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Abstract

The Pyrosequencing™ technology is a newly developed DNA sequencing method that monitors DNA nucleotide
incorporation in real-time. A set of coupled enzymatic reactions, together with bioluminescence, detects incorporated
nucleotides in the form of light pulses, yielding a characteristic light profile. In this study, a biochemical model of the
Pyrosequencing reaction system is suggested and implemented. The model is constructed utilizing an assumption of
irreversible Michaelis—Menten rate equations and a constant incorporation efficiency. The kinetic parameters are studied and
values are chosen to obtain as reliable simulation results as possible. The results presented here show strong resemblance with
real experiments. The model is able to capture the dynamics of a single light pulse with great accuracy, as well as the overall
characteristics of a whole pyrogram™. The plus- and minus-shift effects observed in experiments are successfully
reconstructed by two constant efficiency factors. Furthermore, pulse broadening can partly be explained by apyrase inhibition
and successive dilution.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

With the discovery of the structure of the DNA
molecule in the 1950s [1], the biotechnological de-
velopment started gaining momentum. In the 1970s,
the first methods for sequencing DNA were developed
[2,3]. This allowed scientists to determine the precise

Abbreviations: ADP, adenosine diphosphate; AMP, adenosine
monophosphate; APS, adenosine 5'phosphosulfate; ATP, adenosine
triphosphate; dATPasS, alpha-thio-adenosine triphosphate; dNDP,
deoxy nucleoside diphosphate; dNMP, deoxy nucleoside mono-
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human papilloma virus.
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order of the nucleotides in a DNA strand. Today DNA
sequencing is a widely used tool in as varying fields
as medicine, forensic studies and agriculture. The
Pyrosequencing ™ technology [4,5] is a highly appli-
cable DNA sequencing technique, where synthesis is
monitored by four different enzymes and detected
through bioluminescence in the form of a light pulse.
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The Pyrosequencing method has emerged as an alter-
native to the traditional techniques and its strength lies
in the sequencing of shorter DNA fragments, typically
with lengths up to 100 base pairs [6].

The four enzymes utilized in the Pyrosequencing
reaction system are the DNA polymerase I Klenow
fragment (KF) without the exonuclease activity
(exo™), ATP sulfurylase, luciferase and apyrase. The
source and enzyme E.C. number of the enzymes are
listed in Table 1. The chemical reactions, which are
catalyzed by these enzymes, are summarized below.

(DNA),+dNTP DNA polymerase (DNA), ,+PP;
(1)

N
PP; + APS ATP sulfurylase ATP + SO3 (2)

ATP D — luciferin+ O, luciferase AMP-+PP;+0 — luciferin+CO, +hv
3)
_ _—
ATP apyrase ADP + P; apyrase AMP + P; 4)

_ _
dNTP apyrase dNDP + P; apyrase dNMP + P; (5)

Here N in the nucleotides dNTP, dNDP and
dNMP stands for one of the four nitrogenous bases
A (adenine), C (cytosine), G (guanine) and T
(thymine). In experiments, however, a modified A
nucleotide (dATP«S) is utilized. The reason for this
is that natural dATP interferes with the luciferase
detection reaction (3), whereas dATPaS has been
shown not to interfere [4]. In this paper, the special
properties of the modified version will be consid-
ered, but no distinction in notation between the two
A nucleotides will be made.

The single-stranded and primed DNA fragment to
be investigated is mixed with the four enzymes and
the enzyme substrates adenosine 5’ phosphosulfate
(APS) and p-luciferin. The nucleotides dATP, dCTP,

dGTP and dTTP are added one at a time in a cyclic
manner to the reaction mixture with a 60-s interval.
This may, or may not, trigger a chain of reactions (1)—
(3), depending on the added nucleotide. If the nucle-
otide is complementary to the next DNA base, the
nucleotide is incorporated by the polymerase and the
primer is extended (1). This produces inorganic pyro-
phosphate PP;, which is transformed by ATP sulfur-
ylase in reaction (2), producing ATP. The luciferase
(3) detects the produced ATP, thereby generating a
flash of light, which is then recorded by a CCD
camera. The intensity of the light pulse is proportional
to the amount of produced ATP. If the nucleotides are
not complementary, then no incorporation takes place
and hence reactions (1)—(3) do not occur, and the
flash of light fails to be emitted. By analyzing the
resulting light profile (pyrogram™), the exact DNA
sequence can be established.

