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Sammanfattning
Intresset för biologiska system har varit stort sedan urminnes tider. Upptäckten av vår medärvda molekyl,
DNA molekylen, öppnade upp ett helt nytt vetenskapligt område. Den tredimensionella strukturen av DNA
upptäcktes 1953 och den första intakta molekylsekvensen, en 80-nukleotider lång RNA sekvens, kunde läsas i
mitten av 60-talet [1].
De första sekvenseringsmetoderna grundade sig på primad syntes och gelelektrofores separation. I slutet av
70-talet introducerades dideoxynukleotiderna och därmed sekvensering med hjälp av terminering av den
intressanta DNA kedjan vid olika längd. Genom att ta reda på vilken dideoxynukleotid, fluorescerande, som
terminerar de olika DNA kedjorna läses DNA sekvensen ut.
Utvecklingen av sekvenseringsmetoder har varit lavinartad under 80-talet och 90-talet. Pyrosequencing
metoden är en av dessa nya metoder på framfart. Pyrosequencing är en metod som läser DNA koden i realtid
då den komplementära strängen sekvenseras, dvs. en sequencing by synthesis metod. Denna studie fokuserar på två
begränsningar i pyrosequencing metoden; läslängden och inkorporeringen av två eller flera likadana baser efter
varandra i en sekvens.

Examensarbete 20 p i Molekylär bioteknikprogrammet
Uppsala Universitet, mars 2003
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1. Introduction
The interest in biological systems has been great all through history. The discovery of our molecules of
heredity, the DNA and RNA molecules opened up a new field of science, and a growing demand to know
more. In 1953, the three-dimensional structure of DNA was unraveled and the first intact molecule, an 80nucleotide yeast tRNA, was sequenced in 1965. The discovery and use of restriction enzymes and DNA
polymerases made DNA sequencing possible and the plus-minus method was introduced in the early 1970s [1].
The first sequencing methods were based on primed synthesis and gel-electrophoresis separation methods. An
increase in the rate of sequencing came with the dideoxy chain termination and the chemical degradation
techniques developed in the late 1970s. Conventional DNA sequencing still relies on these techniques.
The development of DNA sequence determination techniques with increased speed, throughput and
sensitivity are of great importance in the study of biological systems. Effort has thus been put into finding
alternative methods for DNA sequencing. New approaches have increased the sequencing rate several fold.
The pyrosequencing method, a sequencing by synthesis method, is widely applicable and there is no need for
labeled primers, labeled nucleotides or gel-electrophoresis. In pyrosequencing a multienzyme system is
employed that generates light when a nucleotide is incorporated giving a pyrogram that is analyzed, see fig. 1.
Pyrosequencing has not been employed to genome sequencing due to limitations in the reading length, but
has been used when sequencing short sections of genomes, e.g. parts of resistance genes in bacteria, and short
hypervariable regions used in virus identification.
The aim of this study was to address two limitations in the pyrosequencing method. The first problem is the
limited reading length due to decreasing height of the light signals during a sequencing run, the so called drop
off, and the second is the problem with non-linearity in peak height when a number of identical nucleotides,
homopolymers, are incorporated. A model of the system was set up to increase the understanding of the
system. The system was modeled according to Michaelis-Menten kinetics and a Poisson process describing the
incorporation of several identical nucleotides. Modules of the system were analysed adding PPi and ATP to
the reaction mixture.
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2. The project
2.1

Aim of the project

Non-optimal system behavior has created a need to know more about the pyrosequencing system. Focus has
been turned to problems with long sequencing, around 30-40 bases, which include a progressive reduction in
the light signal. This phenomenon is called drop off and is calculated to be, on average, around 0.7 % per
dispensed nucleotide, for a 65 second dispensing interval [2].
In homopolymeric regions, regions containing multiples of a base, the relationship between the number of
bases incorporated and the light signal is not always linear. The degree of linearity varies with the template, e.g.
secondary DNA structures, and other unknown parameters. Thus, for instance when four nucleotides are
incorporated the light signal peak is not always four times as high as that obtained from the incorporation of
one base. The non-linearity also increases with the number of bases in the homopolymer stretch. This gives
rise to a nonlinear system response and thus pyrograms that are sometimes difficult to analyze.
In this study the drop off effect and the non-linearity in the homopolymer regions are analysed. The insights
resulting from this project are meant to give ideas for further research.

2.2

Implementation

As a first step a mathematical model of the system was set up. The system was modeled according to
Michaelis-Menten kinetics with a correction made for the homopolymer incorporation. A limitation to the
Michaelis-Menten model is the approximation of steady state kinetics. The steady state approximation holds in
the beginning of the reaction when the total product concentration is low. Also, the model requires the
enzyme to behave in a stated way, taking in one substrate forming an intermediate and lastly forming the
product. However, the Michaelis-Menten model is a sufficiently good model to describe the pyrosequencing
system, resulting in useful information about the system [3].
The second part consisted of conducting experiments to analyse the linearity and drop off tendency of the
system. The pyrosequecing system consists of four coupled enzymes and following reactions. Modules of the
system were analysed with the help of the key substrates, PPi and ATP . When adding PPi, instead of
nucleotides, to the system the reaction path begins after the polymerase step. Thus, only the activities of three
enzymes were taken into account. The luciferase and apyrase activity was studied by adding ATP to the
reaction mixture.
The resulting pyrograms from the experimental part were analysed employing the mathematical model and
retrieving explanations concerning the characteristics of the pyrograms. The behavior of the real system was
compared with the model system, with respect to the impact of e.g. altering enzyme kinetics.
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3. Background
3.1

The pyrosequencing system

The pyrosequencing method is a sequencing by synthesis method. This means that the polymerase
incorporates a complementary nucleotide to the template if the right nucleotide is dispensed to the reaction
mixture. If this is not the case only the apyrase works degrading the nucleotides in the reaction mixture. When
the polymerase incorporates a base into a template, PPi is produced as a by-product of the reaction. ATP is
now produced in proportional amounts from the PPi and lastly from the produced ATP proportional
amounts of light is generated.
Thus, a cascade of enzymatic reactions generates visible light in proportional amounts to the number of
incorporated nucleotides. The enzyme cascade starts with the polymerase catalyzing the incorporation of
nucleotide(s) into a nucleic acid chain. This results in the release of pyrophosphate(s) (PPi). The
pyrophosphate is converted to ATP by ATP sulfurylase, providing the energy for the last step in the reaction
in which luciferase oxidizes luciferin to oxyluciferin, resulting in an emission of light, fig. 1.

The polymerase reaction,

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

The sulfurylase reaction,
PPi + APS

Sulfurylase
à
SO4 2- + ATP

The luciferase reaction,
ATP + luciferin + O2

à

Luciferase
AMP + CO2 + oxyluciferin + PPi + hν

The apyrase reaction.
ATP + NTP

à

Apyrase
Apyrase
ADP + dNDP + Pi à

AMP + dNMP + 2Pi

The overall reaction from polymerization to light detection takes place within 3-4 seconds, fig. 2 [4]. A CCD
camera detects the amount of emitted light from one pico mol of DNA in a pyrosequencing reaction. The
nucleotide added to the system is known and thus the sequence of the template can be determined, fig. 3.
Both DNA and RNA can be employed as nucleic acid molecules in the pyrosequencing reaction, but DNA
polymerase is used due to its higher catalytic activity [4]. The Klenow fragment of Eschrichia coli DNA Pol I is
used, without 5’ and 3’ exonuclease activity. The ATP sulfurylase is a recombinant version from the yeast
Saccharomyces cerevisiae, the luciferase is from the firefly Photinus pyralis and the apyrase is from potato.
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Pyrosequencing™

Detection of the light

light

PPi
ATP
time
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9

Fig. 1: The pyrosequencing system. The reaction starts with
the polymerase incorporating a nucleotide yielding PPi.
Next the sulfurylase produces ATP and lastly the luciferase
generates light [5]. The illustration was used with permission
from Annika Tallsjö, Pyrosequencing AB.

