounts
of nucleotide rest from preceding base dispensions causes non-synchronised exten-
sion with a population of templates being ahead of the majority. The phenomenon
disrupts base calling in cases of homopolymeric stretches of more than three identi-
cal bases and is aggravated if the homopolymeric region is preceded by a repetitive
sequence. Addition of SSB decreases the intensity of the plus frameshift peak as
well as suppresses the unspecific background so efficiently that the risk of interpret-
ing the plus shift peak as a normal signal is minimised (Figure 10). This might
be due to inhibition of interaction between the Apyrase and the DNA template
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thereby increasing the concentration of the active enzyme in the solution by SSB.
Minus shift is caused by insufficient Klenow activity. In homopolymeric stretches of
more than three or four identical nucleotides, poor Klenow activity might result in
incomplete template extension during the base dispension. Further polymerisation
of the template will not take place before the second dispension with the identical
nucleotide where a minus frameshift peak is detected. The SSB protein reduces the
minus shift phenomenon (Figure 10). This positive effect of SSB might be due to
an stimulatory effect on Klenow that could increase the efficiency of this enzyme, as
well as disruption of secondary structures in the ssDNA by SSB. Certain sequences
patterns may cause both plus and minus frameshifts. In those cases, the two shift
phenomena are superimposed upon each other in the pyrogram, giving rise to non-
proportional peaks. Since shift phenomena are sequence dependent, these problems
occur on templates of all length although the probability of finding homopolymeric
stretches in a PCR product increases with the length of the DNA fragment. For
short and intermediate DNA templates, SSB decreases the limiting effects of all
factors (Figure 10). For longer templates, background sequence is completely sup-
pressed by SSB and longer reads are obtained. Since the read length increases for
these clones, other limiting factors occur although for 50 percent of the clones, more
than 25 bases can be read from the pyrograms. In order to study the correlation
between read length, primer annealing efficiency and SSB affinity for different PCR
products, three clones were subjected to real-time biosensor analysis. In the first
experiments, the genetic material consisted of PCR products of three clones and
secondly, to exclude that the different behaviour of the clones was not solely an ef-
fect of DNA fragment length, synthetic 90-mer oligos with sequence identical to that
of the PCR products 3’-ends were used. For summary of results from biacore and
pyrosequencing experiments performed on PCR products, see Figure 11. Results
from biacore analysis of PCR products show that SSB possesses at least ten times
lower affinity for clone III than for clones I and II. Interestingly, clones I and II were
highly dependent on SSB addition in pyrosequencing while the sequence quality of
clone III was high even in absence of SSB. When the pyrosequencing primer was
injected over the surfaces with immobilised PCR products, it bound with higher
efficiency to clone III than to the others. Even in the experiments where the genetic
material consisted of oligonucleotides of identical length, the SSB binding differed
vastly between clones, although the relative binding pattern was different. The
conclusions that could be drawn from the biosensor analyses were that the result
of SSB and primer binding template correlate well with pyrosequencing data and
that the ssDNA-SSB interaction is highly sequence context dependent (Figure 11).
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Figure 11. Summary of results from biacore and pyrosequencing experiments per-
formed on PCR products.

Having shown that SSB binds stronger to templates with lower primer annealing ef-
ficiency that are in need is sequence quality improvement, strategies, alternative to
SSB addition were tested for sequence quality amelioration. Attempts were made
to increase the primer annealing efficiency and thereby signal intensity through
use of elevated amounts of primer in the annealing reaction. Although the signal
intensity was increased, aggravated background disturbance and non-proportional
signals radically reduced the read length. Inclusion of an extra washing step after
primer annealing partially relieved those problems but the read length was still
much lower than when using less primer. These results show that SSB addition
is a simple and rapid measure to be taken for obtaining a general improvement of
sequence data quality. Moreover, the attempts to increase primer annealing effi-
ciency indicate that non-hybridised ssDNA in solution disturbs the pyrosequencing
enzymes and impair their performance. This fact, together with the biacore re-
sults, implicate that one action of SSB could be to inhibit unwanted interaction
between free ssDNA and the pyrosequencing enzymes. Thus, SSB is very potent in
enhancing the sequence quality in pyrosequencing, acting mainly as a background
suppresser but probably also by causing other diverse positive effects. In large scale
pyrosequencing analysis, approximately 50 µg SSB will be consumed per 96 well
plate. Due to the high cost of SSB, a system for overexpression and rapid isolation
of the protein was therefore developed (I).
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4.2 Strategies for expression and isolation of pro-
teins used in pyrosequencing (I, II, IV)