The fourth enzyme, apyrase, removes the remain-
ing ATP and unincorporated nucleotides (4) and (5)
before the new nucleotides are added. This step is
highly important since remains would otherwise
interfere with the process. This and other aspects
concerning the Pyrosequencing technology are de-
scribed in Section 2.3.1. In this study, a mathemat-
ical model of the Pyrosequencing reaction system is
suggested. This includes the study of the result from
the incorporation of a single nucleotide, and careful
considerations of the factors influencing the proper-
ties of the resulting light pulse. It also includes a
corresponding study of several nucleotide incorpo-
rations, which produce a full pyrogram. Once a
reliable model has been developed, it can be utilized
to find possible ways of improving the Pyrosequenc-
ing process itself. This could, for instance, involve
modification of the substrate concentrations or use
of other enzymes with different kinetic properties.
Performing full tests like these in the laboratory is
often both expensive and time-consuming, which is

Table 1

The four enzymes in the Pyrosequencing reaction system

Enzyme Source E.C.
DNA polymerase I (exo KF) Escherichia coli (bacteria) 2.7.7.7
ATP sulfurylase Saccharomyces cerevisiae (yeast) 2.7.74
Luciferase Photinus pyralis (firefly) 1.13.12.7
Apyrase (Pimpernel type) Solanum tuberosum (potato) 3.6.1.5
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why an in silico model may help to isolate espe-
cially promising configurations.

2. Model description

Two different models of the Pyrosequencing re-
action system, built on the same principle, have been
implemented. The first model simulates single nu-
cleotide incorporation and the other, which is a
further development of the former one, is used to
simulate several nucleotide incorporations. Both
models assume irreversible Michaelis—Menten kinet-
ics for all four enzymes, which is motivated by the
fact that the equilibrium constants K4 for the enzy-
matic reactions are known to be large. Measurements
and calculations on the polymerase [7] show that the
equilibrium constant lies in the interval 1000—3000,
and the synthesis of DNA is, in the present study,
considered irreversible. ATP sulfurylase has an equi-
librium constant of ~ 10® [8], which is very large.
The luciferase reaction, which is photon producing,
can also be considered irreversible, since when light
has been created and detected it is not likely to
reverse. More detailed models of the luciferase
reaction have previously been proposed [9,10]. How-
ever, the simple irreversible Michaelis—Menten mod-
el suggested here was able to reproduce experimental
behavior, and hence it was considered sufficient.
Apyrase is generally regarded as acting in the
forward direction of reactions (4) and (5) [11]. This
is due to the high-energy phosphoanhydride bonds
formed between the inorganic phosphates P; and the
nucleotide, which makes the reaction direction of (4)
and (5) energetically favorable.

2.1. The one-pulse-model

The purpose of the so-called one-pulse-model is to
capture the dynamics of the light signal that is
produced after a single nucleotide incorporation. In
this section, the theoretical background of the one-
pulse-model is described in detail.

An overview of the model is presented in Fig. 1,
which includes all relevant substrates and products,
the four enzymes, reaction fluxes v; and normalized
variable names o—¢. The normalized variables for
the relevant substrates and products (total concen-

(DNA), (DNA), .,

DNA polymerase

v, | ATP sulfurylase

/ ATP |Y
apyrase | v, vy | luciferase

& | dNDP+ADP
v

apyrase | Vs

e B
e| dNMP+AMP zk

Fig. 1. Schematic overview of the Pyrosequencing reaction system
as it is described in the one-pulse-model. The reaction fluxes are
denoted by v;, and Greek variables are utilized for the normalized
substrate concentrations.

trations) are, following convention, defined as o =
[dNTP]/K‘iIi};If, = [Ppi]/Km,Asuly Y= [ATP] /Km.luc>
6 = [(A)NDP]/Knr'+ € = [(NMP)/K 0" o =
[((DNA),] / KA. Here, K, are the Michaelis con-
stants of the enzymes with respect to each substrate,
and (d)NDP stands for the sum of dNDP and ADP.
The equivalent notation is applied for (d)NMP. Note
that the definition of ¢ is made with an inhibition
constant Kj in the denominator instead of a Michaelis
constant. Next, a mathematical model of the system
outlined in Fig. 1 is developed. The treatment
follows standard enzyme kinetics, and a description
of the methods used here can, for instance, be found
in Cornish-Bowden [12].