Fig. 2: The enzyme cascade generates light pulses. The light
pulses are collected by a CCD camera resulting in a
pyrogram [5]. The illustration was used with permission
from Annika Tallsjö, Pyrosequencing AB.

In the pyrogram a steep ascending curve is seen in a couple of seconds. This represents the proportional
transformation of PPi released into ATP and then light. However, the descending curve is much slower, going
down to the base line in 10 to 30 seconds [4]. The reason for this is the degradation of ATP and excess dNTP
by the apyrase, which takes a longer time than the incorporation of dNTP by the polymerase.
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Fig. 3: An example of a pyrogram. Each peak corresponds to one or several incorporation(s). The number of incorporations
are proportional to the peak height. This means that twice the peak height is interpreted as two incorporations of the
nucleotide dispensed. A double incorporation of the nucleotide G is seen in the pyrogram above [5]. The illustration was
used with permission from Annika Tallsjö, Pyrosequencing AB.

Hence the cooperation of several enzymes is taken advantage of in the pyrosequencing system, to monitor the
DNA synthesis. Several parameters are important to achieve optimal conditions for the enzymes in the
reaction, such as stability, fidelity, specificity, sensitivity and KM and kcat. The enzyme kinetics is seen in real
time as pyrosequencing signals, the pyrograms. The activity of the polymerase and the ATP sulfurylase in the
reaction, determines the slope of the ascending curve in the pyrogram. While in the descending curve, the
activity of the apyrase, the nucleotide and ATP hydrolyzing enzyme, is seen [4].
The accumulation of by-products is believed to decrease the efficiency of apyrase [6]. However little is known
about polymerase inhibition or decrease in the rate of catalysis during a sequencing run in the pyrosequencing
system. The nucleotide removal reaction and the polymerization reaction compete with each other, giving
these reactions a critical role in the system. Slight changes in the kinetics of these reactions influence the
whole sequencing reaction. Luciferase is very sensitive to shaking and is known to loose activity during a
sequencing run [5].
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In order for the polymerization to take place immediately there must be an excess amount of DNA
polymerase relative to DNA template. This ensures efficient binding of the polymerase to the primed DNA
template. The nucleotide concentration is also an important factor and must be above the KM of the DNA
polymerase for an efficient polymerization reaction. However, if the concentration of the nucleotides is too
high, the fidelity of the polymerase is lowered [4].
Polymerases with an exonuclease activity have an increased fidelity, but also degrade the extended primer,
giving out-of-phase signals. Thus the polymerase employed in the pyrosequencing system is without 5’ and 3’
exonuclease activity. The induced-fit binding mechanism in the polymerization step indicates a high selectivity
for the correct nucleotide, even without exonuclease activity. The polymerase thus provides a very high
selectivity for the correct nucleotide, with fidelity of 104 to 105, only catalyzing the incorporation of the
complementary nucleotides [3]. In the case of incorporation of several identical bases, ho mopolymers, a
higher KM and kcat is often seen than in the one-base incorporation case [7]. However, the KM values of the
nucleotides as substrates are lower for the DNA polymerase than for the apyrase. Thus the nucleotide
concentration for efficient polymerization is relatively low and apyrase degrades the nucleotides to a
concentration far below the KM of the polymerase in less than five seconds. This also ensures an increased
fidelity in the system [4].
The peak height and peak width in the pyrogram are affected by a number of factors such as enzyme activity,
template amount, and inhibiting components. Optimal pyrograms have a constant width and a linear height,
with respect to which nucleotide is dispensed, to incorporated nucleotides. The pyrograms are in this case
clear and easy to analyse. Shifts in the system, result in the templates being out of phase. A plus-shift is a result
of apyrase not being able to break down the dispensed nucleotides before next dispensation round begins.
Several different nucleotides are now present in the reaction mixture. If these nucleotides are the ones in line
to be incorporated, these nucleotides will be incorporated at the same time and a part of the templates will
have the length (NTP)n+1 relative to the majority, (NTP)n . The templates are out of phase – plus-shifted with
respect to each other. Plus-shifts are often seen when the current dispensed nucleotide is the correct
nucleotide in the next incorporation. In the case of a minus-shift the polymerase is not able to incorporate the
nucleotide(s) to the template before the nucleotides are broken down by the apyrase. A part of the templates
have the length (NTP)n-1 relative to the majority. Minus-shifts often occur in homopolymer regions that
involve incorporation of several identical bases [5].
Some modifications have also been made to the system. When testing the pyrosequencing system false signals
were observed when dATP was added into the solution. The substitution to dATPαS instead of dATP in the
polymerisation reaction solved the problem. Later it was shown that luciferase used dATP as substrate, thus
explaining the nonspecific signals. The dATPαS is not used as a substrate by luciferase and is incorporated by
the DNA polymerase. A recent addition of single-stranded DNA binding protein (SSB) is the next step in
optimizing the pyrosequencing system. The SSB helps in long read sequencing, sequencing of difficult
templates and increases the flexibility in primer design [8].

3.2 Enzymes and inhibitors
Two of the limiting factors in pyrosequencing are the decreasing signals after a certain reading length, the drop
off, and the non-linearity in the homopolymer regions. A search in the literature concerning enzyme inhibitors
was conducted to determine how certain molecules could influence the system. The background to which
molecules could influence the system is summarized here, covering the general knowledge of enzyme
inhibition. However, the molecules were not analysed in the pyrosequencing coupled enzyme system.
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Apyrase
Apyrase catalyses the hydrolysis of ATP and ADP at approximately the same rate and produces AMP and Pi
without any accumulation of ADP or PPi. A number of experiments have demonstrated that apyrase is
responsible for the hydrolysis of both triphosphonucleosides and diphosphonucleosides.
A seemingly important question is the role of the cation Mg2+ in the activity of apyrase, since the Mg2+
concentration is relatively high in the pyrosequencing reaction mixture. The cation could exert its effect either
by binding to the free apyrase, the substrate-enzyme complex, or to ATP. The activity of apyrase in the
absence of added salts follows the Michaelis-Menten approximation for different ATP concentrations. Mg2+
can be regarded as an inhibitor of the reaction even if Mg-ATP2- is a substrate, because Mg-ATP2- is
hydrolyzed at a slower rate than free ATP2- [9].
The modified dATPαS is harder for apyrase to break down into diphosphates and monophosphates than the
conventual nucleotide. dATPαS is also added in larger amounts than the three other nucleotides in the
pyrosequencing system. When apyrase hydrolyzes dATPαS the apyrase activity decreases [6]. However, adding
dAMPαS into the reaction mixture does not inhibit the apyrase [5].

Sulfurylase
Some ATP sulfurylases are strongly inhibited by PAPS, but not sulfutylase from Saccharomyces cerevisiae,
employed in the pyrosequencing system. The sulfurylase activity seems to be almost constant for as long as
there is APS in the system. There are not any known potential inhibitors for the sulfurylase in the
pyrosequencing system [10].