To minimise the cost of the pyrosequencing system, efficient and scaleable proce-
dures for production and isolation of the protein components are required. In the
description of the pyrosequencing enzymes given in Pyrosequencing enzymes, the
traditional processes for enzyme fabrication are briefly reviewed. In this work, no
new purification strategy for ATP Sulphurylase is developed because a system for
expression and purification of under mild conditions giving high yield of highly pure
protein (44 mg per litre cultivation media) is already available (Karamohamed, et
al., 1999). Furthermore, no specific strategy for production and isolation of Lu-
ciferase has been designed. However, in paper V, Luciferase has been efficiently
expressed in E. coli and isolated by use of the Zbasic tag, in triple fusion proteins
containing Luciferase, the purification tag and DNA binding proteins. These re-
sults imply that the Zbasic-gene fusion strategy probably also can be applied on
Luciferase without a DNA binding protein fusion. Moreover, the increase of se-
quence quality obtained by SSB urged on the development of a system for rapid
production and isolation of this protein and it was therefore included in the work.

4.2.1 SSB (I)

Several groups had cloned the SSB gene and purified the protein after overexpres-
sion in E. coli in order to obtain protein for various applications (Dabrowski and
Kur, 1999; Krauss et al., 1981; Weiner et al., 1975; Sigal et al., 1972; Molineux et
al., 1974; Meyer et al., 1980; Griep and McHenry, 1989; Chase et al., 1980; Lohman
et al, 1986; Bayer et al., 1989; Kishore et al., 1994). However, these methods are
not highly suitable for large scale production since they either include dialysis or are
composed of several chromatographic steps. Moreover, SSB has a tendency to pre-
cipitate at low ionic strength (Casas-Finet et al., 1987; Khamis et al., 1987) and at
protein concentrations above 1 mg/ml (Krauss et al., 1981; Weiner et al., 1975) and
these aspects must be taken into account when designing new purification methods.
In our protocol, which contains fever steps of purification and results in high protein
yield, cells were grown over night while protein production took place intracellularly,
under control of the Trp-promoter. The production was scaled up into a two-litre
fed batch fermentor giving 2g SSB and this is higher than all previously reported
production methods of the protein. The produced SSB was isolated by ammonium
sulphate precipitation followed by anion exchange chromatography, AIEC. These
two classical purification steps are rapid, cost-effective and easily scaled up. The
amount of salt added in the ammonium sulphate precipitation was optimised as
well as pH and elution gradient shape during the anion exchange chromatography.
SDS-PAGE analysis of different fractions in Figure 12 shows that highly pure SSB
protein is obtained merely by ammonium sulphate precipitation of the soluble cy-
toplasmic E. coli proteins. However, by one further step of AIEC, contamination
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of DNA as well as a 30kDa-protein were efficiently removed. In the AIEC step, the
first SSB-containing fractions were discarded to increase protein purity at expense
of the protein yield. Despite this, as much as 20 mg highly pure SSB protein was
obtained from a 500 ml shake flask cultivation. Analytical gel filtration as well as
surface plasmon resonance showed that the purified SSB is a highly pure correctly
folded tetramer with an apparent affinity to ssDNA of 10−8 M.

Figure 12. SDS-PAGE analysis of different fractions from purification of SSB pro-
duced in shake flask cultivation of E. coli. Lane M represent a standard molecular
weigth marker with molecular weights given in the right margin in kilo Daltons;
lane 1, soluble cytoplasmic fraction; lane 2, soluble fraction from ammonium sul-
phate precipitation; lane 3, ammonium sulphate precipitate; lane 4, protein loaded
on the AIEC column; lane 5, flow-through fraction AIEC purification and lane 6,
pooled SSB from the AIEC column.

4.2.2 Klenow and 3C protease (II)

The Klenow polymerase had previously been purified by affinity purification (Nils-
son et al., 1994; Bedouelle and Duplay, 1988) or several steps of classical purification
methods (Joyce and Grindley, 1983). The affinity purification systems described
apply strategies, such as elution with a competitor protein in order to circumvent
elution under harsh conditions, such as low pH. Nevertheless these systems are
not suitable for scaling up since cost of the gel matrices are high and the immo-
bilised ligands are labile to industrial cleaning-in-place procedures, CIP, usually
performed at high pH. In protein purification on an industrial scale, alternative
separation techniques as ion exchange chromatography, IEC, are preferred. Since
robust organic groups are attached on the matrices instead of labile protein ligands,
the costs of the ion exchange resins are considerably lower than that of affinity pu-
rification systems. Moreover, the columns can be sanitised under harsh conditions
without loss of capacity giving reproducible results over many cycles. Also, the
knowledge concerning scaling the system is extensive. Furthermore, IEC has high
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potential as a high-resolution separation technique simultaneously resulting in high
recovery of the target protein. However, extensive optimisation work is required
for efficient and selective isolation of a specific target protein from a certain en-
vironment. General strategies based on gene fusion technology where separation
protocols developed for purification tags can be applied to any target protein fused
to the handle. Several purification handles have been developed use in gene fusion
with target proteins for IEC purification, exemplified by poly-Arginine tails (Smith
et al., 1984). However, stretches of several consecutive positively charged amino
acids are usually targets for protease cleavage and proteolysis of the tags can there-
fore be severe. To overcome this problem, a purification handle with several positive
charges localised on a proteolytically stable scaffold had been constructed. By ex-
changing eleven amino acid residues for arginines in the Z domain derived from
staphylococcal protein A, Zbasic, a purification tag with extreme surface charge
and isoelectric point, pI, of 10.5 had been developed (Gräslund, et al., 2000). Zbasic

