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Abstract

The PyrosequencingTM technology is a relatively new and easy-to-use technique

for sequencing shorter DNA fragments. The method monitors pyrophosphate re-
lease following nucleotide incorporation into a DNA template using biolumines-
cence. The detection relies on the efficient cooperation of four different enzymes
to monitor the DNA synthesis in real-time.

In this thesis, a new mathematical model of the Pyrosequencing reaction
system is presented. The model is based on irreversible Michaelis-Menten ki-
netics and competitive inhibition. The modelling is aimed at bringing insights
into the difficulties in the Pyrosequencing method and at increasing the under-
standing of the cooperation of the enzymes on a detailed level. Furthermore, the
model can be used to optimise the chemistry and identify limiting factors with
the ultimate goal of improving the read length of the method.

The simulation results show strong resemblance with experimental data.
The Pyrosequencing model reproduces the dynamics of a light pulse resulting
from single nucleotide incorporation with great accuracy, as well as the gen-
eral features of a whole pyrogram™. Undesired effects, such as the plus- and
minus-shifts, are successfully predicted by the model using two constant effi-
ciency factors. The pulse broadening seen in experiments is partly explained by
apyrase inhibition and dilution.

The inhibition of the nucleotide-degrading apyrase is further investigated in
an experimental pre-study. The relative inhibition constants of all deoxynu-
cleotides were measured and it was found that the analogue 2’-deoxyadenosine-
5’-0O-(1-thiotriphosphate) (AATPaS) and its di- and monophosphate counterparts
have lower inhibition constants than the natural deoxynucleotides. Moreover, it
is experimentally shown that dADPaS is much more difficult for the apyrase to
degrade, and thus is responsible for the successive pulse broadening. Simula-
tions support the theory that dADPasS has a very low catalytic constant.

An improved and biologically motivated model of the polymerase is intro-
duced, and shows that the polymerase is an extremely efficient enzyme. How-
ever, in the presence of a nucleotide-degrading apyrase, the incorporation ef-
ficiency is, under the Pyrosequencing conditions, diminished to a level close
to that of the minus-shift effect. The model also predicts that the polymerase
is able to incorporate even very small amounts of nucleotides, thus offering a
description of the plus-shift effect.

Keywords: apyrase, bioluminescence, DNA polymerase, DNA sequencing, en-
zyme Kinetics, Klenow fragment, mathematical modelling, Michaelis-Menten,
Pyrosequencing
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Sammanfattning
Pyrosequencing ™-teknologin ar en relativt ny och lattanvand teknik for att
sekvensera kortare DNA-fragment. Metoden 6vervakar med hjalp av bioluminis-
cens frigérandet av pyrofosfat, som ar en f6ljd av inbindningen av nukleotider i
ett DNA-templat. Detektionen bygger pa en effektiv samverkan mellan fyra olika
enzymer for att 6vervaka syntetiseringen av DNA i realtid.

I denna avhandling presenteras en ny matematisk modell av reaktionssyst-
emet i Pyrosequencing. Modellen baserar sig pa irreversibel Michaelis-Menten-
kinetik samt kompetitiv inhibering. Malet med modelleringen ar att ge insik-
ter i svarigheterna vid Pyrosequencing och att 6ka forstaelsen av detaljerna vid
samverkan mellan enzymerna. Vidare kan modellen anvandas for att optimera
kemin och for att identifiera begransande faktorer med malet att forbattra las-
langden hos metoden.

Simuleringsresultaten uppvisar stora likheter med experimentella data. Pyro-
sequencing-modellen aterger med stor exakthet dynamiken hos en ljuspuls, som
skapas till f6]jd av inkorporering av en nukleotid, liksom de allména dragen hos
ett fullstandigt pyrogram™. Odnskade effekter, sasom plus- och minusskift,
forutsags av modellen med hjalp av tva konstanta effektivitetsfaktorer. Puls-
breddningen, som uppkommer i experiment, férklaras delvis av inhibering av
apyraset och utspadning.

Inhiberingen av det nukleotidnedbrytande apyraset undersoks mer ingaende
i en experimentell férstudie. De relativa inhiberingskonstanterna fér alla de-
oxynukleotider méts. Resultatet &r att analogen 2’-deoxyadenosine-5’-O-(1-thio-
triphosphate) (dATPaS) samt dess di- och monofosfat motsvarigheter, har lagre
inhiberingskonstant 4n de naturliga deoxynukleotiderna. Vidare visas det ex-
perimentellt att apyraset har mycket svarare att bryta ned dADPaS, och att
denna darmed ar ansvarig for den 6kande pulsbreddningen. Simuleringar stod-
jer teorin att dADPaS har en mycket 14g katalytisk konstant.

En férbattrad och biologiskt motiverad modell av polymeraset introduceras
och visar att polymeraset ar ett mycket effektivt enzym. I narvaro av ett nuk-
leotidnedbrytande apyras och under Pyrosequencing-férhallanden minskar dock
effektiviteten till en niva liknande den fér minusskiftseffekten. Modellen predik-
terar ocksa att polymeraset dessutom kan inkorporera mycket sma mangder av
nukleotid, vilket darmed ger en beskrivning av plusskiftseffekten.

Nyckelord: apyras, bioluminiscens, DNA polymeras, DNA-sekvensering, en-
zymkinetik, Klenow-fragment, matematisk modellering, Michaelis-Menten, Py-
rosequencing
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Symbols and Abbreviations

ADP
dADPaS
AMP

apyr
Asul
ATP
CCD
dATPaS
ddNMP
DNA
dNDP
dNMP
dNTP

SEEEH

luc

NDP
P;
PCR
pol
PP;

SNP

Vmaac

adenosine diphosphate

alpha-thio-deoxyadenosine diphosphate

adenosine monophosphate

adenosine 5’-phosphosulfate

apyrase, ATP-diphosphohydrolase

ATP sulfurylase

adenosine triphosphate

charge-coupled device

alpha-thio-deoxyadenosine triphosphate

dideoxynucleoside monophosphate

deoxyribonucleic acid

deoxynucleoside diphosphate

deoxynucleoside monophosphate

deoxynucleoside triphosphate

enzyme or enzyme concentration

reaction rate

catalytic constant, turnover number

dissociation constant

Klenow fragment

inhibition constant

Michaelis constant

luciferase

any one of adenosine (A), cytidine (C),
guanosine (G) or thymidine (T)

nucleoside diphosphate

inorganic phosphate

polymerase chain reaction

DNA polymerase

inorganic pyrophosphate

substrate or substrate concentration

single nucleotide polymorphism

reaction rate or velocity

limiting rate, maximum reaction velocity
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Chapter 1

INTRODUCTION

Deoxyribonucleic acid (DNA) sequencing is the procedure of determining the nu-
cleotide order in the DNA molecule. The development of DNA sequencing tech-
niques during the last thirty years, have made it possible to undertake ambitious
projects such as the Human Genome Project (International Human Genome Se-
quencing Consortium, 2004), where the whole human genome was deciphered.
Today, genomes of more than thousands organisms have been fully sequenced.
However, DNA sequencing is so much more than sequencing whole genomes,
since much information can be gained by sequencing specific target regions of
the DNA. During the last fifteen years DNA sequencing has become an invalu-
able instrument in as varying fields as medicine, agriculture and forensic stud-
ies. For applications in these disciplines, the PyrosequencingTM technology has
emerged as a strong alternative to the more conventional DNA sequencing tech-
niques. It is a new and easy-to-use enzymatic method originally developed at
the Royal Institute of Technology, Stockholm, Sweden, and the first automated
systems were introduced on the market in the year 2000.

The aim of this thesis has been to explore the chemistry of the Pyrosequenc-
ing method using mathematical modelling. The motivation behind the work has
been to get an increased understanding of the reaction system and the cooper-
ativity of the participating enzymes, as well as to find explanations of various
effects observed in sequencing experiments.

1.1. Why Use Mathematical Modelling?

Reality constitutes a set of complex systems. Nevertheless or perhaps because
of that, we humans are eager to unravel the secrets or our surroundings and
we continuously strive to find explanations of phenomena in our environment.
When reality becomes too complicated to make exhaustive observations, a model
of the system of interest can be very useful. Experimental recordings that would
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otherwise be laborious, time-consuming and expensive, can instead be per-
formed in model simulations, making only a minimal amount of experiments
necessary. Furthermore, a model will give an indication of which experiments
to perform and on the whole facilitates the analysis of a system. A model can
also predict unforeseen events as well as be a means of controlling a complex
technical process.