Luciferase
The luciferase reaction is seen below, where luciferase, E, binds to luciferin, LH2, and MgATP in the first
reaction. In the second reaction luciferin-AMP is the substrate and the outcome of the reaction is the emission
of light. The third reaction substrate is dehydroluciferin, L, a competitive inhibitor to luciferin. In this reaction
The detailed luciferase reaction,
E + LH2 + MgATP ↔ E•LH2AMP + MgPPi
E•LH2AMP + O2 → E + AMP + hν + products
E + L + MgATP

↔ E•LAMP + MgPPi

Where E is luciferase, LH 2 is luciferin; L is dehydroluciferin; LH 2 AMP is luciferyl adenylate, LAMP is dehydroluciferyl
adenylate, and hν is the light..

dehydroluciferyl adenylate is formed.
In luciferase there are two identical, non-interacting dehydroluciferin binding sites, two ATP binding sites and
one MgATP binding site. However, there is only one enzymatically active site – the luciferin-binding site. This
suggests that the two-monomer units of luciferase are dissimilar and that only one of the monomers is active
in the light production and the activation of dehydroluciferin.
When the AMP concentration is high, AMP begins to occupy the MgATP site as well. The second site, the
MgATP site, is a part of the active catalytic site of luciferase, thus one should expect inhibition of light
10

emission by AMP. AMP inhibits light production by competing with MgATP for the α-phosphate binding
site. Moreover, the α-phosphate group at the 5’ position is important in the binding to luciferase. This can be
understood from the fact that AMP and MgATP 2- are bound 40 times as strongly as adenosine, and MgADP
is only bound fourfold as strongly as adenosine [11].
Dehydroluciferin, as stated above, is a competitive inhibitor with respect to luciferin and forms
dehydroluciferyl adenylate, which remains tightly bound to the enzyme and produces no light. Other
substrates also alter the binding of dehydroluciferin to luciferase. AMP reduces the affinity for
dehydroluciferin while PPi increases it [11].
Other competitive inhibitors are the 5’-monophosphates and triphosphates. The inhibition is regardless of the
base and with respect to ATP. Diphosphates on the other hand, are poor and noncompetitive inhibitors
except for ADP. The 6-amino group is important for the specific binding in this case. AMP is a competitive
inhibitor of the luciferase with respect to one of its substrates, MgATP and follows a straight-line inhibitor
relationship [12].
Firefly luciferase is sensitive to the presence of anions in the assay mixture. The inhibition by the anions is
noncompetitive with respect to ATP. However, the KM of MgATP is altered by the anions in the reaction, and
is independent on the nature of the anion. Thus, the general ionic strength effect is expressed by a decrease in
the attraction between luciferase and MgATP. At ionic strength of 0.3 the KM increases by a factor of 10. This
suggests that there is a significant inhibition from a general ionic strength effect. However, all anions are
bound to the same site and only one anion is bound per active site, as obtained from Hill plot interaction
constant. The anions affect every reaction catalyzed by luciferase in a similar way. The hypothesis is that a
small-localized conformational change occurs in the area of the active site when the anions bind to it [13].
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4. Theory
4.1

Modeling a system

Our comprehension of the world around us, our mind model, is applied in discussions, reflections and in
decision-making. A model is a simplified description of a system. Models are employed all the time in our
everyday life. In the case of a mind model of reality the model is as good as our ability to understand the
world around us.
The focus of a model is to reflect the analysed system, from a certain aspect. The characteristics of the model
should correspond to the essential system characteristics in the current study. A valid model acts the same way
as the system when influenced in the same way. Thus the model should be a simplified projection of reality
where the fundamental characteristics of the system are included and the inessential are left outside. This
creates a possibility to get a better understanding of the model behavior and thereby a better understanding of
the system behind it. The connection between system and model can be pictured like this:
Influence

System behavior

System
Abstraction
Input

Model behavior
Model

Fig. 4: Model and system connection.

However, there are limitations to every model. A model is a simplification of reality, and it must be tested for
the interval where it is supposed to be employed. A common mistake is trying to answer questions with a
model that the model is not meant for.
A basic principle, Ocam’s razor states that the simpler theory is preferable. If explanations, constructs, or
theories get too complicated, they are probably wrong [3]. This is especially likely in making special case
elaborations, where each new piece of information requires modifications. However, simple does not mean
easy.

4.2

Michaelis -Menten kinetics

The Michaelis-Menten model describes the kinetic properties of enzymes in a simplified manner. When the
enzyme concentration is fixed, the rate of catalysis, v, is almost linearly proportional to the concentration of
the substrate, S, when S is small. At a high concentration of S the rate of catalysis is nearly independent of the
substrate, fig. 5. Leonor Michaelis and Maud Menten proposed a model to describe these kinetic characteristics
in 1913 [14]. The enzyme-substrate complex, ES, is a necessary intermediate and the model looks like:
E+S

ka
↔
k -a

ES

kc
→

E+P

The enzyme E binds to S forming an ES complex, with a rate constant ka . The enzyme-substrate complex can
either dissociate to enzyme and substrate with a rate constant k-a, or it can proceed to form a product, P, with
a rate constant kc. The assumption that almost none of the product reverts to the initial substrate is made and
it holds in the initial stage of a reaction before the concentration of the product has built up.
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In the following equations the enzyme concentration, the substrate concentration, and the enzyme complex
concentration will be denoted E, S, and ES respectively.
The rate of catalysis can be expressed as follows:
v = k c ⋅ ES

(4.1)

The rate of formation of the enzyme complex, ES is equal to:
d(ES)
= ka ⋅E ⋅S
dt

(4.2)

The rate of breakdown of ES is equal to:
d(ES)
= (kc + k -a ) ⋅ ES
dt

(4.3)

The intermediate complex total rate of change is thus:
d(ES)
= ka ⋅ E ⋅ S - (k c + k- a ) ⋅ ES
dt

(4.4)

A common assumption is the steady-state assumption (Briggs and Haldane). It states that the intermediate
complex concentration, ES, is constant while the concentrations of starting materials and products change
[10].
d(ES)

=0

dt

Employing the steady-state assumption to equation 4 yields:
k a ⋅ S ⋅ E - (kc + k -a ) ⋅ ES = 0

(4.5)

Solving for the complex in equation 5:
ES =

E ⋅S
(k c + k -a )/k a

A constant called the Michaelis constant, KM , is defined as follows:
k +k
K M = c -a
ka

(4.6)

The Michaelis-Menten constant for enzymes and their substrates can be experimentally determined. KM is
equal to the substrate concentration at which the reaction rate is half its maximal value, fig. 5. Thus it is
convenient to include KM in the expression and exclude kc, ka and k-a .
Combining equations 5 and 6 yields:
ES =

E ⋅S
KM

(4.7)

If the assumption that the substrate concentration is much higher than the enzyme concentration is made, the
concentration of free substrate S is approximately equal to the total substrate concentration.
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The total concentration of enzyme is equal to the free enzyme concentration plus the concentration of the
enzyme in complex, ES:
E tot = E + ES

(4.8)

Combining equations 7 and 8 and solving for ES, gives us:
ES =

E tot ⋅ S
S +KM

(4.9)

As seen in equation 1,

v = k c ⋅ ES.