was fused to Klenow and produced intracellularly in E. coli under control of the
Trp-promoter. Optimisation of pH and the concentration of salt in solutions during
the cation exchange chromatography, CIEC was performed. Results from this work
showed that very good recovery and selectivity was obtained by CIEC between pH
7.5 and 8.5. The pI of the fusion protein was calculated to 5.8 and CIEC is gen-
erally performed at pH values below the pI since the net charge is positive under
these conditions. Nevertheless, the localisation of positive charges on the Zbasic

domain probably enables their interaction with the negative groups on the matrix,
which are repelled by other negative charges in the fusion protein. Moreover, the
optimisation showed that NaCl corresponding to 8 or 20 mS/cm could be added be-
fore the loading and washing steps without decreasing the purification yield. CIEC
performed at pH 7.5 with 20 mS/cm turned out to be optimal for obtaining highly
selective and efficient recovery of Zbasic-Klenow under physiological condition that
would not impair the enzymatic activity (for SDS-PAGE analysis of fractions from
CIEC performed under these conditions, see Figure 13a).
The efficiency of the CIEC purification was compared to AIEC of Klenow expressed
in fusion to the Z scaffold, Zwt. In this comparison approximately 30 mg pure pro-
tein, both from Zbasic- and Zwt-Klenow, was obtained from IEC purification of 500
ml shake flask cultivations. Results from these experiments show that although
the slope of the elution gradient was significantly lower in the AIEC purification
of Zwt-Klenow, the eluted protein contained higher amounts of nucleic acid- as
well as protein contaminants. To evaluate the generality of the Zbasic as a tag
for efficient protein purification, it was genetically fused to three other proteins.
The purification handle was fused either in the N- or C-terminal of the target pro-
teins. Moreover, fusion proteins were targeted both for the E. coli cytoplasm and
periplasm. The three target proteins consisted of a viral protease (3C), a fungal
lipase (Cutinase) and a bacterial receptor domain (ABD). All were purified under
the conditions optimised for Zbasic-Klenow. The proteins efficiently expressed in
E. coli and after only one IEC step all proteins were purified to homogeneity with
retained activity. The viral 3C-protease has been previously used in site-specific



56 Chapter 4. PRESENT INVESTIGATION

removal of purification tags (Gräslund et al., 2002). This use enzyme therefore
included in down-stream processing of the fusion proteins used in paper (V). (For
SDS-PAGE analysis of fractions from CIEC purification of Zbasic-3C, see Figure
13b).

Figure 13. SDS-PAGE analysis of different fractions from purification of Zbasic-
Klenow (A) and -3C (B) produced in shake flask cultivation of E. coli. Lane M rep-
resent a standard molecular weigth marker with molecular weights given in the right
margin in kilo Daltons; lane 1, soluble cytoplasmic fraction; lane2, flow-through
fraction CIEC purification and lane 3, pooled fractions from the CIEC column.