2.1.1. Equations

The dynamics of the system are captured in a set of
differential equations describing the change in the
concentrations of each substrate. These equations,
which are easily verified by looking at Fig. 1, are:

do 1

— = v (Vi ) (6)

dr - KN

dp 1

E:KAI(Vl—Vz—FV:;) (7)
m,Asu
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(ii_(f: _éfl;ﬁ (10)

%W(vww) (11)
Lapyr

Here, f=[dNTP]/([ANTP]+[ATP]) is the fraction of
dNTP of the total amount of triphosphates. Using this
expression it is thus assumed that all triphosphates
bind equally well to the apyrase.

The reaction fluxes v; are given by irreversible
Michaelis—Menten rate expressions. However, there
is a discrepancy from the normal assumptions made
for these types of equations. The Pyrosequencing
process is operating at nucleotide concentrations
lower than the polymerase concentration. As a
consequence, a different description of the polymer-
ase is needed, and the one utilized in this study is
presented in Fig. 2. At a given time, the polymerase
can be found partly as free enzyme FEg.. (E in Fig.
2), and partly bound in different complexes with
free DNA, DNAge.(S1), and/or free nucleotide,

Sl S2
o =k E (R FD)

k,
ES ES, S;—= vy

Fig. 2. Enzymatic model of the DNA polymerase at equilibrium.
The enzyme E has two substrates S; (DNA) and S, (ANTP), with
which it can form complexes. The final complex ES|S, can be
formed by binding either one of the two substrates prior to the other,
with equal probability. The dissociation constants are given by K;
and K. The rate expression is given by the forward rate v; where
keat 18 the catalytic constant.

dNTPgeo(S>). The complex containing all three units
is defined as:

Efree ° DNAfree ° dNTPfree
Kpna *Kantp

EfecD NAfree dNTP free =
(12)

where K refers to each compound’s dissociation
constant. Normalized variables for the available
DNA and dNTP concentrations are introduced as
follows: OCfree:[dNTPfref:]/1<dNTP and (pfree:[DNAfree]/
Kpna.! The modified rate expression is then given
by the forward reaction flux v, in Fig. 2, and the
expression is directly proportional to the concentra-
tion of the triple complex.

Moreover, the total amount of polymerase is con-
sequently equal to the sum of free enzyme and all
possible complexes formed between the enzyme and
its substrates at a given time. The equivalence is
applied for the two substrates. In steady-state, this
results in three algebraic Egs. (13)—(15) that comple-
ment the differential Egs. (6) and (11). Together they
form a system of differential-algebraic equations
(DAESs). The notation for this model is that variables
with the subscript free refer to free available concen-
trations and variables without the subscript refer to the
total amount, i.e. a fixed amount.

ETOT,pol = Efree ( 1+ Pfree + Olfree + Pfree O‘free) ( 13)

KINN0 = s (KIS + o + Brtine)  (14)
Kﬁffolfoc = Olfree (Kril,\gl;ll) + Efee + Efree(Pfree) (15)

The different rate expressions can now be written
as:

V1 = Keatpol * Efree * Pree * Uice (16)

! In this model it is assumed that K = K,, for DNA and dNTP,
and no distinction between the constants will be made in the
following treatment.
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VAsuIB
= 17
=T (17)
V3 _ VluC’y (18)
I+
oy — Vg}:f(kld + kz))) (19)
YT 1A ha+ky+ote
VNDP&
Vs = apyt (20)

l+ko+hky+d+e

where V is the maximum velocity of the enzyme,
defined as k. E, and k., is the catalytic constant.
Moreover, k = Kg%?f/[(&ﬂgy? and k = K e/
KS LI;yTrP. These factors are required since the triphos-
phate variables are defined with respect to the
polymerase and the luciferase respectively, and in
the expressions of v, and vs they should be with
respect to the apyrase.

In this model, apyrase has three different sub-
strates, namely, dNTP, ATP and (d)NDP. These three
pools of compounds are treated as competing sub-
strates, which all have the ability to bind the same
active site on the enzyme [13]. In addition, the mono-
phosphates are handled as product inhibitors. Both
these inhibitory properties are included in the model
as extra terms in the denominators of the expressions
of v4 and vs [12]. Here it is assumed that only a small
amount of dNTP is found in polymerase complexes
and that there is an excess of substrates.