Using equation 1 and equation 9:

k ⋅ E ⋅S
v = c tot
S + KM
(4.10)

When the enzyme is saturated with substrate the maximal rate vmax is attained,
and

S
S + KM

approaches 1. Thus, vmax is equal to k c ⋅ Etot , eq. 11:

vmax = kc ⋅ Etot

(4.11)

Combining equation 10 and 11 yields the Michaelis-Menten equation:
v=

vmax ⋅ S
S + KM

(4.12)

Reaction velocity (v)

Vmax

Vmax/2

KM
Substrate concentration [S]
Fig. 5: The Michaelis-Menten reaction velocity, v, as a function of the substrate concentration [S]. When the reaction velocity is vmax/2
the substrate concentration is equal to K M .

The Michaelis-Menten equation accounts for the kinetic behavior of the Michaelis-Menten model. As
mentioned above and seen in fig. 5, the rate of catalysis, v, is almost linearly proportional to the concentration
of the substrate, S, when S is small. At a high concentration of S, the rate of catalysis is nearly independent of
the substrate [15].

4.3

Limitations and validity of the Michaelis-Menten model

The Michaelis-Menten model requires the enzyme to behave in a stated way, taking in one substrate forming
an intermediate and lastly forming the product. Here the concentration of substrate is assumed to vastly
exceed the concentration of enzyme. This means that the free concentration of substrate is very close to the
concentration added. Thus, the substrate concentration is assumed to be constant throughout the assay.
Moreover, in the model a single enzyme forms the product and there is negligible spontaneous creation of
product without enzyme [15].
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The Michaelis-Menten model does not consider the enzyme cooperativity. This means that the binding of
substrate to one enzyme-binding site does not influence the affinity or activity of an adjacent site and the
enzyme velocity is not altered neither by the product nor the substrate.
Enzymes convert substrate molecules into product molecules. The graph of product concentration verses
time often follows three phases, fig. 6 [16]. A limitation to the Michaelis-Menten model is the approximation
of steady state kinetics. The first short transient phase, labeled one in fig. 5, is ignored

Fig. 6: The graph represents the conversion of product by the enzyme over time [16].

in steady-state kinetics. In the second phase however, the concentration of the enzyme-substrate complex
does not change and the steady-state kinetics can be applied. Thus, the steady-state assumption holds in this
phase where the total product concentration is low.
Although the Michaelis-Menten model includes assumptions and approximations ti is a sufficiently good
model to describe the pyrosequencing system, resulting in useful information about the system [3].
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5. Material & Methods
5.1

Pyrosequencing

Pyrosequencing was performed at 28 °C in a volume of 50 µl on an automated pyrosequencer, PSQ 96 (Serie
4) Instrument at Pyrosequencing AB Uppsala, table 1. The oligo nucleotide BE4PN (5’GATGACTGTAACCCCAGTCATGGTGCACCTTTAGACTGGCCGTCGTTTTACAA-G–3’)
with
annealed
sequence primer, NUSPT (3’-TGACCGGCAGCAAAATG-5’) from Interactiva, was used. PSQ 96 SQA Reagent kit
enzyme and substrate mixtures were employed, with lot no 001220 and 001214 respectively. PSQ 96 SNP
Reagent kit was used for the nucleotides, dTTP, dGTP, dCTP and dATPαS, with lot no 140017, 130016, 120017
and 110023 respectively. In the nucleotide mix dATP is modified to dATPαS. The PPi was purchased from
Sigma and the ATP was purchased from Amersham Pharmacia Biotech (Amersham Biosciences).
Method name:
Block temp:
Chamber temp:
Nucleotide pressure:
Nucleotide pulse time:
Cycle time:
Mixer frequency:
Enzyme Mix pulse time:
Substrate Mix pulse time:
Reagent pressure:
Nucleotide priming time:

Linda SNP method with ES
28.0 C
17.0 C
650.0 mbar
9.0 ms
65 sec
35 Hz
130.0 ms
116.0 ms
400.0 mbar
100.0 ms

Table 1: The details of the instrument settings are specified.

5.2 Mathematical material
Matlab version 6.0.0.88 release 12 was employed solving the model’s ordinary differential equation system.
This was conducted with a numerical method, ordinary differential equation solver, called ODE23TB
employing TR-BDF2 . TR-BDF2 is an implicit Runge-Kutta formula using a trapezoidal rule step as the first
stage and a backward differentiation formula of order two as the second stage. This solver is often more
efficient than other ode-solvers at crude tolerances.

5.3 Experiments
Parts of the pyrosequencing system were analyzed with the help of two assays in order to determine in which
reaction the drop off and non-linearity was centered. Modules of the system were analysed with the help of the
key substrates, PPi and ATP. When adding PPi , instead of nucleotides, to the system the reaction path begins
after the polymerase step. Thus, only the activities of three enzymes were taken into account. The luciferase
and apyrase activity was studied by adding ATP to the reaction mixture.
The two assays, the PPi and ATP assay, were initiated with an addition of enzyme and substrate to the
reaction mixture. PPi (or ATP) was then added to give the concentration of 5, 10, 15, 20, 25, 30, and 35 µM in
the wells. The PSQ 96 Instrument, fig. 7, added each of the concentrations one at a time with a cycle time of
65 seconds and cartridge dispensation order of ACGT . This means that the 5 µM concentration was placed on
the A site of the cartridge to be the concentration first dispensed, and the 10 µM concentration was placed in
the C site of the cartridge and so on, fig. 7. The instrument was paused after adding 20 µM of PPi (or ATP) to
change cartridge, in order for the other concentrations to be dispensed. After the addition of the next three
concentrations of PPi (or ATP ), a round of 40 dispensings of nucleotides on the BE4PN oligo-nucleotide
began with dispensation order ACGT . In order to have the same by-products as in the general sequencing
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case. After these 40 dispensings, PPi (or ATP) was added to the reaction mixture again, in the same
concentration gradient as before.

Instrument design
X -Y d r i v e

A

C

G

Reagent cartridge

T

Positioning

Ink jet delivery

96 well plate

Mixer and thermostat

CCD camera

Detection
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Fig. 7: A close up of the Pyrosequencing PSQ 96 instrument. The instrument
dispenses from the A, C, G, and T cartridge places into the reaction mix in the micro
titer plate in defined order. The dispensing order was ACGT. The illustration was
used with permission from Annika Tallsjö, Pyrosequencing AB.

The changes of the signals in the two assays were analyzed with respect to the reading length and the amount
of PPi (or ATP ) dispensed into the reaction mixture.

5.4 The Mathematical model
When the polymerase incorporates a base into a template, PPi is produced as a by-product of the reaction.
This enables the ATP production by the sulfurylase in proportional amounts to the PPi. Lastly the luciferase
converts the ATP to light in proportional amounts. The light is detected by a CCD camera and integrated. The
signals generated result in a pyrogram where the sequence of incorporated bases is read. Thus, the dynamics
of PPi, ATP and light are important in the pyrosequencing system. The dynamics of pyrophosphate (PPi),
ATP and light were modeled with Michaelis-Menten steady-state kinetics.
In the pyrosequencing assay there are four coupled enzyme reactions:
The polymerase reaction
Polymerase

(DNA) n + dNTP à (DNA)n+1 + PPi

The sulfurylase reaction
Sulfurylase

PPi + APS à

SO42- + ATP

The luciferase reaction
Luciferase

ATP + luciferin + O2 à AMP + CO2 + oxyluciferin + PPi + hν

The apyrase reaction
Apyrase

Apyrase

ATP + dNTP à ADP + dNDP + 2Pi à AMP + dNMP + 2Pi
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The sulfurylase, luciferase and apyrase reactions were modeled by Michaelis-Menten. The polymerase reaction
however was modeled with a Poisson process to include the homopolymer incorporation case.