4.2.3 Apyrase (III)

While the above-mentioned proteins could be obtained biologically active when
expressed in E. coli, Apyrase formed insoluble aggregates that proved difficult to
refold. Since the protein folding system of E. coli was insufficient for Apyrase,
production the eukaryotic in Methylotropic yeast Picha pastoris was tested. The
ability of this organism to perform glycosylation was further thought to increase the
solubility of the target protein so that inclusion body formation could be prevented.
Moreover, the ATP- and nucleotide degrading activities of Apyrase might be toxic
to the host cells. Therefore a production strategy based on Apyrase secretion to the
culture media was chosen. After PCR mutagenesis performed to repair a deletion
found in the Apyrase-starting clone, the gene was cloned into a vector containing
the α-mating secretion signal of yeast Saccharomyces cerevisae. The construct was
integrated into a protease-deficient strain of the Methylotropic yeast Picha pastoris
chosen for avoidance of proteolysis of the produced Apyrase. A cultivation protocol
was optimised with regard to cell density and methanol concentration at the induc-
tion of protein production. By use of this method in 500 ml shake flask cultivation,
1 mg recombinant Apyrase per litre cultivation was secreted into the cultivation
media. Western blot analysis showed that no Apyrase was present within the yeast
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cells after harvest and that the host was devoid of endogenous Apyrase. To remove
protein fragments and peptone from the cultivation media prior to Apyrase purifica-
tion, the medium was concentrated by tangential flow filtration over a filter cassette
permeable to molecules smaller than 10 kDa. Since the recombinant protein had
a molecular weight of 48 kDa, it was efficiently captured and concentrated while
the smaller contaminants were discarded. Solid ammonium sulphate was added
to the protein solution in order to precipitate further contaminants while Apyrase
remained soluble. The soluble phase from the precipitation was further purified
by hydrophobic interaction chromatography, HIC, followed by AIEC. After quan-
tification of total protein as well as Apyrase content performed by Bradford and
Apyrase activity measurements, the overall purification yield was approximated to
27 percent. SDS-PAGE analysis performed after the chromatographic steps showed
only traces of contamination (Figure 14) and the purified enzyme was estimated
to be at least 90 percent pure. Lane 2 on the SDS gel in Figure 14a shows a
smeared Apyrase band of much higher molecular weight than expected but West-
ern blot analysis (lane 2, Figure 14b) showed binding of α-Apyrase antibodies to
the protein. However, since high Apyrase activity was present in the purified pro-
tein sample, the conclusion was drawn that the recombinant Apyrase was heavily
N-glycosylated. This was confirmed when the glycans could be removed by endogly-
cosidase H treatment resulting in a protein with intact activity and ability to bind
α-Apyrase (lane 3, Figure 14b) represented by a distinct band on the SDS gel (lane
3, Figure 14a). The functionality of the isolated Apyrase was further illustrated
by use in pyrosequencing technology where high quality sequence data comparable
to those obtained with commercial Apyrase was obtained. Although the amount
of Apyrase produced in this system is rather modest, giving approximately 300 µg
Apyrase of high purity, it can still be used for small-scale protein preparation and
manipulation mutagenesis is possible. Since Apyrase degrades nucleotides and ATP
it is very probable that the enzyme is toxic to the host cells. However, by use of
our production system, based on Apyrase secretion, recombinant production of the
enzyme is possible and this has not previously been reported in literature.
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Figure 14. PAGE analysis of fractions from purification of Apyrase produced in
Pichia pastoris visualiased by (A) Coomassie staining and (B) Western blot using
a primary α-Apyras antibody. The analysed fractions are: 1, 15 U commercial
Apyrase; 2, 15 U recombinant Apyrase and 3, 15 U recombinant Apyrase after
treatment with endoglycosidase H. M is standard molecular marker with molecu-
lar weights given in kDa in the right margin. Gel types used for separation differ
between A and B.

4.3 Approaches for increasing the sample through-
put of pyrosequencing (V)

The pyrosequencing technology is currently used in 96 or 384 plate format and to
be a high throughput technology, an improved sample capacity would be beneficial.
One way of doing this would be to use micromachined filter-chamber arrays where
parallel analyses of nano-liter samples can be monitored in real-time. In this exper-
imental setup, one DNA sample is immobilised on beads trapped in a filter chamber
that allows for injection of solutions into the chamber and transport through the
cell to the outlet. Microfluidic systems containing several parallel chambers have
been produced. Moreover, SNP analysis by the use of pyrosequencing chemistry
has been performed in filter-chamber systems (Andersson et al., 2001; Ahmadian et
al., 2002). However, since the filter chamber allows passage of all pyrosequencing
enzymes through the chamber, the light produced in the SNP analysis was detected
in the sample outlet. This lack of light localisation within the chamber is a great
disadvantage since only one analysis can be run at the time and the light signal is
diluted. We addressed this problem by designing a strategy in which the Luciferase
was genetically fused to a DNA binding domain (Klenow or SSB) and purifica-
tion handle (Zbasic) that could specifically be removed by enzymatic cleavage (for
schematic representation of protein organisation, see Figure 15).
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SSBZbasic Luciferase

EALFQ   GP

KlenowZbasic Luciferase

EALFQ   GP

A

B

Figure 15. Shematic representation of the organisation of the fusion proteins.
Both proteins have the Zbasic-tag in the C-terminal followed by a DNA binding
domain (SSB or Klenow) and Luciferase in the C-terminal. The 3C protease recog-
nition sequences are highlighted and arrows indicate the cleavage sites