The model output, i.e. the luciferase generated
light signal, is taken to be proportional to the ATP
reaction flux v3. The motivation is that experiments
show that the light response is linear for incorpo-
rations of up to 5-6 identical nucleotides [14,15].
For longer multiples the light response is non-linear.
However, for the validation of this model, it is
sufficient with a maximum multiple length of 5-6.
The assumption of proportionality allows for an
optional scaling factor. This scaling factor was
introduced in order to obtain a light pulse of
convenient magnitude.

2.2. Pulse characteristics

In order to examine the light pulse (a typical light
pulse can be found in Fig. 4a), and to evaluate the
agreement of a simulated pulse with an experimental-
ly determined pulse, some kind of measures of the
characteristics of a pulse need to be specified. In this
study, three such characteristics are used. They are:

* Pulse height, defined as the maximum value of the
pulse.

e Rise time, defined as the time from nucleotide
dispensation until the pulse reaches its maximum
value.

® Decay time, defined as the time from nucleotide
dispensation until the pulse has dropped to 10% of
its maximum value. If that value cannot be specified
in the given time period (60 s in this study), the
value is taken to be the whole cycle time.

2.3. A larger model

Decoding a whole DNA fragment, which involves
the sequencing of several bases, introduces some
interesting complications. In order to accommodate
these complications the model described in the previ-
ous section was expanded. First, some aspects regard-
ing full Pyrosequencing are mentioned and then the
larger model implementation is described.

2.3.1. Some aspects on the Pyrosequencing technology

During the sequencing process, it is common that
template bases appear in multiples. The kinetics of the
polymerase is constructed so that the whole multiple is
read practically at the same time, resulting in a light
pulse that is of multiple intensity [4,15]. This is
motivated by the fact that a multiple amount of PP; is
formed by reaction (2) and propagated to reaction (3),
in that way causing more light to be produced. The
CCD camera then detects the multiple incorporations
as light of increased intensity integrated each second.

Furthermore, the incorporation efficiency of the
polymerase is not 100%, but perhaps instead 99%.
This leads to DNA remains that can act as substrates
the next time a matching nucleotide is added to the
reaction mixture. This effect is called minus-shift and
is most prominent after the incorporation of consec-
utive identical bases.
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Additionally, there is an effect called plus-shift. Just
as the minus-shifts are caused by templates lagging
behind, the plus-shifts are caused by primers extended
beyond the active template base. The plus-shifts are
mainly due to the apyrase’s incomplete removal of the
unincorporated nucleotides. Remaining nucleotides are
able to react with the following template if they match,
independent of the nucleotide type added.

Another effect that should be considered is the
dilution that occurs, as more and more nucleotide drops
are dispensed as sequencing proceeds. Every 60 s,
approximately 0.2 pl liquid is added to the reaction
volume (initially 50 pl). The dilution effect results in a
decrease in enzyme activity of all four enzymes and a
decrease in substrate concentrations as well. The dilu-
tion effect might to some extent be counteracted by
evaporation.

Pyrosequencing experiments reveal a broadening of
the light pulses as time evolves. This can be explained
by a continuously decreasing activity of the apyrase
[6]. The apyrase activity is lowered by dilution and
product accumulations. Product accumulation occurs
for all given products, but is most noticeable for the
monophosphates (since these are never degraded). In
addition, it is believed that dADP is harder to hydrolyze
than the other diphosphates, because a different kind of
nucleotide (dATPasS instead of dATP) is used, and that
(the modified) dADP has an inhibitory effect on the
apyrase [6].

2.3.2. The model

In this subsection, the one-pulse-model is expanded.
This involves separating the nucleotide pool dNTP into
its four different types dATP, dCTP, dGTP and dTTP.
The same is done with (DNA), based on active tem-
plate type. The pools of di- and monophosphates are
also separated, but the C, G and T contributions are
brought together. Hence, the three nucleotide types are
with this given similar properties. A schematic over-
view of this larger model is given in Fig. 3, with all
relevant substrates, enzymes, variables and reaction
fluxes shown. All variable definitions, differential
equations, algebraic equations and reaction fluxes are
equivalent to those for the smaller model and are found
in Appendix A.

The main difference in the two models is thus the
number of nucleotide variables. Including more varia-
bles makes it possible to distinguish between the
different types of nucleotides with respect to their
kinetic properties and inhibitory effects. It also allows
for more substrates to compete for the active site of the
apyrase.