The modelling process is not a uni-directional route starting at point one
and finishing with a definite model. Instead it should be looked upon as some-
thing dynamic, something that will likely take turns and iteratively find its way
towards a model with as many desired properties as possible. The road to a
pleasing model always begins with making observations, and based on these ob-
servations, a mental image is constructed. This image then has to be translated
into something implementable and the language for doing this is mathematics.
Important variables and constants have to be identified, and their relations have
to be formulated into equations. Once a first model has been constructed, it can
be used to make predictions. However, these predictions have to be thoroughly
validated and tested against earlier observations and if necessary new experi-
ments will follow. By this point, the model probably has to be revised, either
by a small modification or by using a completely different approach. Repeated
prediction/validation/measurement steps will refine the model and eventually
lead to a satisfying result.

Mathematical modelling has successfully been applied to a wide range of
biological systems. Applications include mathematical modelling in the drug
discovery process, where for instance physiologically based pharmacokinetic
(PBPK) models are used to simulate and predict drug absorption (Theil et al.,
2003). Other examples are mathematical modelling of signalling networks on
different levels of the nervous system from subcellular (Bhalla, 2003) to net-
work level (De Schutter et al., 2005). Whole organs like the human heart (Noble,
2002) as well as the spread of infectious diseases (Matthews and Woolhouse,
2005) have also been studied through modelling. With this thesis, a mathemat-
ical model of the Pyrosequencing reaction system can be added to that list.

1.2. Contributions

e A mathematical model of the Pyrosequencing reaction system has been
developed. The model captures the dynamics of a light pulse, following
single nucleotide incorporation, with great accuracy.

e The proposed model can also replicate the overall characteristics of a com-
plete sequencing output, using two constant efficiency factors for the plus-
and minus-shift effects.

e A short review of the Pyrosequencing technology is given in the thesis.
Factors affecting the real length of the method are highlighted and the
causes are discussed on the basis of the mathematical model.

e An experimental pre-study investigating the causes for the inhibition of
the apyrase enzyme with pulse broadening as a result.
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e A model of the experimental setup used in the apyrase inhibition study,
which offers support for determined relations in the obtained kinetic pa-
rameters.

e An improved model of the polymerase step including the processivity prop-
erty of the polymerase.

e The polymerase model suggests an explanation of the minus-shift effect,
as well as an indication of the origin of the plus-shift.

1.3. Articles

The contents of this licentiate thesis are based on the following papers, which
are found in the second part of the thesis. They are referred to in the text by
their Roman numbers.

Paper I. Anna Svantesson, Pal O. Westermark, Jeanette Hellgren Kotaleski,
Baback Gharizadeh, Anders Lansner, Pal Nyrén, A Mathematical Model of
the Pyrosequencing Reaction System, Biophys. Chem. 110:129-145, 2004

Paper II. Anna Svantesson, Tommy Nordstrém, Jeanette Hellgren Kotaleski,
Pal Nyrén, An Investigation of the Apyrase Step in the Pyrosequencing
Model: Combining Experiments and Simulations, TRITA-NA-P0O509, Royal
Institute of Technology, School of Computer Science and Communication,
2005

Tommy Nordstrém and Pal Nyrén contributed to the design of the experi-
ments.

Paper III. Anna Svantesson, Pal O. Westermark, Pal Nyrén, Jeanette Hellgren
Kotaleski, Towards an Improved Polymerase Description in the Pyrose-
quencing Model, TRITA-NA-P0510, Royal Institute of Technology, School
of Computer Science and Communication, 2005

1.4. Structure of the Thesis

The organisation of this thesis is as follows: In the next section (Chapter 2),
a short review over the Pyrosequencing technology is presented. Understand-
ing details in the chemistry of the Pyrosequencing reaction system has been
the main motivation for the work leading up to this thesis. In Chapter 3, an
introduction to enzyme kinetics, the mathematical tool for modelling chemical
reactions, is given. This is followed by a description of the models used to model
the steps in the Pyrosequencing system, and a summary of some of the more
important results presented in Papers I — III. The thesis ends with concluding
remarks and a discussion of future prospects for the further development and
utilisation of the Pyrosequencing model.






Chapter 2

THE PYROSEQUENCING TECHNOLOGY

The discovery of the structure of the DNA molecule (Watson and Crick, 1953)
has led to a dramatic development in biotechnology. DNA sequencing, i.e. the
process of determining the exact sequence of the bases that constitute a DNA
strand, is today an important and widely used tool in most areas of biochemistry.
The first two methods for sequencing DNA were introduced in 1977 and include
the Sanger method (Sanger et al.,, 1977), also known as the dideoxy method,
and the Maxam-Gilbert method (Maxam and Gilbert, 1977). These methods are
based on electrophoretic and autoradiographic recordings of the results. The
Pyrosequencing method (Nyrén, 2001; Ronaghi et al., 1998), which is the object
of interest of this thesis, is a rather new DNA sequencing technique that is based
on a so-called sequencing-by-synthesis scheme. In this method, nucleotide in-
corporation into DNA is monitored in real-time using bioluminescence.

In this chapter an introduction to the Pyrosequencing technology is given.
First an overview is presented, followed by a more detailed description of the
enzymes and reactions involved. Then, a few words is said about the design
of the Pyrosequencing instrument. Ever since the introduction of the method
several chemical improvements have been suggested and the most important
are reviewed here. The chapter ends with some examples of applications of the
method and the main remaining problems, some of which are the focus of the
thesis.

2.1. Enzymes in Pyrosequencing

In 1987, Pal Nyrén described a method for monitoring DNA polymerase activ-
ity (Nyrén, 1987) using bioluminescence. This was followed by a description
of a completely new way of sequencing DNA (Hyman, 1988) involving the first
three enzymes used in what was later to become the Pyrosequencing method.
However, the suggested method utilised a series of connected capillary columns,

5
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Polymerase

3 —m—-- ACCTTGAGTACCATCTAGGA
5 ——---- TGGAACTCA Iterative additions

k////// “\\\\\ - dATP-—-->dCTP

PP, dATP <~ | {
dTTP «--—-dGTP
ATP sulfurylase (d)ADP
Apyrase
Ay ()AMP

Luci®‘

Figure 2.1. The principle of Pyrosequencing. To a mixture of essentially four enzymes
and DNA, nucleotides dNTP are added. The DNA polymerase, which is bound to the
primer-template pair, catalyses the incorporation of the added nucleotide (here dATP),
which produces PP;. The PP; is transformed into ATP by the ATP sulfurylase. The
luciferase detects the ATP in a reaction where light is formed. The apyrase removes
remaining ATP and unincorporated nucletides. The procedure is then repeated with the
next nucleotide in order.

which was cumbersome and rather impractical. The solution came with the in-
troduction of a fourth enzyme, the nucleotide-degrading apyrase (Nyrén, 1994,
2001). The process time was much shortened and the system could be made
highly automated. The method of Pyrosequencing was born.

An overview of the Pyrosequencing principle is given in Figure 2.1. The
reaction system consists of the four enzymes DNA polymerase, ATP sulfury-
lase, luciferase and apyrase. Single-stranded and primed DNA fragments are
mixed with necessary substrates and the four enzymes. Then, deoxynucleo-
side triphosphates, dATP, dCTP, dGTP or dTTP (collectively known as dNTP), are
added one at a time in an iterative manner. In cases where the added nucleotide
matches the DNA template, the nucleotide is incorporated by the polymerase. In
this reaction, PPi is released, which in turn is converted by the ATP sulfurylase
into adenosine triphosphate (ATP). The produced ATP drives a light-generating
reaction catalysed by the luciferase. The amount of light (peak height) is propor-
tional to the number of incorporated nucleotides. If an added nucleotide does
not match, no PPi is formed and consequently no light is produced. The apyrase
removes unincorporated nucleotides and remaining ATP between the nucleotide
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additions. As the process proceeds, the complementary DNA strand grows and
the nucleotide sequence is determined from the generated light pulses, which
collectively form a so-called pyrogramTM. Next, a more detailed description of

the enzymes and the reactions is given.