The sulfurylase reaction
The sulfurylase reaction was modeled by Michaelis-Menten kinetics assuming steady-state kinetics. Sulphate,
SO4 2-, was not included in the model and the substrate APS was assumed to be in excess. The model is
outlined below, where S stands for sulfurylase. The sulfurylase, ES, the enzyme complex, ESPPi, ATP and PPi
are concentrations.
ka S
ES + PPi ↔
k-a S

kcS
ESPPi

→ ES + ATP

In equations 5.1, 5.2, 5.3 and 5.4 the Michaelis-Menten model above is employed.
The rate of change of the enzyme sulfurylase is equal to:
d(ES )
= - k aS E S ⋅ PPi + (k -aS + k cS ) ⋅ E SPPi
dt

(5.1)

The PPi is the substrate of the sulfurylase. The consumption of PPi over time by the sulfurylase is:
d(PPi)

= - k aS ⋅ E S ⋅ PPi + k-a S ⋅ ESPPi

(5.2)

dt

The intermediate enzyme complex rate of change is:
d(ES PPi)
S
S
S
= k a ⋅ E S ⋅ PPi - (k -a + k c ) ⋅ ESPPi
dt

(5.3)

The rate of formation of ATP, the product in the enzyme reaction is equal to:
d(ATP)
= kcS ⋅ E SPPi
dt

(5.4)

The PPi and ATP are key molecules in the pyrosequencing reaction. Thus the rates of change of these
molecules are of great interest. In the following equations the rate of change of PPi and ATP are manipulated
in order to contain only known parameters. In this way the system behaviour can be analysed solving the
differential equation system.
When employing the steady-state assumption the intermediate complex concentration, ESPPi, rate of change is
set to zero.
d(ES PPi)
=0
dt

(5.5)

Combining equation 5.3 and 5.5 yield equation 5.6 below:
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S

S

S

k a ⋅ E S ⋅ PPi − ( k− a + k c ) ⋅ ES PPi = 0

(5.6)

The Michaelis constant, KM , is defined, equation 5.7:
KM =

k -a

S

+kc

ka

S

(5.7)

S

Equations 5.6 and 5.7 are combined and result in an expression without ka , k c and k-a , equation 5.8:
KM =

ES ⋅ PPi
ESPPi

(5.8)

The assumption that the enzyme mass is conserved is made, equation 5.9, where ES0 is the total sulfurylase
concentration in the system and ES is the free sulfurylase concentration in the system.
E S0 = E S + ESPPi

(5.9)

Combining equations 5.8 and 5.9 yields:
0

E SPPi =

ES ⋅ PPi
K S + PPi

(5.10)

M

Equation 5.2, 5.7 and 5.10 gives the final expression for the rate of change of PPi in the sulfurylase reaction.
♠

S

0

d(PPi)
k ⋅ E S ⋅ PPi
=- c
dt
K MS + PPi

(5.11)

Combining equation 5.4, 5.7 and 5.10 gives the final expression for the rate of change of ATP in the
sulfurylase reaction.
S

♠

0

d(ATP) kc ⋅ E S ⋅ PPi
=
dt
K MS + PPi

(5.12)

The luciferase reaction
The luciferase reaction is modeled by Michaelis-Menten kinetics assuming steady-state kinetics. Oxyluciferin is
not included in the model and the substrates luciferin and O2 are assumed to be in excess. The model is
outlined below, where L stands for luciferase. ES, ESATP , ATP, PPi are concentrations and hν is the light
emission.
ka L
EL + ATP ↔
k-a L

kcL
EL ATP →

EL + PPi + hν

The PPi and ATP and the light rate of change with time are important in the pyrosequencing system. Thus,
these changes are modeled in the luciferase reaction.
The expressions were retrieved in the same way as in the sulfurylase case, meaning that the expressions were
simplified using the steady-state assumption, the definition of KM and the conservation of enzyme mass.
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The total rate of change of ATP in the luciferase reaction is:
♣

L

0

d(ATP)
k ⋅ E L ⋅ ATP
=- c
dt
K M L + ATP

(5.13)

The total rate of change of PPi in the luciferase reaction is:
♣

d(PPi)
dt

=

k c L ⋅ E L 0 ⋅ ATP

(5.14)

L

K M + ATP

And the total flow of light is expressed:
L

♣

0

d(hν ) ATP⋅ k c ⋅ E L
=
L
dt
K M + ATP

(5.15)

The apyrase reaction
The apyrase reaction was also modeled by Michaelis-Menten kinetics assuming steady-state kinetics. The
apyrase was assumed to only hydrolyze ATP into ADP . Thus the last step AMP is excluded in the model. The
nucleotide, carbon dioxide and oxyluciferin concentrations are not included in the model. The nucleotide
degradation was not included because the KM and kcat values for the apyrase hydrolysis of the nucleotides
were not available in the literature. The focus was instead on the rate of change of ATP in the apyrase
reaction. The model is outlined below, where A stands for apyrase. The sulfurylase, EA, the enzyme complex,
EAATP and ATP are concentrations.
ka A
EA + ATP ↔
k-a A

kcA
EAATP → EA + ADP

The expression for the rate of change of ATP was retrieved in the same way as in the sulfurylase case,
meaning that the expression was simplified using the steady-state assumption, the definition of KM and the
conservation of enzyme mass. The total rate of change of ATP in the apyrase step is equal to:
♦

d(ATP)
dt

=-

k cA ⋅ E A 0 ⋅ ATP
A

K M + ATP

(5.16)

The polymerase reaction
The polymerase reaction, however, was modeled with a Poisson process to include the incorporation of a
number of identical nucleotides. The consumption of nucleotides by the polymerase is said to be small,
assuming an excess of nucleotides.
The polymerase incorporation of a single nucleotide can be described in one rate determined step. The
templates are assumed to be saturated with polymerase and the polymerase is assumed to be saturated with
nucleotides. The model employed to describe the polymerase step including the homopolymer incorporation
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is a Poisson process. The exponential function expresses the concentration of PPi released with time in the
case of a single base incorporation.
The number of identical bases, homopolymers, to be incorporated by the polymerase and the subsequent
release of PPi is modeled by the following Poisson process [3]. The model looks like:
one base

kc P

two bases

kc P

three bases …

kc P

n bases

This Poisson process is employed and the expression for the incorporation of a single, n=1, or a number of
identical nucleotides is equal to:
♥

n −1
dPPi
P
P
P
= k c ⋅ Yo ⋅ ∑ (k c ⋅ t)i / i! ⋅ exp(kc ⋅ t )
dt
i =0

(5.17)

Y o is the template concentration and n is the number of identical incorporated bases. In summary equation
5.16 expresses the total production of PPi over time in the polymerase step including the contribution when
the polymerase incorporates several identical nucleotides to the template.