The other aspects described above have all, to
some extent, been considered in the implementation
of this larger model. Adding the effect of dilution and
possible evaporation is straight-forward, and dilution
gradually decreases the enzyme and substrate concen-
trations. The incorporation efficiency is included as a
somewhat artificial factor, controlling the amount of

(DNA)n,T (DNA))H],T (DNA)n,G (DNA))H],G (DNA)H,C (DNA))H],C (DNA)II,A (DNA)IH-],A
r % % N % A PC\ G ) Vr )
/
/
| 1y

o, | dATP | & [ dCTP | & [ dGTP | a1, | dTTP |

apyrase v Vi Ve Vo

A Y

A
DNA polymerase \_Plu B

V, | ATP sulfurylase

V.

3, | dADP | 8, | dXDP=dCDP+dGDP+dTDP |

5
ETP v
‘ apyrase
| ADP ISAI)I’ vy | luciferase

apyrase v v

W g N P

& |[dAMP | & | dXMP=dCMP+dGMP+dTMP |

| AMP | Eaup

@

Fig. 3. Schematic overview of the Pyrosequencing reaction system as it is described in the larger model. The reaction fluxes are denoted by v;,
and Greek variables are utilized for the normalized substrate concentrations.
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matching DNA available for the corresponding nucle-
otide. This means that, for instance, 99% of the total
amount of matching DNA is spent during incorpora-
tion, and that 1% is not utilized and instead becomes a
candidate for future minus-shifts. In a similar manner,
the plus-shifts are simulated by an artificial factor for
incorporation of accumulated nucleotides. The factor
is in the order of a few percent (revealed in the
simulations), and is only applied if the amount of
accumulated nucleotide exceeds some threshold con-
centration. Multiples in the template strand are mod-
eled as an increased amount of PP; produced. The
incorporation efficiency and plus-shifts will of course
affect this factor.

3. Materials and methods
3.1. Experimental methods

An experimental reference case was taken from
Gharizadeh et al. [16], where human papilloma
viruses (HPV) were sequenced using the Pyrose-
quencing technology. For a description of the exper-
imental methods and conditions, see that article. The
HPV-31 amplicon will be used for comparisons be-
tween experiment and simulations.

3.2. Computer simulations

The simulations were performed on a Pentium 4
workstation running under the Unix (Red Hat Linux)
operating system. The systems of differential-algebra-
ic equations were implemented in MATLAB [26] and

Table 2
Enzyme and substrate concentrations

Compound Concentration (uM)
DNA polymerase 0.25

ATP sulfurylase 0.12

Luciferase 0.26

Apyrase 0.030

DNA 0.008

dATP 32

dCTP 0.92

dGTP 0.62

dTTP 32

The values were obtained from Gharizadeh et al. [16].

Table 3

Kinetic constants

Parameter Value Reported value Reference
keatpor (s71) 2 2-4 [17]
keatasut (571 33 38 [18]
keatue (571 0.015 0.015 [19]
K (s7) 1340 10* [20]
Ko (57 134 10° [21]
Kivel (uM) 0.1 0.1-0.2 [17]
Kover (nM) 5.1 5 [22,23]
K Asul (RM) 7 7 [18]
Kintue (1HM) 50 48.5+2.6 [24]
KON (uM) 114 120 [25]
Koy (uM) 260 260 [25]
KM (mM) 40 40 [25]*

? The inhibition constant was extrapolated using the reported
values.

solved with a stiff DAE solver. Consistent initial
values for the DAEs were calculated using a non-
linear least squares method.

The kinetic parameters, along with the initial
substrate and enzyme concentrations utilized in the
simulations are tabulated in Tables 2 and 3. The
substrate and enzyme concentrations were taken to
be the same as in the experimentally studied reference
case. This allowed comparisons between the results of
the simulations and the experiments. The kinetic
constants reported in literature [17-25], listed in
Table 3, were used as a starting-point for the simu-
lations. These values were later adjusted with the
intention of receiving a light pulse that bears as much
resemblance to the experimentally determined one as
possible. The values in Table 3 are a result of one such
optimization.

The parameters utilized for the larger model were
chosen to be the same as for the one-pulse-model,
since it is desired that a single nucleotide incorpora-
tion with the larger model, should produce the same
result as the smaller model.

Both models were run with a nucleotide dispensa-
tion time interval of 60 s, and the dilution constituted
an addition of 0.2 pl for each time interval to an initial
volume of 50 ul. The amount of evaporation in each
simulation was chosen as a constant value from the
interval of 0—0.2 ul per dispensation.
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4. Results and discussion

In this section, results from simulations with the
two models are presented. First, the characteristics of
a single light pulse are examined and discussed with
respect to the different parameters. Then the properties
of a pyrogram and several nucleotide incorporations
are considered.