The fusion proteins were produced intracellularly in E. coli under control of the T7
promoter in 500 ml shake flask cultivation. The first purification step was CIEC
according to the Zbasic protocol described above for Zbasic-Klenow but with the
exception that Zbasic-SSB-Luciferase was eluted step-wise to increase the concen-
tration of the purified protein. The CIEC purification of the proteins was efficient
resulting in high yield and pure protein fractions although a degradation product
contaminated the Zbasic-Klenow-Luciferase. From 500 ml shake flask cultivations,
15 mg Zbasic-SSB-Luciferase and 22 mg Zbasic-Klenow-Luciferase of high purity
was obtained. The Zbasic tag was removed from the Luciferase fusions by enzy-
matic cleavage using 3C and the target proteins were subjected to AIEC. Both
target proteins were of very high purity at this point although the yield after the
3C cleavage and AIEC were modest. However, since the aim of this purification
was to prepare highly pure proteins for functional analyses, no effort was made
to increase the efficiency of the down-stream processing. In order to prove the
specific binding of the fusion proteins to the DNA as well as the functionality of
the Luciferase domain within the fusion proteins, they were analysed by complete
extension of immobilised DNA templates monitored by pyrosequencing chemistry.
In these experiments, paramagnetic beads with attached ssDNA to which a primer
had been annealed were incubated with the fusion proteins, Zbasic-SSB-Luciferase,
SSB-Luciferase, Zbasic-Klenow-Luciferase and Klenow-Luciferase, respectively. The
proteins were allowed to bind the immobilised DNA and after an half-hour of incu-
bation, free protein was removed. A pyrosequencing mixture devoid of Luciferase,
and in the case of Klenow fusions also lacking Klenow, was added to the beads. The
mixture contained all four nucleotides so that, DNA synthesis would take place on



60 Chapter 4. PRESENT INVESTIGATION

the primed template in presence of polymerase and resulting in light emission in
case of Luciferase activity. The light intensities were plotted over time and curves
from these data obtained from the experiments are shown in Figure 16. As clearly
can be seen in this figure, all tested proteins bound selectively to the immobilised
DNA and their enzymatic domains were active. At the time point where the light
signal laid steady at a plateau value in the case of Klenow-Luciferase and Zbasic-
Klenow-Luciferase, soluble Klenow was added to the reaction mixture. No signal
increase was achieved by this polymerase addition (data not shown) for either cases
although addition of extra Luciferase hugely increased the signal instantly. These
results indicate that the signal heights for the Klenow-Luciferase fusions are not
limited by the Klenow activity but by the activity of Luciferase. Moreover, the
Zbasic tag did not impair the performance of the proteins in this analysis and there-
fore, the only essential down-stream processing of the proteins before use could be
the CIEC which is very selective, efficient, mild, cost-effective and easy to scale
up. This indicates that cultivation and single-step purification could be used for
obtaining proteins of high purity that are functional in DNA binding as well as
polymerase and Luciferase activity. These results very promisingly suggest that
with more sophisticated detection systems, such as a highly sensitive CCD camera,
the proteins could by used on miniaturised formats such as nano-liter filter chamber
or ultimately on DNA microarrays.
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Figure 16. Complete extension of DNA templates immobilised on magnetic beads
detected by pyrosequencing chemistry using the fusion proteins. Y-axis denotes
measured light signal in arbitary units and x-axis time in minutes. (-) DNA curves
parallel to the x-axis are reactions where all four fusion proteins have been incubated
with DNA free beads.



Chapter 5

CONCLUDING REMARKS

Pyrosequencing is a DNA sequencing technology based on real-time detection of
DNA synthesis monitored by bioluminescence. Although the method is widely used
a number of protein based approaches have been applied in order to increase the per-
formance as well as economy of the system. Escherichia coli Single-stranded DNA
Binding Protein, SSB, was added to the system in order to prolong the length of the
sequences obtained by pyrosequencing analysis and extend the use of the technique.
A systematic investigation was carried out aiming to map the positive effect of the
protein on the sequence quality obtained. Moreover, to increase the cost-efficiency
of the pyrosequencing system, strategies for efficient production and isolation were
developed for several of the proteins used. Finally, a gene fusion strategy was used
aiming to enable immobilisation of the light-harvesting enzyme, Luciferase, on the
DNA template. The ability to attach the Luciferase to the DNA molecules that are
analysed could enable the use of pyrosequencing in miniaturised systems such as
micro-machined filter chambers. Taken together, the work presented in this thesis
pinpoints limitations in the pyrosequencing technology but also suggests measures
that can be taken to overcome these limitations. Although the enhancing effect of
SSB on the sequence quality from pyrosequencing analysis is well know, the sys-
tematic investigation of this effect on different templates gives valuable information
about causes of low quality sequence data. In future investigations, results from
these experiments could be valuable for the design of primers and optimisation of
protocols for template preparation preceeding the pyrosequencing reactions. More-
over, the protocols developed for production and purification of SSB, Klenow and
Apyrase can easily be used for generation of those reaction components. Moreover,
as shown in our experiments the Zbasic- tag can be used as a general purification
tag combining the selectivity of affinity purification with the convenience and cost-
effectiveness of CIEC. Furthermore, the Luciferase fusions show very promislingly
that all can be immobilised to the DNA templates maintaining both Luciferase and,
in case of Klenow fusions, polymerase activity. A further use of these fusions in
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simultaneous analysis of multiple samples by use of pyrosequencing chemistry can
easily be envisioned.