2.1.1. Polymerase

DNA polymerases belong to a group of enzymes that is present in all living cells
(Joyce and Steitz, 1994; Alba, 2001). They are catalysts for DNA polymerisa-
tion in the important process of replication. There are different types of DNA
polymerases, but all possess 5 to 3’ DNA synthesis capabilities. They also have
some kind of 5’ to 3’ exonuclease activity and some polymerases exhibit a 3’ to
5 exonuclease activity as well. The different types have different tasks in the
cell, some synthesise new DNA and perform proofreading, whereas others are
involved in DNA repair.

The DNA polymerase used in Pyrosequencing is the large subdomain of the
E. coli DNA polymerase I (E.C. 2.7.7.7). This domain is known as the Klenow
Fragment (KF) (Klenow et al., 1971) and in Pyrosequencing a modified variant
is used, excluding the enzyme’s 3’ to 5’ exonuclease activity (exo~) (Derbyshire
et al., 1988). The polymerase binds to the 3’-end of the DNA primer and the
following synthesis proceeds in the 5 to 3’ direction. This is achieved by in-
corporating a deoxynucleoside triphosphate (ANTP) onto the primer end. As a
product, inorganic pyrophosphate PPi is released.

DNA,, + dNTP — DNA,, 1 + PP;

Here N stands for the four nucleosides: adenosine (A), guanosine (G), cytidine
(C) and thymidine (T), and n denotes the length of the primer DNA. Polymerases
are highly efficient enzymes and in the presence of matching nucleotides, the
enzyme switches to processive synthesis. This signifies that the polymerase
extends several nucleotides in a row before it dissociates from the DNA molecule.
The DNA polymerase I has a reported processivity of approximately 20 (Bambara
et al., 1978) nucleotides, but there are polymerases that extend thousands of
nucleotides (Tabor et al., 1987) under the right conditions.

2.1.2. ATP Sulfurylase

The second enzyme in the Pyrosequencing system is the ATP sulfurylase (E.C.
2.7.7.4), which catalyses the reaction between pyrophosphate and adenosine 5’
phosphosulfate (APS), thereby producing ATP. The reaction can be summarised
as:

PP; + APS — ATP + SO2~

In vivo, the enzyme drives the reaction in the reverse direction even though
that is kinetically unfavourable. This is achieved with the help of additional
enzymes — the APS kinase that continuously removes the produced APS and the
pyrophosphatase that hydrolysis PPi. This enzymatic system is thus responsible
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for the indirect management of sulphur-containing compounds in the cell (Segel
et al., 1987). The ATP sulfurylase used in Pyrosequencing is taken from baker’s
yeast, Saccharomyces cerevisiae (Ullrich et al., 2001), but the enzyme has also
been found in many other types of organisms, such as spinach leafs (Li et al.,
1995) and rats (Brandan and Hirschberg, 1988).

2.1.3. Luciferase

The luciferases (E.C. 1.13.12.7) constitute a group of enzymes that all have in
common that they can produce light in bioluminescence. They are found in
three main groups of light generating organisms, namely fireflies (Lampyridae),
railroad worms (Phengodidae) and click beetles (Elateridae) (Viviani, 2002). The
firefly luciferases have been the most intensively studied and in particular the
luciferase from the North American Photinus pyralis firefly (DeLuca, 1976). The
kinetics of the firefly luciferase has been well established (DeLuca and McElroy,
1974; Brovko et al., 1994) and the reaction scheme can be summarised in the
following two reaction steps

luciferase 4 D-luciferin + ATP — luciferase - luciferin - AMP + PP;

luciferase - luciferin - AMP + O, — luciferase + oxyluciferin + AMP + CO; + hv

In the first step, the luciferase activates the substrate D-luciferin in the presence
of Mg**. In the second step, the enzyme catalyses the formation of an energy-
rich intermediate, which spontaneously decomposes, thereby emitting a photon
of visible light. The light produced is in the yellow-green spectrum with A\ =
550 — 590 nm (Sala-Newby and Campbell, 1994), and the activity of the enzyme
can be monitored with extreme sensitivity. In the automated Pyrosequencing
system, a charged-coupled device (CCD) camera is used for the light detection.

The luciferase can also produce light from dATP (Lee et al., 1970). As a
consequence, in Pyrosequencing, the natural dATP has been replaced by the
2’-deoxyadenosine-5-O-(1-thiotriphosphate) (dATPaS) analogue, which is not a
substrate to luciferase (Ronaghi et al., 1996).

2.1.4. Apyrase

Apyrase (E.C. 3.6.1.5) is a nucleotide degrading enzyme that can hydrolyse
triphosphates and diphosphates (Komoszynski and Wojtczak, 1996)

dNTP — dNDP + P;
dNDP — dNMP + P;
Commercially available apyrases have been purified from potato tubers Solanum

tuberosum, where the occurrence of the enzyme is rich. This enzyme exists in
several isoforms depending on the clonal variety. The two most common and
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well-studied are the Pimpernel type (or apyrase A) and the Desirée type (or
apyrase B) (Traverso-Cori et al., 1970), where the former is the apyrase cur-
rently used in Pyrosequencing. The two varieties exhibit different kinetic prop-
erties (Kettlun et al., 2005). The most distinguishing is the relative rates of the
hydrolysis of ATP and ADP. This is the so-called ATPase/ADPase ratio, which is
10 for the Pimpernel type and 1 for the Desirée type.

The apyrase has a relatively low substrate specificity, which makes it very
suitable for use in the Pyrosequencing reaction system. Unincorporated nu-
cleotides, as well as remaining ATP, are all degraded by the apyrase, making a
subsequent nucleotide addition possible without the need of a separate washing
phase.

2.2. Performing Pyrosequencing

2.2.1. DNA Preparation Steps

Before the actual sequencing can begin, there are several steps of DNA prepara-
tion. Although variations of the preparation process exist, the main steps are

e Isolation of DNA. The DNA to be sequenced has to be extracted from
the cell and purified in order to get rid of potential inhibitors and other
substances that can disturb the reactions. A high degree of purification is
essential for the succeeding steps.

e DNA Amplification. In order to obtain sufficient amounts of the isolated
DNA region, the DNA has to be amplified. The most extensively used
method for copying DNA fragments is the Polymerase Chain Reaction (PCR)
(Mullis et al., 1986).

e Washing. All excess amounts of PCR primers, nucleotides and PPi must
be removed prior to the sequencing since these residues would otherwise
interfere with the Pyrosequencing reactions.

e Addition of Sequencing Primer. The polymerase requires a 3’-end to
begin the synthesis and a sequencing primer is therefore annealed to the
DNA fragment.

2.2.2. The Pyrosequencing Instrument

The Pyrosequencing system is today marketed by the company Biotage AB, Upp-
sala, Sweden (wwv. bi ot age. se). A couple of different instruments are available
together with an optimised kit of the required reagents. In the experimental
part of this thesis, the PSQ™ 96 instrument was used and the principle of this
machine is described here, although other instruments have similar design.
The reaction mixture containing the prepared DNA is placed on a 96-well
plate. Nucleotides, enzymes and additional substrates are loaded into a car-
tridge that is inserted into a dispenser. The sequencing process is initialised by
the automatic dispensation of the enzymes and substrates into all wells. Nu-
cleotides are then dispensed iteratively every 60 or 65 s. An integrated mixer
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Figure 2.2. The principle of the PSQ 96 instrument. The DNA sample is placed on
a 96-well plate. The four nucleotides are added iteratively and the light response is
detected by a CCD camera. A computer software deciphers the DNA sequencing from
the resulting pyrogram.

table ensures sufficient mixing of the reaction substrates during the whole pro-
cess.

The overall principle of the Pyrosequencing instrument is shown in Figure
2.2. The detection system constitutes a charged-coupled device (CCD) camera
that is mounted beneath the reaction wells, taking light recordings once every
second. An array of lenses helps focus the emitted light onto the camera. The
CCD camera sends the detected signals to a computer where the data is dis-
played as a pyrogram. A pattern recognition algorithm resolves the pyrogram
and outputs the determined sequence.

2.3. Improvements in Pyrosequencing

Since the advent of the Pyrosequencing technology, several improvements of the
chemistry of the method have been suggested. The more important refinements
are summarised below.