4.1. Single nucleotide incorporation

4.1.1. Towards a realistic pulse

In Fig. 4a, a typical light pulse, obtained from the
real Pyrosequencing experiment [16], can be viewed.
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Fig. 4. (a) Experimental reference pulse, which is the second pulse
in the HPV-31 pyrogram taken from Gharizadeh et al. [16]. (b)
Light pulses generated with the one-pulse-model. The smaller pulse
corresponds to the literature parameters and the larger to the
optimized parameters in Table 3.

This pulse has been selected to act as a reference case,
with which the simulated pulses are compared and
fitted.

The model was first implemented with the kinetic
parameters found in the literature, and the result of
that simulation is depicted in Fig. 4b (smaller pulse).
The resulting response is pulse-shaped but with a
much faster time course compared to the experimen-
tal pulse.

To obtain a pulse more similar to the reference pulse,
the parameters related to kcat pol> kcat apyr Kgﬁg, Ko Asul
and Ky, apyr Were adjusted. Largest modifications were
needed for the catalytic constant of apyrase, which was
almost decreased by a factor 8, see Table 3. This is not
necessarily displeasing, since the uncertainty of this
parameter may very well be this significant. In general,
the uncertainties in the measured values are considered
large, mainly due to measuring difficulties and other
experimental conditions than those used in the Pyrose-
quencing process. For instance, the Pyrosequencing
temperature, pH and Mg/Ca concentrations are differ-
ent from the prevailing conditions of the experiments
where the reported data were extracted. The true
Pyrosequencing values may differ as much as 50—
100%, or more in some cases, from the reported
values. Furthermore, the system’s special sensitivity
of the Kcaapyr parameter is partly explained by the
fact that the catalytic constant affects the maximum
velocity V,pyr. Hence it is to some extent equivalent
to the apyrase concentration. More apyrase results
in a more efficient degradation of nucleotide and
ATP, and thereby the light producing reaction (3) is
shut off earlier. Less apyrase, on the other hand,
results in a decreased hydrolysis rate, and a slower
and more extended light pulse. If no apyrase is
included at all, the light response will continue until
either one of the substrates are consumed.

Using the values in Table 3, the larger light pulse in
Fig. 4b was obtained, and the resemblance with the
experiment is excellent. The numeric values of the
pulse characteristics for the three pulses are collected
in Table 4, and the similarity between the reference case
and the optimized pulse is apparent. It should be
emphasized that the light pulse height in the model
has been scaled to better agree with the reference pulse,
but since the signal is based on proportionality with the
ATP flux, the unit is arbitrary. The pulse height measure
is hence somewhat arbitrary and dependent on scaling.
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Table 4
Pulse characteristics the three simulated pulses in Fig. 4

Pulse characteristic Ref. case® Literature pulse® Optimized pulse®
Pulse height (arbitrary) 488 212 488

Rise time (s) 3.00 1.16 2.98

Decay time (s) 12.10 5.32 12.17

 Reference pulse taken from Gharizadeh et al. [16].
" Pulse generated with the parameters reported in Refs. [17—25].
¢ Pulse generated with the optimized values in Table 3.

4.1.2. Varying enzyme activity

How do the kinetic parameters influence the shape
of the light pulse? The simulations reveal very little
dependence on the luciferase properties. This is partly
explained by the slow dynamics of the enzyme
(kcatue=0.015 s '). However, smaller Ko e values
produce higher pulses as expected. The three addi-
tional enzymes, on the other hand, are all involved in
determining the properties of the pulse.

The effects of varying the catalytic constant of the
polymerase kcapo are shown in Fig. Sa,b. As is seen,
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the pulse height increases and the decay time decreases
with increasing kcapor until a saturation level is
reached, which is expected. However, increasing the
polymerase concentration £, causes the pulse max-
imum to decrease for high values of £, but lowers
the maximum if Ep, is small, see Fig. 5c,d. This
implies that there is an interval where an optimal pulse
height can be found. The values utilized in the experi-
ments lie within this interval and are marked with an
asterisk. The corresponding graph for the decay time
shows an optimal E, region as well. In fact, this
region coincides with that found for the pulse maxi-
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Fig. 5. (a) Maximum pulse height as function of the catalytic constant of polymerase kcaqpor. (b) Decay time as function of the catalytic constant
of polymerase kcaipor- () Maximum pulse height as function of the polymerase concentration £, (logarithmic scale). (d) Decay time as
function of the polymerase concentration £, (logarithmic scale). The values utilized in the simulations are marked with an asterisk.
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mum. The corresponding graph for the rise time shows
an equivalent behavior (not shown). Comparing the
effects of varying keapor and Ep, it is concluded that
the system is more sensitive to changes in the catalytic
constant, than to changes in the enzyme concentration.
Moreover, the optimal region is only observed when
varying E,.. Future experiments will reveal whether
this phenomenon is an artifact arising only in the
model, caused by a poor polymerase description, or
whether it is a true prediction.