Chapter 6

ACKNOWLEDGEMENTS

I would like to thank the following people for direct or indirect contribution to the
creation of this thesis:

All other former and present collegues at the Department of Biotechnology for
making work a nice place to go to. Also thanks for all the fun parties, ”musik-kvä
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(2002).Protein Sci 11 (2): 313-21.

Handa, M. and G. Guidotti (1996).Biochem Biophys Res Commun 218 (3): 916-23.

Hannig, G. and S. C. Makrides (1998). Trends Biotechnol 16 (2): 54-60.

Hansson, M., S. St̊ahl, R. Hjorth, M. Uhlén and T. Moks (1994).Biotechnology
(N Y) 12 (3): 285-8.

Hasan, N. and W. Szybalski (1995). Gene 163 (1): 35-40.

Heinemann, U., G. Illing and H. Oschkinat (2001). Curr Opin Biotechnol 12 (4):
348-54.

Herbert, B. R., J. L. Harry, N. H. Packer, A. A. Gooley, S. K. Pedersen and K. L.
Williams (2001). Trends Biotechnol 19 (10 Suppl):3-9.

Hockney, R. C. (1994). Trends Biotechnol 12 (11): 456-63.

Hollenberg, C. P. and G. Gellissen (1997).Curr Opin Biotechnol 8 (5): 554-60.

Holthuis, J. J. and R. J. Driebergen (1995). Pharm Biotechnol 7 : 243-99.



73

Hopfield, J. J. (1974). Proc Natl Acad Sci U S A 71 (10): 4135-9.

Houdebine, L. M. (2000). Transgenic Res 9 (4-5): 305-20.

Huber, H. E., S. Tabor and C. C. Richardson (1987). J Biol Chem 262 (33):
16224-32.

Hyman, E. D. (1988). Anal Biochem 174 (2): 423-36.

Itakura, K., T. Hirose, R. Crea, A. D. Riggs, H. L. Heyneker, F. Bolivar and
H. W. Boyer (1977). Science 198 (4321): 1056-63.

Itzhaki, H., L. Naveh, M. Lindahl, M. Cook and Z. Adam (1998). J Biol Chem
273(12): 7094-8.

Jacobson, K. B., H. F. Arlinghaus, M. V. Buchanan, C. H. Chen, G. L. Glish,
R. L. Hettich and S. A. McLuckey (1991). Genet Anal Tech Appl 8 (8): 223-9.

James, E. and J. M. Lee (2001). Adv Biochem Eng Biotechnol 72 : 127-56.

Jenkins, N., R. B. Parekh and D. C. James (1996). Nat Biotechnol 14 (8): 975-81.

Johnson, W. C., Jr. (1990). Proteins 7 (3): 205-14.

Jonsson, A. P. (2001). Cell Mol Life Sci 58 (7): 868-84.

Jovin, T. M., P. T. Englund and L. L. Bertsch (1969). J Biol Chem 244 (11):
2996-3008.

Joyce, C. M. and N. D. Grindley (1983). Proc Natl Acad Sci U S A 80 (7): 1830-4.

Kaczmarek, E., K. Koziak, J. Sevigny, J. B. Siegel, J. Anrather, A. R. Beaudoin,
F. H. Bach and S. C. Robson (1996). J Biol Chem 271 (51): 33116-22.

Kajiyama, N. and E. Nakano (1993). Biochemistry 32 (50): 13795-9.

Kanelis, V., J. D. Forman-Kay and L. E. Kay (2001). IUBMB Life 52 (6): 291-302.

Karamohamed, S., J. Nilsson, K. Nourizad, M. Ronaghi, B. Pettersson and P.
Nyrén (1999). Protein Expr Purif 15 (3): 381-8.