Nucleotide Analogues

The nucleotides used in Pyrosequencing are the natural deoxytriphosphates ex-
cept for the A nucleotide. Due to interference with the luciferase reaction, the
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dATP was replaced by the dATPaS analogue (Ronaghi et al., 1996). However,
the read length of the method was still limited and the incorporation was par-
ticularly inefficient at homopolymeric T-regions. The originally used dATPaS
solution contained a mixture of the two isomers Sp and Rp. Experiments with
the pure Sp-isomer (Gharizadeh et al., 2002) revealed that the Rp-isomer is not
a substrate for Klenow and that the mixture of isomers inhibits the apyrase to
a larger extent than the pure Sp-isomer. Switching to pure Sp-isomer dATPaS
has increased the read length, and is the currently used A nucleotide.

However, the Sp-isomer dATPasS still has an inhibiting impact on the apyrase.
As an alternative, another A nucleotide analogue, 7-deaza-2’-deoxyadenosine-
5’-triphosphate (c"dATP), was tested for use in Pyrosequencing (Eriksson et al.,
2004b). The results showed a significant decrease in apyrase inhibition when
using the c’dATP analogue.

Stabilising Proteins

Problems related to the formation of secondary structures of the DNA are of great
concern and is for many sequences probably the most aggravating factor. DNA
self-complementation, mispriming and unspecific hybridisation all disturb the
polymerase and generate false signals in the pyrogram. A decrease in unspecific
hybridisation can be obtained by the addition of single-stranded DNA binding
proteins (SSBs). This was implemented in Pyrosequencing (Ronaghi, 2000; Ehn
et al., 2002) with successful results.

The 3’-end of a single-stranded DNA can loop back onto itself. To prevent this
in Pyrosequencing, the 3’-end was locked using dideoxy nucleoside monophos-
phates (ddNMP) or modified oligonucleotides (Utting et al., 2004). This reduced
the occurrences of background signals. These are just two examples of stabilis-
ing strategies in an increasing list of suggestions.

Increased Temperature

Another way to decrease the formation of secondary DNA structures is by in-
creasing the temperature. However, this affects the activity of the enzymes.
Most enzymes have a temperature optimum and for Pyrosequencing, the limit-
ing enzyme is the luciferase that loses most of its activity at temperatures above
30°C (Ford and Leach, 1998). However, in the presence of glycine betaine the
luciferase stability was assured even at higher temperatures. This enabled the
performance of the Pyrosequencing reaction at 37°C (Eriksson et al., 2004a,
2003), with decreased false signals due to secondary structures, which other-
wise form at lower temperatures, as a result.

A Different Polymerase

The choice of the enzymes in Pyrosequencing is crucial for the performance of
the method. In one study, a different polymerase, the exonuclease deficient
T7 DNA polymerase, also known as Sequenase, was tested (Gharizadeh et al.,
2004a). The Sequenase is a more efficient polymerase than Klenow and has a
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2.4. Some Example Applications

higher processivity. The sequencing results were pleasing. Using Sequenase,
the method could read through longer homopolymeric T-regions, and moreover,
false signals due to secondary structures were reduced.

24.

Some Example Applications

The strength of the Pyrosequencing method lies in its ability to rapidly sequence
shorter DNA fragments of lengths up to 20-50 bases, both cost-efficiently and
with great accuracy. Here, some examples of different applications for the Py-
rosequencing method are given.

Detection of Single-Nucleotide Polymorphisms. The main application
for the Pyrosequencing technology is in the analysis of Single-Nucleotide
Polymorphisms (SNPs) (Alderborn et al.,, 2000; Ahmadian et al., 2000;
Fakhrai-Rad et al., 2002). A SNP is a sequence of the genome that differs
by a single nucleotide between one portion of a population and another.
Variations in the human DNA can affect how humans develop diseases
and respond to drug treatment. Analysing SNPs is therefore of great im-
portance for biomedical research such as in development of new drugs and
in evolutionary relationship studies. Using the Pyrosequencing method for
SNP analysis involves sequencing several bases right before and after the
actual SNP, which makes the method robust.

Microbial Typing. Infectious diseases are caused by different kinds of
microorganisms such as bacteria, fungi and viruses, and these organisms
exist in different types. In finding an appropriate treatment, it is impor-
tant to rapidly identify the different species and strains, which are the
source of the infection. The Pyrosequencing technology are used for fun-
gal (Gharizadeh et al., 2004b), bacterial (Ronaghi et al., 1999; Hjalmarsson
et al., 2004) and viral (Gharizadeh et al., 2001; Elahi et al., 2003) typing.

Clone Checking. For applications involving the manipulation of DNA,
such as gene cloning and site-directed mutagenesis, it is essential to check
the resulting DNA for correctness. Clone checking by Pyrosequencing has
been performed by employing a pre-programmed nucleotide dispensation
strategy that corresponds to the desired DNA (Nourizad et al., 2003).

Forensic Studies. The Pyrosequencing technology has also been ap-
plied to sequencing of mitochondrial DNA in forensic analyses (Andreasson
et al., 2002). Mitochondrial DNA contains highly variable regions, which
are utilised in the identification process.

Genome Sequencing by Miniaturisation A modified version of the Py-
rosequencing chemistry has been implemented by 454 Life Sciences (www.
454. con to perform hundreds of thousands of reactions in parallel on
a single chip. The technology is run in picolitre-scale volumes and has
shown to sequence a whole bacterial genome in one day (Margulies et al.,
2005).
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2.5. Aspects of Pyrosequencing

In this section some remaining problems and interesting aspects regarding the
Pyrosequencing reaction system are presented. A majority of these aspects have
been the motivations behind the development of a mathematical model of the
system. Further discussion around them is given in Chapter 4.

Pulse Broadening

Examining experimental pyrograms closely, it can be seen that the light pulses
are slightly wider at later dispensations compared to those produced early in
the sequencing process. This is known as a pulse broadening effect and is
primarily attributed to a successive inhibition of the apyrase (Gharizadeh et al.,
2002). This inhibition is more pronounced at A dispensation and is therefore
connected to the dATPaS nucleotide and its hydrolysed counterparts.

An additional factor influencing the broadening is the effect of dilution. At
each dispensation, 0.2 ul is added to the reaction mixture, which has an initial
volume of 50 ul. Dilution decreases the activity of all the enzymes in general and
this is modelled in Paper 1.

The causes of the pulse broadening effect is investigated using both simula-
tions and experimental techniques in Paper II.

Minus-shift Effect

The performance of the Pyrosequencing method is dependent on a highly effi-
cient polymerase that performs synthesis with great fidelity. However, the poly-
merase shows a slight inefficiency during Pyrosequencing, meaning not all tem-
plate DNA is elongated at each nucleotide addition. This effect is known as the
minus-shift effect. The DNA that has not been elongated is substrate to a poly-
merising reaction the next time a matching nucleotide is dispensed. Incomplete
incorporation is therefore seen as small background signals appearing after the
real pulse in the pyrogram. In Paper III a kinetic explanation of the minus-shift
is investigated.

Plus-shift Effect

There is also a plus-shift effect in Pyrosequencing experiments, where back-
ground signals appear before the real signal. This effect is attributed to an ineffi-
ciency of the apyrase, possibly due to inhibition. Unincorporated nucleotides are
not completely degraded, with the result that these can function as substrates
whenever matching DNA is present. This effect is highlighted in Paper III.

A-effect

Peak heights at A dispensations are approximately 5-15% higher than peaks ap-
pearing after the incorporation of the other natural nucleotides (Eriksson et al.,
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2004b). This is referred to as an A-effect. The A-effect is concentration depen-
dent and is more pronounced when higher dATPaS concentrations are used.
The Klenow polymerase incorporates this modified nucleotide at a somewhat
slower rate compared to the natural nucleotides. To compensate this, a higher
amount of dATPaS is used since otherwise the incorporation of this nucleotide
into homopolymeric T-regions is inefficient.

Impurities

Reagents are seldom completely pure, and impurities such as enzymes and sub-
strates can have a negative impact on the sequencing procedure. PPi is a com-
mon contaminant that directly interferes with the Pyrosequencing system since
it is a substrate for the ATP sulfurylase. High amounts of PPi can consume a
great deal of the APS before the actual sequencing begins, which may result in
premature termination of the signals in the pyrogram. Sources of contaminat-
ing PPi are insufficient washing after the PCR step and the nucleotide solutions
since nucleotides naturally degrade by time. PPi can be degraded by the en-
zymes pyrophosphatase (PPase) or alkaline phosphatase.