Fig. 6 shows the pulse height (a), decay time (b)
and rise time (c) as functions of the ATP sulfurylase
maximum velocity Vag, for different values of the
apyrase velocity Vi, [curves (1)—(7)]. For this en-
zyme, varying Vaqy can be done either by altering
Easu or by altering kcy asu. The observation is that
the pulse maximum increases with increasing Vaqy
and decreasing V,p,,. This seems likely since more, or
a faster, sulfurylase will bring the ATP production
forward in time and thus also the light pulse. This is
observed in Fig. 6¢c. As a consequence, more light is
produced before the apyrase starts degrading the

A. Svantesson et al. / Biophysical Chemistry 110 (2004) 129-145

nucleotides to any greater extent. The same argument
can be applied to the apyrase. More apyrase will give
a more efficient hydrolysis of nucleotides, which
results in an earlier decay of the light pulse, and
hence the peak value becomes lower.

Analyzing Fig. 6a, it also becomes apparent that at
very high Vg, values the increase in pulse height is
less pronounced. Thus the enzyme activity has
reached a saturation level, above which the cost of
using more enzyme (or a faster) is no longer compen-
sated by the increase in pulse height and the decrease
in decay time.

For both the decay and rise times, the time courses
are decreased by increasing sulfurylase and apyrase
activities. The sulfurylase saturation effect is percep-
tible as well. The decay time is thus fairly insensitive
to changes in Vg, at least for higher velocities,
which is seen in Fig. 6b. However, changes in apyrase
activity substantially alter the decay time, which of
course is part of the apyrase’s main purpose. Howev-
er, looking at Fig. 6¢c, the apyrase’s influence on the
rise time is much smaller, and furthermore it is
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Fig. 6. (a) Maximum pulse height as function of the ATP sulfurylase velocity Vg, for different values on apyrase velocity Vipyr. (b) Decay time
as function of Vs for different V.. (c) Rise time as function of Vyg, for different V.. The ¥,y curves correspond to: (1) 200 pM/s; (2) 300
uM/s; (3) 400 uM/s; (4) 500 uM/s; (5) 600 uM/s; (6) 800 pM/s; and (7) 950 uM/s. The values utilized in the simulations are marked with an

asterisk.
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dependent on the sulfurylase velocity (larger differ-
ences between the curves for lower Vg, values).

4.2. A full pyrogram

The reference light pulse in Fig. 4a is the second
pulse in a full experimental pyrogram extracted from a
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DNA fragment run [16] of totally 34 nucleotides. The
second pulse was used instead of the first in order to
avoid initial calibration effects and the fact that the
first pulse corresponded to an A nucleotide (the
modified nucleotide) addition. The pyrogram is
shown in its full length in Fig. 7a, and acted as a
reference pyrogram.
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Fig. 7. (a) Experimentally determined reference pyrogram (HPV-31) taken from Gharizadeh et al. [16]. The nucleotide dispensation order is
ACGT and the time between additions is 60 s. Interesting peaks discussed in the text are indicated by arrows—minus-shift, solid, and plus-shift,
dashed. (b) Pyrogram simulated using an incorporation efficiency of 99% and a plus-shift effect of 3%. The nucleotide dispensation order is
ACGT, and the time between additions is 60 s. The beginning of a new dispensation cycle is marked with an asterisk.
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4.2.1. Plus- and minus-shifis

Fig. 7b displays a simulated pyrogram corres-
ponding to the reference case in Fig. 7a. The
simulation was carried out with the incorporation
efficiency set to 99%, and the plus-shift effect set to
3%. These values were chosen since they produced
a quite realistic pyrogram. Comparisons between the
two 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 fact that the maximum values do not
match perfectly is considered less relevant as argued
in Section 4.1.