Kelly, M. J., L. J. Ball, C. Krieger, Y. Yu, M. Fischer, S. Schiffmann, P. Schmieder,
R. Kuhne, W. Bermel, A. Bacher, G. Richter and H. Oschkinat (2001). Proc Natl
Acad Sci U S A 98 (23): 13025-30.



74 Chapter 7. REFERENCES

Kelly, S. M. and N. C. Price (1997). Biochim Biophys Acta 1338 (2): 161-85.

Kelly, S. M. and N. C. Price (2000). Curr Protein Pept Sci 1 (4): 349-84.

Kettlun AM, Leyton M, M. A. Valenzuela, M. Mancilla and A. Traverso-Cori
(1992a). Phytochemistry 31 (6): 1889-1894.

Kettlun AM, Urra R, Leyton M, M. A. Valenzuela, M. Mancilla and A. Traverso-
Cori (1992b). Phytochemistry 31 (11): 3691-3696.

Khamis, M. I., J. R. Casas-Finet, A. H. Maki, P. P. Ruvolo and J. W. Chase
(1987). Biochemistry 26 (12): 3347-54.

Kieleczawa, J., J. J. Dunn and F. W. Studier (1992). Science258 (5089): 1787-91.

Kierzek, A. M. and P. Zielenkiewicz (2001). Biophys Chem 91 (1): 1-20.

King, T. P. (1972). Biochemistry 11 (3): 367-71.

Kishore, U., M. Chauhan, N. R. Choudhury and G. S. Khatri (1994). Indian J
Biochem Biophys 31 (4): 249-53.

Klenow, H., K. Overgaard-Hansen and S. A. Patkar (1971). Eur J Biochem 22
(3): 371-81.

Klofat, W., G. Picciolo, E. W. Chappelle and E. Freese (1969). J Biol Chem
244 (12): 3270-6.

Kobatake, E., T. Iwai, Y. Ikariyama and M. Aizawa (1993). Anal Biochem 208
(2): 300-5.

Komoszynski, M. and A. Wojtczak (1996). Biochim Biophys Acta 1310 (2): 233-41.

Kornberg, A. (1988). J Biol Chem 263 (1): 1-4.

Kosinski, M. J., U. Rinas and J. E. Bailey (1992). Appl Microbiol Biotechnol
37 (3): 335-41.

Krauss, G., H. Sindermann, U. Schomburg and G. Maass (1981). Biochemistry
20 (18): 5346-52.

Kresze, G. B. (1991). Bioprocess Technol 12 : 85-120.



75

Kuchta, R. D., P. Benkovic and S. J. Benkovic (1988). Biochemistry 27 (18):
6716-25.

Kuchta, R. D., V. Mizrahi, P. A. Benkovic, K. A. Johnson and S. J. Benkovic
(1987). Biochemistry 26 (25): 8410-7.

Kukuruzinska, M. A. and K. Lennon (1998). Crit Rev Oral Biol Med 9 (4): 415-48.

Kuwajima, K. (1995). Methods Mol Biol 40 : 115-35.