Another serious contaminant is the enzyme NDP-kinase. This enzyme cataly-
ses the reaction between ATP/dNTP and dNDP forming the products ADP/dNDP
and dNTP. The dNTP can then be used by the polymerase in the DNA synthesis
with unsynchronised extension as the result (Nordstrém, 2003; Karamohamed
et al., 1999). Hence, using enzymes with high purity is essential.



Chapter 3

INTRODUCTION TO ENZYME KINETICS

Enzyme kinetics is the study of the rate of enzyme-catalysed chemical reactions
and the impact that various factors have on it. As a foundation lies a simple
mathematical framework describing the way in which the reaction velocity is
altered by changes in the concentrations of the participating reactants.

In this chapter a short introduction to the subject of enzyme kinetics is given.
The focus is put on Michaelis-Menten kinetics since this is the type that was
used in the modelling of the Pyrosequencing process. The treatment follows
the recommendations on symbols and terminology by the Nomenclature Com-
mittee of the International Union of Biochemistry (NC-IUB, 1983). For further
reading on the subject; a comprehensive and well-written book is Athel Cornish-
Bowden’s Fundamentals of Enzyme Kinetics (Cornish-Bowden, 2004).

3.1. Basic Definitions

Living systems depend on chemical reactions, which, on their own, normally
occur at extremely slow rates. Enzymes are proteins (with a few exceptions)
that can catalyse chemical reactions. By catalysing, it is meant that the rate of
a reaction is increased by lowering the activation energy that has to be gained
before the reaction can occur. Enzymes themselves are never consumed in a
reaction but form intermediate complexes with the participating substrates and
guide the formation of the resulting products.

The kinetics of reactions is described using mathematical equations and
these are usually expressed in terms of concentrations. To indicate concen-
tration the [-] notation is generally used, that is to say the concentration of
a reactant X is denoted by [X]. When there is no risk of misconception the
brackets are sometimes omitted. Now, consider a reaction where a substrate
S is transformed into a product P under the influence of an enzyme E. This
enzyme-catalysed reaction can be written in the form

15
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S=P (3.1)

The rate of the consumption of the substrate of this reaction is equal to the
derivative of the substrate concentration with respect to time, by definition.
When there is a one-to-one stoichiometric ratio between the substrate and the
product, like in reaction (3.1), the rate of formation of the product is identical to
that of the consumption of the substrate apart from a change in sign. This must
hold since nothing is allowed to leave the system. The rate v of this first-order
reaction is

__disi_diPd
V= T (52)

By introducing a rate constant k; for the forward direction of the reaction and
a corresponding backward rate constant k_;, the reaction rate can also be ex-
pressed as

v=—k[S]=k_1[P] (3.3)

At equilibrium, the rate of the forward reaction is equal to the rate of the reverse
reaction. This leads to an expression for the equilibrium constant K., of the
reaction.

b (3.4)

For reactions involving more than one substrate and one product, the equilib-
rium constant is expressed as the product of all product concentrations divided
by the product of all substrate concentrations. In a more general context, it
is often spoken of a dissociation equilibrium constant Ky. It is defined for the
dissociation of a reactant from an enzyme: EX = F + X. Likewise, an associ-
ation equilibrium constant can be defined for the reverse reaction, that is the
association of the reactant from the enzyme.

The above treatment has only concerned so-called elementary reactions,
which are reactions where no reaction intermediates form (i.e. intermediates
have not been detected or are not relevant for the description of the chemistry).
Most reactions, however, are not this simple. On the other hand, virtually all
chemical reaction can be broken down into several steps of individual elemen-
tary reactions, and this is substantially used in enzyme Kinetics.
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3.2. Michaelis-Menten Kinetics

In 1913, Leonor Michaelis and Maud Menten described a simple and, what
has since then shown to be, highly applicable model of an enzymatic reaction
(Michaelis and Menten, 1913). Their analysis was a further development of the
work of the chemist Victor Henri (Henri, 1903). They proposed the following re-
action mechanism, including a reaction intermediate E.S, for the conversion of
a substrate S into a product P:

Ky
E+S — ES X E+p (3.5)
ks

where, ki, k—1 and k; are the rate constants for each of the elementary reaction
steps. The first step is reversible and the second is irreversible, making the over-
all scheme irreversible. Next, the famous Michaelis-Menten equation is derived
using the treatment of Briggs and Haldane (Briggs and Haldane, 1925). This will
provide as an example of how the mathematics in enzyme kinetics works.

3.2.1. Irreversible Reactions

The starting point for Briggs and Haldane derivation is the irreversible Michaelis-
Menten mechanism (3.5). The species of interest is the enzyme-substrate com-
plex. The rate of change of this intermediate complex can be written as

WEL s (11 — 81) - 11—k 1128) — kol ) 3.6)
where [E]o is the initial concentration of free enzyme. Now, the system is as-
sumed to have reached steady-state (this is known as the Briggs-Haldane as-
sumption), meaning the concentration of the intermediate complex no longer
changes. Thus, d[ES]/dt = 0 and the [ES] can be solved for in expression (3.6).
This gives the relation

k1[E]plS]

e Ay A ]

(3.7)

The rate of reaction (3.5) is always v = d[P]/dt = k2[ES] and at steady-state it
can be expressed as

v k1ko[EloLS] _ ko[ E]olS] (3.8)
kot ke +hilS] T Btk g) '

This is the Michaelis-Menten expression for the rate of a chemical reaction.
Usually it is written in the following form

 VinaalS]
T K, 9] (5.9)
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where

ki +k
Vinas = ko - [Ely  and K, = % (3.10)
1

The two new parameters that were introduced are the limiting rate V... and the
Michaelis constant K,,. Equation (3.9) is not just a convenient way of expressing
the reaction rate. In fact, these parameters can be interpreted in terms of kinetic
properties. In Figure 3.1, the rate has been plotted as a function of the substrate
concentration. The limiting rate, also known as the maximum velocity, is indi-
cated by a dashed horizontal line, revealing the origin of the parameter’s name.
Vimaz is the upper limit on the reaction rate as the substrate concentration gets
very large.

Most often, the rate constant k. is written as kcqt, leaving Vinae = kcat - [Elo-
The rate constant is the catalytic constant but is also referred to as the turnover
number since it reflects the number of substrate molecules that are converted
by one enzyme molecule per second. Hence, both V,,,, and k..: determine the
velocity of the reaction.

The other parameter in the Michaelis-Menten equation is the Michaelis con-
stant K,,. From Figure 3.1 it is seen that it represents the substrate concentra-
tion where the rate reaches half of the limiting rate. K,, reflects the strength of
the bond between the enzyme and the substrate. A low K,, value corresponds
to a tight bond.

The irreversible description of a reaction is often a very good approximation
and the modelling performed in this thesis deals with these kinds of rate equa-
tions. This is motivated in Paper I.

rate

K [substrate]

Figure 3.1. Dependence of the initial rate on the substrate concentration for a reaction
following the Michaelis-Menten equation (3.9). The Michaelis constant K, is defined
as the substrate concentration where the rate is Vinaz /2, and Vipaz is the maximum
velocity.
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3.2.2. Reversible Reactions

Most reactions, however, are not strictly irreversible and they exhibit at least a
small backward rate. The irreversible Michaelis-Menten expression is for many
cases still a good approximation, but there are also numerous reactions that
do not fit into that model. Some of these reactions can be modelled using the
reversible Michaelis-Menten scheme instead:

k1 ko k3
EF+S — ES — EP — E+P (3.11)
k_1 k_2 k_3

The mechanism has been expanded by an enzyme-product intermediate. Mak-
ing the same Briggs-Haldane assumption, the reversible rate expression can
instead be written as (Cornish-Bowden, 2004, section 2.7)

kcatS kcatP
= S — [P 3.12
g ) e

Here, the K,,s and K,,p are the Michaelis- constants of the forward and reverse
reactions, respectively and equivalently for the catalytic constants.

3.2.3. Reactions of More Than One Substrate

A majority of all reactions is not just a simple conversion of one substrate into
one product, but involve several substrates and several products. The far most
common situation is represented by the following scheme

A+B=P+Q (3.13)

where two substrates A and B react to form two products P and Q. A Michaelis-
Menten type of rate expression for this reaction is (Cornish-Bowden, 2004, sec-
tion 7.4)

y— Vinaz[Al[B] (3.14)
KiaKmp + KmplAl + K., alB] + [AllB] '

where product terms have been omitted, thus representing the irreversible case.
The parameter K4 is the inhibition constant of substrate A (see section 3.3).
Adding more substrate and products is straight-forward, even though the num-
ber of terms quickly gets rather large.