The pyrosequencing system
The total rate of change of ATP, PPi and the flow of light is expressed collecting the expressions for the
polymerase, the sulfurylase, the luciferase and the apyrase reactions. The resulting equations for the
pyrosequencing coupled enzyme system are:
S
0
L
0
A
0
d(ATP) k c ⋅ E S ⋅ PPi k c ⋅ E L ⋅ ATP k c ⋅ E A ⋅ ATP
=
S
L
A
dt
K M + PPi
K M + ATP
K M + ATP

S

0

L

0

n −1
d(PPi)
k ⋅ E S ⋅ PPi kc ⋅ E L ⋅ ATP
=- c
+
+ kc P ⋅ Yo ⋅ ∑ (kc P ⋅ t)i / i! ⋅ exp(kc P ⋅ t )
S
L
dt
K M + PPi
K M + ATP
i =0
L

0

d(hν ) ATP ⋅ kc ⋅ E Luc
=
dt
K ML + ATP

Values of KM and k cat in the mathematical model
There are KM and kcat values quoted in the literature with varying degrees accuracy. Here these KM and kcat
values are specified with references.
Enzyme

K M (µ M )

kcat [s-1)

Klenow Polymerase:

0.10-0.20 (dNTP)
7.0
50
120

2.0–4.0 when E Pol0 =100-500µM and Y 0=20-100µM.
38
when E Sul0 = 10-20 µM

ATP Sulfurylase:
Firefly Luciferase:
Apyrase:

104

when E Luc0 = 3-60 µM
when E Apy 0 = 80 µM

Table 2: KM and kcat values of the enzymes in pyrosequencing [6].
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Enzyme

K M (µ M )

kcat [s -1)

Klenow Polymerase 1
ATP Sulfurylase2
Firefly Luciferase3
Apyrase4

0.18 (dTTP)
7.0 (PPi)
20 (ATP)
120 (ATP)

0.92
38
0.015
500 (ATP)

Table 3: KM and kcat values of the enzymes in pyrosequencing [4].

The kinetic data of the enzymes employed in the mathematical model are:
Enzyme

K M (µ M )

kcat [s -1)

Klenow Polymerase 1
ATP Sulfurylase2
Firefly Luciferase3
Apyrase4

0.18 (dNTP)
7.0 (PPi)
50 (ATP)
120 (ATP)

2.6
38
0.015 (ATP)
104 (ATP)

The value of kcat/KM for enzymes is only rarely higher than 109. The kcat/K M value of apyrase might be too
high [3].
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6.

Results

6.1 The Experimental part
In the experimental part two problems in the pyrosequencing system were addressed. The first problem was
the limited reading length due to a progressive reduction in the light signal during a sequencing run, the so
called drop off, and the second was the problem with non-linearity in peak height when several identical
nucleotides were incorporated forming a homopolymer.
The pyrosequecing system consists of four coupled enzymatic reactions. Modules of the system were analysed
with the help of the key substrates, PPi and ATP. When adding PPi to the system instead of nucleotides the
reaction path begins after the polymerase step. Thus, only the activities of the sulfurylase, the luciferase and
the apyrase were studied. The luciferase and apyrase activities were studied by adding ATP to the reaction
mixture.
In the experimental part two assays were conducted. PPi (or ATP) was added at seven different
concentrations giving well concentrations of 5, 10, 15, 20, 25, 30, and 35 µM, followed by a 40 nucleotide long
sequencing run. After sequencing on the BE4PN oligo nucleotide, the PPi (or ATP) gradient was repeated, to

Fig. 8 : The upper pyrogram shows the PPi gradient before 40 dispensings of nucleotides; the lower pyrogram shows the PPi
gradient after 40 dispensings of nucleotides. Well B2 was chosen in both cases. The peak height and width were greater
after the dispensing of 40 nucleotides.

analyse the changes in the signals due to altered enzyme kinetics and accumulating by-products. Furthermore,
the linearity problem was addressed by relating the concentrations of 5, 10, 15, 20, 25, 30 and 35 µM PPi (or
ATP) added to the system to a number of incorporations of identical nucleotides.
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The linearity study conducted showed that there was a big spread in peak heights for the same PPi or ATP
added to the system, data not shown. Still a straight line could be drawn between the 5, 10, 15, 20, 25, 30 and
35 µM concentrations tested. This indicated that the system response was linear to the input concentrations of
PPi and ATP.
However, the peak height and width were larger after the sequencing relative to before. This was true for both
the PPi addition and the ATP addition assay, see fig. 8 and fig. 9 respectively.
♣A 40 nucleotide long sequencing run resulted in increased peak heights and widths after the
sequencing compared to before.

Fig. 9 : The upper pyrogram shows the ATP gradient before a 40 nucleotide long sequencing run; the lower pyrogram shows
the ATP gradient after the sequencing. Well E2 was chosen in both cases. The peak height and width were greater after the
sequencing run compared to before.

The average increase in peak height for the wells with the same PPi (or ATP ) concentration added was
calculated, eq. 6.1. All the peak heights were measured relative to the first peak in the assay. The relative peak
height after Ha was divided by the relative peak height before Hb and then 1 was subtracted from the ratio
calculating the increase in peak height. Here n is the number of wells.
n H (i )
∑ ( a − 1)
i =1 H b (i )
n

(6.1)

The average height increase for the PPi and the ATP assay are seen in fig. 10 and fig. 11 respectively. Fifteen
wells were used in each assay. The increases vary in the 10-40% interval. However, no correlation is seen
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between the concentration of PPi (or ATP ) added and the increase in peak height. If the last three steps in the
pyrosequencing reaction were involved in the non-linearity problem a peak height decrease would be seen in
the conducted assays with increasing PPi or ATP concentration. Thus, the system can deal with the higher
concentrations of PPi or ATP in the homopolymer regions suggesting that the linearity problem arises in the
polymerase step. The linearity when incorporating several identical nucleotides is affected by the fact that the
incorporation time for the incorporation of several identical nucleotides is longer than in the single base
incorporation case. Meaning that the replication events possible decreases with the decreasing amount of
available nucleotides.

Fig. 10: The peak height increase for seven concentrations
of PPi was plotted above. The increases in height were
calculated after a 40 nucleotide long sequencing run relative
to before, eq. 6.1. A general peak increase was seen, but
there was no correlation between the added concentration
of PPi and the peak height increase. The (--) line was the
least-square method fit of the points.

Fig.11: The peak height increase for seven concentrations
of ATP was plotted. The graphed heights were calculated
after a 40 nucleotide long sequencing run relative to
before, eq. 6.1. A general peak height increase was seen.
However, there was no correlation between the added
concentration of ATP and the peak height. The (--) line
was the least-square fit of the points.

In order to calculate the width after relative to before the dispensing of nucleotides equation 6.1 was used
replacing the height with the width, eq. 6.2. Here as in equation 6.1 n is the number of wells.
n Wa (i )
− 1)
∑(
i =1 Wb (i )
n

Fig. 12: The peak width increase for seven concentrations of
PPi was plotted. The width increase was calculated after a
40 nucleotide long sequencing run relative to before, eq. 6.2.
A general peak width increase was seen but was not
correlated to the PPi concentration added to the system.
The (--) line was the least-square fit of the points.

(6.2)

Fig. 13: The peak width increase for seven concentrations
of ATP. The width increase was calculated after a 40
nucleotides long sequencing run relative to before, eq.
6.2. A general peak width increase was seen but was not
correlated to the ATP concentration added to the
system. The (--) line was the least-square fit of the points.
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The widths increased after the sequencing compared to before in the PPi and ATP assay, fig. 12 and fig. 13.
The width increase was large averaging over 100% in both assays and for all concentrations. The increase in
peak width was greater than the increase in peak height and had less variation.

6.2 Modeling results and verification of the mathematical model
The mathematical model can describe the incorporation of one or a number of identical bases in the model
system. The concentration of PPi, ATP and the amount of light emitted were modeled over time. In fig. 14 the
PPi concentration over time in the model system was plotted for the single base incorporation case.

Fig. 14: The PPi concentration over time. The maximum peak height was seen in less than two seconds.