Lander ES, LM Linton,B Birren, C Nusbaum, MC Zody, J Baldwin, K Devon,
F Dewar, M Doyle, W FitzHugh, R Funke, D Gage, K Harris, A Heaford, J How-
land, L Kann, J Lehoczky, R LeVine, P McEwan, K McKernan, Meldrim J, Mesirov
JP, Miranda C, Morris W, Naylor J, Raymond C, Rosetti M, Santos R, Sheridan
A, Sougnez C, Stange-Thomann N, Stojanovic N, Subramanian A, D Wyman, J
Rogers, J Sulston, R Ainscough, S Beck, D Bentley, J Burton, C Clee, N Carter,
A Coulson, R Deadman, P Deloukas, A Dunham, I Dunham, R Durbin, L French,
D Grafham,S Gregory, T Hubbard, S Humphray, A Hunt, M Jones, C Lloyd, A
McMurray, L Matthews, S Mercer, S Milne, JC Mullikin, A Mungall, R Plumb, M
Ross, R Shownkeen, S Sims, RH Waterston, RK Wilson, LW Hillier, JD McPher-
son, MA Marra, ER Mardis, LA Fulton, AT Chinwalla, KH Pepin, WR Gish, SL
Chissoe, MC Wendl, KD Delehaunty, TL Miner, A Delehaunty, JB Kramer, LL
Cook, RS Fulton, DL Johnson, PJ Minx, SW Clifton, T Hawkins, E Branscomb,
P Predki, P Richardson, S Wenning, T Slezak, N Doggett, JF Cheng, A Olsen, S
Lucas, C Elkin, E Uberbacher, M Frazier, RA Gibbs, DM Muzny, SE Scherer, JB
Bouck, EJ Sodergren, KC Worley, CM Rives,JH Gorrell, ML Metzker, SL Naylor,
RS Kucherlapati, DL Nelson, GM Weinstock, Y Sakaki, A Fujiyama, M Hattori,
T Yada, A Toyoda, T Itoh, C Kawagoe, H Watanabe, Y Totoki, T Taylor, J Weis-
senbach, R Heilig, W Saurin, F Artiguenave, P Brottier, T Bruls, E Pelletier, C
Robert, P Wincker, DR Smith, L Doucette-Stamm, M Rubenfield, K Weinstock,
HM Lee, J Dubois, A Rosenthal, M Platzer, G Nyakatura, S Taudien, A Rump, H
Yang, J Yu, J Wang, G Huang, J Gu, L Hood, L Rowen, A Madan, S Qin, RW
Davis, NA Federspiel, AP Abola, MJ Proctor, RM Myers, J Schmutz, M Dickson,
J Grimwood, DR Cox, MV Olson, R Kaul, C Raymond, N Shimizu, K Kawasaki,
S Minoshima, GA Evans, M Athanasiou, R Schultz, BA Roe, F Chen, H Pan, J
Ramser, H Lehrach, R Reinhardt, WR McCombie, M de la Bastide, N Dedhia, H
Blocker, K Hornischer, G Nordsiek, R Agarwala, L Aravind, JA Bailey, A Bate-
man, S Batzoglou, E Birney, P Bork, DG Brown, CB Burge, L Cerutti, HC Chen,
D Church, M Clamp, RR Copley, T Doerks, SR Eddy, EE Eichler, TS Furey, J
Galagan, JG Gilbert, C Harmon, Y Hayashizaki, D Haussler, H Hermjakob, K
Hokamp, W Jang, LS Johnson, TA Jones, S Kasif, A Kaspryzk, S Kennedy, WJ
Kent, P Kitts, EV Koonin, I Korf, D Kulp, D Lancet, TM Lowe, A McLysaght, T
Mikkelsen, JV Moran, N Mulder, VJ Pollara, CP Ponting, G Schuler, J Schultz,
G Slater, AF Smit, E Stupka, J Szustakowski, D Thierry-Mieg, J Thierry-Mieg, L



76 Chapter 7. REFERENCES

Wagner, J Wallis, R Wheeler, A Williams, YI Wolf, KH Wolfe, SP Yang, RF Yeh,
F Collins, MS Guyer, J Peterson, A Felsenfeld, KA Wetterstrand, A Patrinos, MJ
Morgan, J Szustakowki, P de Jong, JJ Catanese, K Osoegawa, H Shizuya, S Choi,
YJ Chen.(2001). Nature 409 (6822): 860-921.

Langone, J. J. (1982). Adv Immunol 32 : 157-252.

Larrick, J. W. and D. W. Thomas (2001). Curr Opin Biotechnol 12 (4): 411-
8.

Larsen, M. R. and P. Roepstorff (2000). Fresenius J Anal Chem 366 (6-7): 677-90.

Larsson, M., E. Brundell, L. Nordfors, C. Höög, M. Uhlén and S. St̊ahl (1996).
Protein Expr Purif 7 (4): 447-57.

LaVallie, E. R., E. A. DiBlasio, S. Kovacic, K. L. Grant, P. F. Schendel and J.
M. McCoy (1993). Biotechnology (N Y) 11 (2): 187-93.

Leszczynski, J. F. and G. D. Rose (1986).Science 234 (4778): 849-55.

Leyh, T. S., J. C. Taylor and G. D. Markham (1988). J Biol Chem 263 (5):
2409-16.

Li, H., A. Deyrup, J. R. Mensch, Jr., M. Domowicz, A. K. Konstantinidis and
N. B. Schwartz (1995). J Biol Chem 270 (49): 29453-9.

Liedberg, B., I. Lundström and E. Stenberg (1993). Sensors abd Actuators B.
Chemical 11 (1): 63-72.

Lilie, H., E. Schwarz and R. Rudolph (1998). Curr Opin Biotechnol 9 (5): 497-501.

Lillehoj, E. P. and V. S. Malik (1989). Adv Biochem Eng Biotechnol 40 : 19-
71.

Lindbladh, C., K. Mosbach and L. Bulow (1991). J Immunol Methods 137 (2):
199-207.

Little, J. W., S. B. Zimmerman, C. K. Oshinsky and M. Gellert (1967). Proc
Natl Acad Sci U S A 58 (5): 2004-11.
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80 (1): 45-54.

Nord, K., J. Nilsson, B. Nilsson, M. Uhlén and P. Å. Nygren (1995). Protein
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