3.3. Inhibition

The rate of an enzyme-catalysed reaction can be affected by the presence of other
compounds. In case where the compound binds to the enzyme and thereby de-
creases the rate of the reaction, the compound is called an inhibitor. The inhi-
bition of an enzyme is divided into two categories, reversible and irreversible.
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In irreversible inhibition, the inhibitor effectively blocks the enzyme thereby de-
creasing the maximum number of possible enzyme-substrate complexes. Re-
versible inhibitors are usually characterised as belonging to one of three types,
namely competitive inhibition, uncompetitive inhibition or non-competitive inhibi-
tion.

3.3.1. Competitive Inhibition

Competitive inhibition reflects the situation where the inhibitor has almost the
same molecular structure as one of the substrates. Hence, it has the ability to
bind to the same active site on the enzyme as the substrate, and the inhibitor
and the substrate are competing against each other. This mechanism is impor-
tant in many cellular systems and is frequently utilised in drug discovery.

Taking inhibition into account does not involve a major alteration of the
mathematical analysis for the rate expression. In the presence of a competitive
inhibitor I, the modified Michaelis-Menten expression for an irreversible reac-
tion takes on the form (Cornish-Bowden, 2004, section 5.2.1)

v = Km(1+%)+[51 (3.15)

Here, the K; is known as the inhibition constant for the inhibitor I, defined as
K; = [ElI1/IEI]. A large inhibition constant signifies a small impact on the rate
of the reaction. It is often informative to write the two expressions (3.15) and
(3.9) on the same form and consider the apparent V., and K,, values. These
are the changed parameters in the presents of influencing factors. In competitive
inhibition, the Vi.q. of the enzyme is unchanged, whereas the K,, is increased
making the substrate binding more difficult.

Competitive inhibition is the type of inhibition that was used to model the
apyrase inhibition in the Pyrosequencing model, see Papers I and II. Rate ex-
pressions on the form (3.15) also apply to reactions subjected to product inhibi-
tion, that is the negative impact a product can exert on its own production. The
inhibitor I is simply replaced by the product P.

3.3.2. Uncompetitive Inhibition

Uncompetitive inhibition occurs when the inhibitor binds to the enzyme-substrate
complex ES but not the free enzyme E. One way of looking at this is that
when the substrate binds to the enzyme, the enzyme undergoes a conforma-
tional change that facilitates the binding of the inhibitor. The resulting ESI
complex is unable to form the product and the only alternatives are to remain
in the ternary complex or return to the ES form. The reaction has reached a
dead-end.

The rate expression for uncompetitive inhibition is (Cornish-Bowden, 2004,
section 5.2.3)
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Note that, the inhibition constant K; here is not the same as the inhibition con-
stant for competitive inhibition since the inhibitor now binds to the ES complex.
In the uncompetitive situation, the inhibitor can be said to affect both V;»., and
K., of the reaction, by assigning them lower values than compared to the real
reaction.

3.3.3. Non-competitive Inhibition

Non-competitive inhibition is a combination of the competitive and uncompeti-
tive inhibition types in the sense that the inhibitor can bind to both free enzyme
and the enzyme-substrate complex. This is more strictly known as mixed inhi-
bition, and (pure) non-competitive inhibition is the special case where the dis-
sociation constants of the inhibitor are the same for both E and ES. Assuming
that ESI cannot form product and that I binds reversibly to E, the rate can be
written as (Cornish-Bowden, 2004, section 5.2.2)

e ) 19]
v = % (3.17)

In non-competitive inhibition, the K, is left unaltered, whereas the V... is
decreased in proportion to the inhibitor concentration. This means that the
inhibitor affects the catalytic properties of the enzyme, but does not influence
the substrate’s binding to the enzyme. This is only plausible for very small in-
hibitors such as protons, metal ions and small anions. Hence, non-competitive
inhibition is rarely encountered in nature but it is included here for the sake of
completeness.






Chapter 4

EXPLORING THE PYROSEQUENCING
REACTION SYSTEM

This chapter summarises the work in the present investigation. To begin with,
a kinetic model of the Pyrosequencing reaction system is introduced. The model
description is presented in full in Paper I. In the following two papers, refine-
ments of the model in the form of alternative model descriptions of the apyrase
and polymerase are investigated. In Paper II, an experimental pre-study of the
inhibition of the apyrase is described and a probable explanation for the pulse
broadening is given. In Paper III, an improved kinetic model of the polymerase
is suggested together with possible consequences for the interpretation of the
minus-and plus-shift effects.

4.1. A First Model of the Pyrosequencing System (Paper 1)

In Paper I, a first kinetic model of the Pyrosequencing reaction system was de-
scribed. Two different models, constructed using the same set of enzymatic
reactions, were implemented. The first model simulates single nucleotide in-
corporation and the other, which is a further development of the former one,
is used for simulating sequencing, which involves repeated nucleotide incorpo-
rations. Both models are based on an irreversible Michaelis-Menten kinetics
description for all four enzymes.

4.1.1. One-pulse-model

The purpose of the so-called one-pulse-model was to capture the dynamics of
the light signal that is produced following single nucleotide incorporation. Apart
from functioning as a starting-point for further model developments, such a
model can give valuable information about the different factors influencing the

23
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shape of a light pulse. This is instructive since in order to minimise the time
between nucleotide additions during sequencing, signal properties like high am-
plitude and rapid decay are desirable. Thus understanding the underlying prin-
ciples that determine the light pulse dynamics is important.

Using parameter optimisation by inspection, the output from the one-pulse-
model was fit to an experimental pulse with excellent agreement. The result
is pictured in Fig. 4 in Paper I. The final parameter setup followed reported
literature values rather well (Table 3 in Paper I), except in the case of the cat-
alytic constant of the apyrase. The kcat,apy- had to be decreased by a factor of
ten for the pulse shape to match experimental data. However, literature values
are rare and those reported were recorded under other experimental conditions
and show large variations. The kinetic parameters for the apyrase were further
discussed in Paper II.

The one-pulse-model was used to investigate the effect of the enzyme prop-
erties on the system output. This was achieved by varying the activity of the
four enzymes and observing the impacts on pulse characteristics such as peak
height, rise time and decay time. The main observations are summarised here.
The luciferase showed little influence on the pulse properties apart from a nat-
ural connection to the pulse height. The polymerase, on the other hand, gave
rise to an optimal pulse shape for a certain range of enzyme concentrations,
and the dynamics was sensitive to changes in the polymerase velocity. This is
partly elucidated by the fact that the nucleotide concentrations are near K,,.
An increased ATP sulfurylase activity resulted in a more optimal pulse shape,
although the activity above a certain value reached a saturation level where no
further improvement was gained. This level lies close to the concentration used
in Pyrosequencing experiments. Finally, the rate of the apyrase (for the hydrol-
ysis of ATP) has a large impact on the peak height and decay time of a pulse,
which is in accordance with experimental observations.

4.1.2. Reproducing a Pyrogram

New aspects on the reaction system emerge as the model is expanded to handle
the sequencing scenario, where nucleotides are iteratively added to the reaction
mixture. Aspects such as the minus- and plus-shift were phenomenologically
modelled using two constant efficiency factors. These factors were introduced
as a simple starting-point but proved to capture the essence of the two effects
remarkably well.

Figure 4.1 displays a simulated pyrogram using the first Pyrosequencing
model and the corresponding experimental reference case (Gharizadeh et al.,
2001). The simulation was carried out with an incorporation efficiency of 99%
and a plus-shift effect equal to 3%. These values were chosen since they pro-
duced quite realistic pyrograms. Comparisons between the simulated and ex-
perimental pyrograms reveal a rather strong resemblance between the two, with
all the larger pulses placed in the right positions and of proportionally accurate
heights.

The pyrograms also display smaller pulses in between the real light signals.
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Figure 4.1. Top: Pyrogram simulated with the Pyrosequencing model in Paper I with
an incorporation efficiency of 99% and a plus-shift of 3%. The dispensation order is
ACGT. Bottom: The corresponding experimental pyrogram (Gharizadeh et al., 2001).
Minus- and plus-shifts discussed in the text are indicated by solid and dashed arrows,
respectively.