When employing the recommended KM, kcat and the initial enzyme concentrations in the pyrosequencing
system, the calculated ATP and PPi concentrations with the model corresponded to experimental values [4].
There is a dynamic change of ATP and PPi concentrations in the pyrosequencing system. The upward curve
in fig. 14 indicates that the reactions occur at such a rate that there is a net production of PPi whereas the
dropping curve is due to a higher rate of PPi conversion to ATP than production of PPi. Thus, in the
ascending curve the polymerase step produces PPi faster than the sulfurylase reverts the PPi into ATP. In the
descending curve, however, the polymerase produces PPi at a slower rate than the sulfurylase converts it to
ATP .
In fig. 15 the change of ATP concentration with time was plotted. This is also a dynamic situation. In the
upward curve there is a net production of ATP even though the apyrase reaction occurs at the same time. In
the dropping curve however the rate of degradation of ATP by the apyrase is higher than the rate of
production of ATP. Thus the slopes of both the upward and downward curves in fig. 15 are determined by the
relative rate of catalysis of polymerase, sulfurylase and apyrase.
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Fig. 15: The ATP concentration change with time was plotted. The ATP concentration reaches its maximum value in 3.1
seconds.

The amount of light emitted was proportional to the ATP concentration over time as long as the luciferase
activity is unchanged, fig. 16. If the rate of the luciferase-based catalysis changes, the relation between the ATP
concentration and the amount of light emitted is altered with this change.

Fig. 16: The light emission follows the ATP concentration over time curve when the catalytic rate of luciferase is
unchanged.

The apyrase degrades the ATP resulting in the dynamics seen in fig. 15. In fig. 17 there was no apyrase in the
system and thus the ATP concentration does not go down to zero in 30 seconds. A higher maximum value
was also seen because the apyrase is not included in the system to hydrolyze ATP. The ATP peak heights were
proportional to the incorporated homopolymers when the apyrase effect was not taken into account.
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Fig. 17: The ATP concentration was graphed without apyrase in the system.

Pulses of PPi and ATP to the model resulted in initial PPi and ATP concentrations corresponding to the input
pulses and a descending curve corresponding to the apyrase effect, fig. 18. This tested the model validity for
input pulses to the system.

Fig. 18: The model system was tested for PPi and ATP pulses to the system.

Further employing the mathematical model it was interesting to look at how the peak height depends on the
enzymes’ rate of catalysis. The model system behavior was tested when the enzyme rate of catalysis was
varied. The model system was sensitive to changes in the rate of polymerase, apyrase and sulfurylase resulting
in changed peak heights, fig. 19, fig. 20 and fig. 21 respectively.
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Fig. 19: The peak height as a function of the polymerase rate of catalysis. The rate varies from 1/64 to 8 times the
polymerase rate in the system. ß kcat of polymerase; original value used in calculations [6].

Interesting in fig. 19 is the fact that a small decrease in the polymerase rate of catalysis in the pyrosequencing
system gives rise to a decreased peak height.

Fig. 20: This plot illustrates the peak height as a function of the apyrase rate of catalysis. The rate of catalysis varies
from 1/64 to 16 times the apyrase rate in the system. A decrease in the apyrase rate increased the peak height in the system.
ß kcat of apyrase; original value used in calculations [6].

A change in the apyrase rate of catalysis also altered the peak height, but in the opposite way. A decrease in
the apyrase rate of catalysis gave an increase in peak height and an increase in apyrase rate resulted in a
decrease in peak height, fig. 20.
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Fig. 21: This plot illustrates the peak height as a function of the sulfurylase rate of catalysis. A decrease in the sulfurylase rate
of catalysis resulted in a decrease in peak height. The rate of catalysis varies from 1/64 to 8 times sulfurylase rate of catalysis
in the system. ß kcat of sulfurylase; original value used in calculations [6].

In the case of the sulfurylase a change in the rate of catalysis of this enzyme also gave a change in peak height.
A small decrease in the rate of sulfurylase resulted in a decrease in peak height while an increase in the rate of
sulfurylase resulted in a higher peak height, fig. 21.
In the experimental part the results indicated that the apyrase and DNA polymerase are the most sensitive
enzymes. In the model a slower rate of catalysis of the apyrase causes the peak to be wider and higher, while a
decrease in the catalytic rate of the polymerase lowers the peak height, fig. 22.

Fig. 22: Light emission versus time. The black curve covers the normal system, the blue curve shows the effects of a 50%
decrease in the catalytic rate of apyrase and the red curve shows a 50% decrease in the catalytic rate of polymerase.
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The number of identical nucleotides in the homopolymer to be incorporated by the polymerase also affected
the result. A decrease in the catalytic rate of the polymerase decreased the relative ratio between the sevenhomopolymer peak height and the single base peak height, fig. 23. This means that the non-linearity between
the number of identical nucleotides incorporated in the homopolymer in the model system increases with
decreasing polymerase rate of catalysis.

Fig. 23: The ratio of the peak height in the case of the incorporation of a homopolymer stretch of seven bases and a single
base incorporation when the polymerase rate of catalysis is altered is shown above. ß kcat of polymerase; original value
used in calculations [6].

In fig. 23 the ratio of the peak height in the case of the incorporation of a homopolymer stretch of seven bases
compared to a single base incorporation was plotted when the catalytic rate of the polymerase was changed. A
clear relationship between the decrease in relative peak height and the decrease in polymerase rate of catalysis
was seen.
When the rate of catalysis of apyrase was changed the ratio of the peak height in the case of the incorporation
of a homopolymer stretch of seven bases compared to a single base incorporation was affected, fig. 24. An
increase in the catalytic rate of apyrase decreased the linearity when the polymerase incorporated seven
identical nucleotides into the system. Thus the effect of increasing the catalytic rate of apyrase was opposite to
that seen for the polymerase.
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Fig. 24: The ratio of the peak height in the case of the incorporation of a homopolymer stretch of seven bases to a single
base incorporation when the apyrase rate of catalysis was changed was plotted. ß kcat of apyrase; original value used in
calculations [6].

A test to analyse the robustness of the model system was conducted in order to see how a variation in the
enzyme activity altered the output signal of the system. The sensitivities for the polymerase and the apyrase
were tested. The sensitivity measure was

∆ Peak height /Peak height
∆ kcat / kcat

where the kcat tested was for the polymerase

and the apyrase [3]. The ∆Peak height was the change in peak height when kcat for polymerase or apyrase was
changed.

Fig. 25: The robustness of the model system is seen in the case of a single base incorporation when altering the polymerase
rate of catalysis. ß kcat of polymerase; original value used in calculations [6].

A sensitivity value of 1 means that the system is extremely sensitive to changes in the rate of catalysis of the
enzyme tested, while a value of 0 means that it is completely insensitive to changes in the rate of catalysis of
that enzyme. The focus was set on the effect of a catalytic rate change of the polymerase and the apyrase,
because of the importance of the balance between these reactions in the pyrosequencing system. It was
interesting to look at the rates of catalysis of the enzymes where the system was no longer stable.
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In fig. 25 the system sensitivity was tested for the incorporation of one nucleotide whilst altering the rate of
catalysis of the polymerase. The model system was sensitive to a polymerase rate of catalysis change when the
rate was decreased to 50 % of the normal.

Fig. 26: The system sensitivity was tested in the case of 10 identical nucleotide incorporations. ß kcat of polymerase;
original value used in calculations [6].

The system sensitivity was also tested when incorporating a homopolymer stretch of 10 bases whilst changing
the polymerase rate of catalysis, fig. 26. There was a five-fold increase in the sensitivity in the homopolymer
case compared to the single nucleotide incorporation.

Fig. 27: The system sensitivity in the apyrase case when incorporating a single nucleotide. The catalytic rate of apyrase was
altered to analyse the system response. The system was seen to be sensitive to small changes in the apyrase rate of catalysis.
ß kcat of apyrase; original value used in calculations [6].

The apyrase rate of catalysis was altered and the model system robustness in the single base incorporation case
is seen in fig. 27. The system was sensitive to small changes in the apyrase rate of catalysis.
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Fig. 28: The system sensitivity when the apyrase rate of catalysis was changed in the case of homopolymer incorporation.
ß kcat of apyrase; original value used in calculations [6].

The model system sensitivity when incorporating a homopolymer stretch of 10 bases whilst changing the
apyrase rate of catalysis was also tested with the mathematical model, fig. 28. The system was sensitive to a
change in the apyrase rate of catalysis and was even more sensitive in the homopolymer case than in the one
base incorporation case.
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7. Discussion
Analysing the peak heights before and after sequencing showed an increase in peak height and width after the
sequencing compared to before. This was true for both the PPi addition and the ATP addition assay. A
decrease in the rate of catalysis of apyrase can explain these findings, since it was shown that a decreasing rate
of catalysis of apyrase leads to an increased peak width and peak height, fig. 20.
The linearity study conducted showed that there was a big spread in peak heights for the same PPi or ATP
added to the system, data not shown. Still a straight line could be drawn between the 5, 10, 15, 20, 25, 30 and
35 µM concentrations tested. However, no correlatio n was seen between the concentration of PPi (or ATP)
added and an increase (or decrease) in peak height before relative to after the sequencing. This indicates that
the system can deal with the higher concentrations of PPi and ATP released when the polymerases
incorporate several identical nucleotides to the templates and that the linearity problem is probably not caused
by the last three reaction paths of the system. Thus the linearity problem should be centered on the
polymerase step and is probably caused by a decreasing amounts of incorporated nucleotides due to
prolonged incorporation time in homopolymer regions.
A relative decrease in peak height was not seen in either the PPi or the ATP assay. In the experiments
conducted there was no indication of a rate of catalysis decrease neither for the luciferase nor the sulfurylase
during the sequencing run of 40 dispensed nucleotides. Furthermore this indicates that the drop off problem
should be centered in the polymerase step. This is not in accordance with an experimental series made on the
pyrosequencing system, where luciferase was said to stand for the drop off effect [5].
The fact that the catalytic rate of the polymerase can decrease during a sequencing run due to, among other
things, inhibition and dilution is worth noting. The polymerase also incorporates the four nucleotides at
different rates and the dATPαS nucleotide is especially hard for the polymerase to incorporate into the
template. The dATPαS has been shown to inhibit the pyrosequencing reaction [17]. This might result in a
decrease in the rate of catalysis for the polymerase during a sequencing run. All these variations in the
replication step will affect the peak heights and make the method uncertain in this aspect.
An excess of nucleotides must be present in the system in order for the incorporation to be carried out
efficiently by the polymerase. The nucleotide concentration in the system is close to the KM value except for
in the dATPαS case. The nucleotide concentration is less than the recommended, which is ten times the KM
value, for the G nucleotide and is close to the recommended for the T and C nucleotides. The question asked
is thus if the nucleotide concentration in the pyrosequencing system is optimised in the homopolymer regions
where the KM is higher [7].
A mathematical model has been made that describes the incorporation of one or a number of identical bases
into the model system. Employing the recommended KM , kcat and the initial enzyme concentrations in the
pyrosequencing system, the calculated ATP and PPi concentrations with the model corresponded to
experimental values [4]. Furthermore pulses of PPi and ATP to the model resulted in initial PPi and ATP
concentrations corresponding to the input pulses. This tested the model validity for input pulses to the
system.
An interesting parameter to analyse when employing the mathematical model was the peak height dependency
on the enzyme rate of catalysis. In the cases of the DNA polymerase and the sulfurylase a decrease in the rate
of catalysis resulted in a decrease in peak height. This indicates that a decrease in these enzymes’ catalytic rate
during a sequencing run should result in a decrease in peak height. The model results supports the
experimental observation that the drop off effect could be centered in the polymerase step. Furthermore,
according to the model a decrease in the apyrase rate of catalysis resulted in an increase in peak height and
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peak width and this agrees with the experimental results. Also employing the mathematical model decreasing
the luciferase rate of catalysis resulted in a decrease in peak height, results not shown.
The ratio of the peak height in the case of a seven nucleotide, homopolymer incorporation and a single
nucleotide incorporation was tested with the model whilst the catalytic rate of the polymerase was altered. A
decrease in the polymerase rate of catalysis resulted in a decrease in the relative peak height. Thus the linearity
in homopolymer regions decreased with a decreasing polymerase rate of catalysis.
Moreover, the ratio of the peak height in the case of a seven nucleotide, homopolymer incorporation and a
single base incorporation was tested whilst the catalytic rate of apyrase was altered. An increase in the catalytic
rate of apyrase resulted in a decrease in the system linearity when incorporating homopolymers. Thus the
effect of increasing the catalytic rate of apyrase is opposite to that seen for the polymerase.
The robustness of the system to perturbations was tested for the incorporation of one nucleotide and ten
identical nucleotides whilst altering the rate of catalysis of the polymerase. The sensitivity of the system to
changes in the catalytic rate of the polymerase was much greater in the homopolymer incorporation case than
when incorporating a single nucleotide. Furthermore the robustness of the system was tested when the rate of
catalysis of apyrase was changed. The system was seen to be sensitive to small changes in the apyrase rate of
catalysis resulting in a peak height change. The system was more sensitive to changes in the apyrase rate of
catalysis in the homopolymer case than when a single nucleotide was incorporated.

8. Conclusions
Increasing the rate of catalysis of the polymerase would increase the robustness of the system. The system
would thus not be sensitive to small variations in the rate of catalysis of the polymerase and result in a more
conserved peak height.
In the case of incorporation of several identical nucleotides into a template an increase in the polymerase rate
of catalysis would increase the linearity of the system by decreasing the incorporation time in homopolymer
regions.
Increasing the rate of catalysis of sulfurylase would also increase the robustness further and small variations in
the sulfurylase rate of catalysis would not result in a peak height change in that case. The sensitivity of the
system to a decrease in the luciferase rate of catalysis is inevitable and a decrease in the rate of catalysis will
decrease the signal peak height, results not shown.

9. Further Investigations
Further research should include the polymerase step in the system, especially with respect to inhibition, and
also studies around the change in catalytic rate in the system during sequencing. This should include a study of
different polymerases with different rates of catalysis analysing the system robustness.
The modified nucleotide dATPαS causes system inhibition and deactivation of some of the enzymes. The
deactivation of apyrase by the nucleotide results in a system instability. It might be advantageous to switch
back to the conventional nucleotide. The problem with this approach is to deal with the background signal
when the dATP nucleotide is dispensed to the reaction mixture.
The optimal nucleotide concentration for incorporation into homopolymer regions should be further
investigated.
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The mathematical model can be refined in several ways. More parameters can be added to describe the
pyrosequencing system better. Inhibitors should be added to the model and the catalytic rates of the
polymerase for the different nucleotides should also be added. Moreover the nucleotide dynamics should be
included in the model. The model should also be solved analytically to secure the numerical solutions
assuming that the substrate concentration is smaller than the KM .
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