These ghost, or false, pulses arise as a result of the above mentioned minus- and
plus-shift effects. The minus-shifts appear due to inefficient nucleotide incor-
poration by the polymerase. In the model, this was replicated by only elongating
99% of the available DNA at each nucleotide addition. The remaining DNA was
left unelongated and could then function as a substrate in a polymerising re-
action the next time a matching nucleotide was added to the reaction mixture.
Typical minus-shifts can for instance be observed in Figure 4.1 after the incor-
poration of the first double C:s. At the following C dispensation (at 1020 s),
there is a small ghost pulse that appears due to the 1% of the DNA that was
not elongated at the previous addition of dCTP. An additional minus-shift exam-
ple appears at the next succeeding T dispensation (at 2580 s) following the 3T
homopolymer (at 2100 s). The after-effects of this minus-shift are also seen in
Figure 4.1 as an overall fall-off in peak height and an increased amount of ghost
signals. The minus-shift effect is clearly more pronounced after the synthesis of
homopolymers and the problem aggravates as the sequencing proceeds, eventu-
ally making the interpretation of the output impossible.
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This problem is enhanced by the plus-shift effect. The plus-shifts are caused
by incomplete nucleotide degradation by the apyrase. Undegraded dNTPs serve
as substrates in the DNA synthesising reaction catalysed by the polymerase,
and they allow some templates to be elongated in advance compared to the
true template. This was likewise modelled by a constant factor, which forced
3% of all non-matching DNA to be elongated independently of the amount of
nucleotides present and independent of dispensation order. The plus-shift effect
could not be replicated without the introduction of this efficiency factor, since
the apyrase’s nucleotide degradation in the simulations was extremely efficient.
Examples of plus-shifts can be seen before each of the two double pulses 2A and
2T that terminate the pyrogram in Figure 4.1. The small plus-shift pulses (at
3120 s and 3300 s, respectively) appear at the A and T dispensations preceding
the corresponding real pulses, and they are a result of DNA templates that have
run ahead of the true template. A plus-shift pulse can also be observed the
second last dispensation (at 3480 s). This pulse originates from the triple A:s in
the extra sequence GCAAA that follows the plotted sequence (not shown).

It was earlier noted that the causes of the plus-shift effect could not be ex-
plained by this first model of the Pyrosequencing system. The effect calls on the
presence of remaining triphosphates to elongate a portion of the DNA templates
in advance, but the apyrase was found to be extremely efficient. This was also
the situation when it came to finding an explanation of the pulse broadening
effect. As the sequencing proceeds, reaction products accumulate and seem
to have an inhibiting impact on the apyrase, which results in broader pulses.
However, the parameter setup used in Paper I did not produce any observable
pulse broadening and the amount of accumulated diphosphates was very low.

Finally, the model was used to predict the effects of dilution. Each nucleotide
addition, 0.2 pl is dispensed to an initial volume of 50 ul. Consequently, after
one hundred dispensations, there has been a 40% increase in the reaction vol-
ume. This might, in experiments, to at least some extent be compensated by a
continuous evaporation. Nonetheless, the simulations showed that dilution in
general results in lower peak heights as well as longer rise and decay times.

4.2. Apyrase Inhibition (Paper II)

The origin of the pulse broadening effect was more closely investigated in Pa-
per II. The decay time of a light pulse reflects the efficiency of the apyrase. Con-
sequently, it has been suggested (Gharizadeh et al., 2002) that the apyrase is in-
hibited as more reaction products accumulate. Moreover, this effect seems to be
connected to the A nucleotide only. In the Pyrosequencing system, the ordinary
dATP has been replaced by the modified nucleotide alpha-thio-deoxyadenosine
triphosphate (dATPaS), since natural dATP interferes with the light generating
step. The replacement of an oxygen for a sulphur presumably influences the
apyrase’s ability to degrade the alpha-thio nucleotide. More specifically, the
diphosphate dADPaS is regarded as the candidate for the inhibiting effect, since
if it were the dATPaS then there would be problems with background signals
during sequencing. In addition, the monophosphates usually have very high
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K., or K; values.

The Pyrosequencing model described in Paper I was used to simulate the
pulse broadening effect. The broader pulses at later dispensations were obtained
in the model by assigning lower values on the kinetic parameters for the modified
A nucleotide, and specifically dADPaS. Consequently, a model prediction was
that the dADPaS binds stronger to the apyrase (has a lower Michaelis constant
K,,) and that the hydrolysis of this nucleotide takes a longer time (has a lower
catalytic constant kcq:).

The aim of the work behind Paper II was to investigate the hypothesis con-
cerning the dADPasS nucleotide’s influence on the pulse broadening, by carrying
out a series of experimental measurements on the apyrase. The experiments
were designed with the purpose of using the Pyrosequencing instrument for the
recordings, which quickly gave indicative results. The activity of the apyrase was
measured in the presence of all possible tri-, di- and monophosphates available
during Pyrosequencing, and compared to a reference activity where ATP was the
only substrate. In light of this, the reported values of the inhibition constants
K; should be regarded as qualitative and the true contribution of Paper II is the
relationships between the K; values of all the nucleotides in the Pyrosequencing
system.

The results from Paper II indicate that the modified diphosphate dADPaS
has a lower K,, value than the other natural diphosphates. This implies that
the alpha-thio diphosphate binds harder to the apyrase and that it therefore
is harder for the apyrase to degrade. Equivalent measurements were also per-
formed on the alternative adenosine analogue, c’dADP, which has been shown
to produce much less pulse broadening. However, this analogue also exhibited
a low Michaelis constant and it was concluded that the difference between the
two adenosine nucleotides lie in the values of their catalytic constants kc..:. The
alpha-thio analogue should have a lower k.,; than the c"dADP analogue, making
its degradation much less effective with a successive accumulation as a result.
The experiments described in Paper II, in which repeated ATP dispensations
were performed, offer strong support for the conclusion that it is dADPaS that
is mainly responsible for the pulse broadening due to its inhibitory effect of the
apyrase.

The Pyrosequencing model from Paper I was used to verify the experimental
observations. Simulations, where the Michaelis constant for dADPaS was de-
creased with an amount equal to the factor obtained from the relative K; com-
parisons, were performed. The results were compatible with the experimental
observations — merely decreasing the K,, value for dADPaS was not sufficient
to explain the pulse broadening. However, by combining this with a decrease in
the catalytic constant k..:, the model output showed successive pulse broaden-
ing. An example from such a simulation is shown in Figure 4.2, where a part
of a pyrogram (Eriksson et al., 2004b) has been modelled with and without the
inhibiting effect of JADPaS. The graph shows the 117™ to 125" dispensations of
the reference pyrogram, meaning there have been 29 A dispensations preceding
the plotted dispensations. The broadening effect gets more pronounced as the
sequencing proceeds.
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Figure 4.2. Part of two simulated pyrograms (117" to 125" dispensations) show-
ing the inhibitory effect on the apyrase with resulting pulse broadening. The dash-
dotted curve corresponds to a simulation where the dADPaS was treated as the natural
diphosphate, and the solid curve corresponds to a simulation where K,, and kcqt for
dADPaS was decreased, thereby allowing inhibition of the apyrase.

The simulations also captured the so-called A-effect. In experiments, the
incorporation of dATPasS results in slightly higher light signals than for the other
nucleotides. The origin of this effect is still unknown but in Paper II a new
hypothesis is discussed. It was shown that the apyrase degrades the dATPaS
nucleotide slightly less efficient than the natural triphosphates (lower K,, value
for this particular nucleotide). This implies that more light is produced before
the enzyme has removed the triphosphates, with a higher signal as a result.

4.3. Polymerase Aspects (Paper lll)

The performance of the Pyrosequencing method is highly dependent on the the
efficiency of the incorporation of the deoxynucleotides into DNA by the DNA poly-
merase. Incomplete incorporation results in a minus-shift effect where back-
ground signals complicate the interpretation of the resulting pyrogram. The
minus-shift was successfully modelled in the first Pyrosequencing model using
a constant inefficiency factor adjusted to 1%. However, a more realistic descrip-
tion would increase the understanding of the origins of this effect and would be
more beneficial in future applications of the model. An improved polymerase
model should thus account for the rate of the polymerase, time and amount
of nucleotides and matching DNA present. In Paper III, this was investigated
using a more biologically motivated model of the polymerase reaction.

The suggested polymerase model was a reduced form of the complete Ki-
netic mechanism of the Klenow fragment proposed by the group of Stephen J.
Benkovic (Dahlberg and Benkovic, 1991; Eger and Benkovic, 1992). The reduced
polymerase description included the essential steps of the complete mechanism
and was able to reproduce experimental data reasonably well. The use of a re-
duced model allowed for smoother parameter estimation since the number of
adjustable parameters were decreased.
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4.3.1. Minus-shift Effect

Once the reduced model had been formulated and the parameters had been
adjusted, the model was investigated with the intention of using it to replicate
the minus-shift effect. The model should be able to explain the 1% inefficiency
in nucleotide incorporation, which was predicted by the first Pyrosequencing
model. Simulations with the reduced polymerase model alone showed that the
nucleotide incorporation was extremely efficient. Even the polymerisation of a
homopolymer of length ten resulted in almost complete (99.94%) elongation after
60 s, which is the time between nucleotide additions in Pyrosequencing. Hence,
if the enzyme was this efficient, no minus-shift would be observed.

However, a similar simulation was carried out where the nucleotides simul-
taneously were degraded by the apyrase to more mimic the situation in the
Pyrosequencing system. When the apyrase was included in the model, the nu-
cleotide concentration quickly decreased to a level where the polymerase could
no longer perform DNA synthesis with perfect efficiency. The actual value of the
inefficiency was very sensitive to the nucleotide concentration, but the 1% was
found to be in the range of the experimental concentrations in Pyrosequenc-
ing. For the synthesis of homopolymers, the problem with minus-shifts get
increasingly serious as the incorporation efficiency declines with the number of
identical bases. This was also predicted by the model and seemed to produce
accurate estimates of the inefficiency.

The simulation results are summarised in Figure 4.3, where the percentage
of elongated DNA (single nucleotide incorporation) is plotted as a function of
the nucleotide concentration for: (1) the model where the polymerase acts alone
(solid), and (2) the model where the apyrase is allowed to degrade nucleotides
alongside the polymerase (dashed). Here, the efficiency of the polymerase is
clearly displayed, as well as what happens when the apyrase is present. Typical
nucleotide concentrations used in Pyrosequencing lie in the range 0.6 — 3.2 M
(Gharizadeh et al., 2001), depending on nucleotide type. Thus, by assigning
different parameter values for different nucleotides, the 1% minus-shift could
be captured by the proposed polymerase model.
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Figure 4.3. Percentage completely elongated DNA as a _function of the nucleotide con-
centration using the polymerase model. The dashed curve is the result in the presence
of the nucleotide-degrading apyrase, and the solid is without apyrase. The concentra-
tions used in Pyrosequencing lie in the range 0.6 — 3.2 uM.

4.3.2. Plus-shift Effect

The efficiency of the polymerase was also found to, at least partly, explain the
plus-shift effect. As the sequencing proceeds, the apyrase is inhibited by reac-
tion products and the triphosphates are not completely degraded. Undegraded
nucleotides are then incorporated by the polymerase whenever there is matching
DNA. This results in non-specific signals in the pyrogram.

One question at issue has been how much nucleotides that need to be
present in order to create plus-shift pulses. The reduced polymerase model
provided an indication of the answer. The results of two simulations with the
polymerase alone and the polymerase together with the apyrase, are shown in
Figure 4.4. Again, the percentage completely elongated DNA is plotted as a
function of the nucleotide concentration, but with the focus on small concen-
trations. In order to get results similar to the 3% factor, which was used for
modelling the plus-shift effect in the first Pyrosequencing model, there have to
be undegraded nucleotides in the order of a few nanomolars'. In the presence
of the apyrase, the amount obviously has to be slightly larger. This result is
supported by earlier experimental observations, where the dispensation of a nu-
cleotide solution diluted by a factor 1000 still gave rise to visible incorporations
(Nordstrém, 2003).

Concluding, using the reduced model description of the polymerase, the ap-
pearance of the plus-shift effect can be explained. However, in the existing model

IThis is naturally dependent on the amount of DNA template.



4. EXPLORING THE PYROSEQUENCING REACTION SYSTEM 31

5,
— polymerase alone
- - - polymerase + apyrase
~ 4}
S
&
<
Z 3t
=) e
= -
8 /’/
< 2r -7
bD //,
=] -
O _-
- -
= 1t -7
0 -~ L L L L J
0 4 5

2 3
[dNTP] (nM)

Figure 4.4. Percentage completely elongated DNA as a _function of the nucleotide con-
centration using the polymerase model. The dashed curve is the result in the presence
of the nucleotide-degrading apyrase, and the solid is without apyrase.

of the Pyrosequencing reaction system, the apyrase is still extremely efficient in
degrading the triphosphates. As a consequence, the amount of undegraded nu-
cleotides lies far below the required concentration in the nanomolars range. An
alternative explanation to the plus-shift might therefore be the presence of con-
taminating NDP-kinase, which upgrades dNDP to dANTP. The experimental work
that will follow Paper II will reveal whether the apyrase is this efficient or not.






Chapter 5

CONCLUSIONS AND FUTURE WORK

The Pyrosequencing method is a DNA sequencing technique that utilises enzyme-
coupled reactions and bioluminescence to monitor pyrophosphate release, fol-
lowing nucleotide incorporation, in real-time. In this thesis, a mathematical
model of the reaction system employed by the Pyrosequencing method has been
developed. The modelling was conducted using basic enzyme kinetics, such as
irreversible Michaelis-Menten rate expressions combined with elements of com-
petitive inhibition. The developed mathematical model reproduced a light pulse
following single nucleotide incorporation with excellent accuracy. Furthermore,
the model was able to capture the overall characteristics of an output pyro-
gram using a phenomenological approach for the description of the plus- and
minus-shift effects. Two constant efficiency factors were sufficient to reproduce
these aspects qualitatively. However, the accumulations of triphosphates were
too small to account for the plus-shifts in reality. The effects of dilution and
apyrase inhibition were also investigated.

An experimental pre-study was performed to establish the causes of the ob-
served pulse broadening effect. This effect is a consequence of the continuous
inhibition of the nucleotide-degrading apyrase. The experiments revealed that
the inhibitory effect is mainly caused by the alpha-thio diphosphate dADPasS,
which is harder for the apyrase to degrade compared to the other nucleotides.
The difference lies in a lower Michaelis constant as well as a low catalytic con-
stant for this particular diphosphate.

The mathematical description of the polymerase was improved by the in-
troduction of a more biologically motivated model. The new polymerase model
showed that nucleotide incorporation was naturally very efficient, but in combi-
nation with a nucleotide-degrading enzyme, such as the apyrase, the incorpora-
tion efficiency could be brought down to a level corresponding to the minus-shift
factor in the original Pyrosequencing model. In addition, the new polymerase
model predicted that for the plus-shift effect to appear in the model, undegraded
nucleotides in the nanomolar order need to be remaining in the reaction mix-
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ture.
For future analyses of the Pyrosequencing reaction system using both simu-
lations and experiments, the following work is suggested:

e Continue the experimental work on the apyrase to establish the magnitude
of the inhibition by dADP«aS more quantitatively. This should be accompa-
nied by further simulations with the Pyrosequencing model, investigating
the relationship between kinetic parameters and amount of accumulated
nucleotides.

e More detailed analysis of the minus-shift using the polymerase model pro-
posed in Paper III. The effect should be quantified more carefully based on
experimental data, and the parameters in the model should be adjusted to
agree with values for each of the four nucleotides.

e Implementation of an expanded Pyrosequencing model where the poly-
merase model proposed in Paper III is incorporated as well as the kinetic
parameters controlling apyrase inhibition. Simulations investigating all
important effects such as plus- and minus-shift and broadening should
follow. This will give a valuable tool for following the dynamics of the reac-
tants in the system.

e Optimisation of the sequencing method using the expanded Pyrosequenc-
ing model with respect to enzyme and substrate concentrations.

e Apply time-dependent sensitivity analysis (Ingalls and Sauro, 2003; Schwa-
cke and Voit, 2005) on the Pyrosequencing system in order to pin-point the
controlling steps in the reaction scheme and what influences the plus- and
minus-shifts the most. This will be very helpful in an optimisation task.

e A sensitivity analysis can also identify enzyme-specific properties, which
are limiting to the performance, och thereby point at alternative enzymes
that could improve the read-length, e.g. faster and more processive poly-
merases, more efficient apyrases etc.
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