The gradual decrease in pulse height is also cap-
tured by the model. Choosing a slightly smaller value
on the incorporation efficiency will produce a more
accentuated fall-off, since more and more template
will lag behind and hence give less matching tem-
plate. Moreover, a lower incorporation efficiency
results in higher, and in an increasing number, of
small pulses that eventually [after >100 dispensations
(not shown)] become inseparable from the true light
responses. These smaller peaks are a result of both
minus- and plus-shifts. Typical minus-shifts can, for
instance, be observed in Fig. 7b after the incorporation
of the three T:s. The following T-dispensation (at
2340 s) is higher than it would have been without
the minus-shift (cf. the next matching T at 2820 s).
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Looking at the next following T-dispensation (at 2580
s), there is a pronounced, relatively large, false pulse,
and the same is true directly after the first double C:s
(at 1020 s). These phenomena are present in the
reference pyrogram as well.

The plus-shift effect acts in the other direction and
is harder to detect in the pyrograms. Two distinct
examples are the preceding false pulses corresponding
to the last double A:s (at 3120 s) and double T:s (at
3300 s). A plus-shift pulse can also be observed at
3480 s. This pulse originates from the triple A:s in the
extra sequence GCAAA that continues the HVP-31
sequence in Fig. 7 (not shown). As time passes and
more nucleotides are dispensed, the effects of plus-
and minus-shifts are mixed, and serve as a general
loss in true pulse heights and an increase in false pulse
heights. Utilizing a plus-shift of more than 3% accen-
tuates this effect.

4.2.2. Pulse broadening

A progressed pulse broadening has been observed
in experiments. It is believed, with experimental
support, that this is to a large extent caused by product
accumulations and subsequent apyrase inhibition.
Figs. 8—10 display the accumulated concentrations,
60 s after the nucleotide dispensation, of all nucleotide
variables in the simulation as function of the number
of added nucleotides.
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Fig. 9. Accumulated (d)NDP concentrations during a simulation
with an incorporation efficiency of 99% and a plus-shift of 3%.
Each point corresponds to the concentration remaining 60 s after the
nucleotide addition.
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Fig. 10. Accumulated (d)NMP concentrations during a simulation
with an incorporation efficiency of 99% and a plus-shift of 3%.
Each point corresponds to the concentration remaining 60 s after the
nucleotide addition.

The dNTP concentrations in Fig. 8 show oscillating
behavior, and almost all remaining free nucleotides are
incorporated by matching lagging templates at the next
addition. As a consequence, no progressive accumu-
lation occurs. The difference in the values between the
nucleotide types are explained by the different
amounts used for dispensation. The ATP concentration
is kept at a relatively even level and no accumulation
occurs there either. The small variations in the ATP
graph follow the structure of the pyrogram. This means
that it displays somewhat higher values at multiple
incorporations, e.g. the triple T:s at the 36th nucleotide
addition. Furthermore, all five triphosphate concentra-
tions are in the order of 107'° to 107> M, which is
considered quite low. These pools of substrates are too
small to account for the plus-shift effect, since the
amount of template is in the order of 10~° M. More-
over, with a Michaelis constant for the polymerase of
5.1 nM, the incorporation of such small amounts of
accumulated nucleotides will be extremely slow and
will not have any significant impact on the plus-shift.
Hence, the accumulated dNTP is in reality most likely
to be several orders of magnitude larger than that
obtained in the simulations. Alternatively, there is
another explanation for the plus-shift effect, but this
requires further investigation.

Fig. 9 shows the corresponding plots for the
diphosphate variables. Again, the oscillatory behav-

ior is present for the d-types, but everything is not
decomposed during the 60 s following the addition.
Despite this, no real accumulation takes place. In-
stead, there is a balance between the in-flux and out-
flux of dANDP, which keeps the concentration at a
specific level. The only exception occurs during the
first four nucleotide additions where there is a short
initial transient. The balanced state lies at an even
level of ~10'® M. This means that the amount of
dNDP produced is equal to that hydrolyzed, and
since there is almost no accumulation of triphos-
phates, this amount should be approximately equal to
the dispensed amount of dNTP, which it is. Thus the
values obtained seem likely. Looking at the ADP
graph, the concentration is lower and varies, again
following the pyrogram structure, although now with
more fluctuations. It is somewhat displeasing that the
system does not show any diphosphate accumula-
tions. The apyrase inhibition is hence not large
enough in the simulations compared to experimental
observations [6].

The monophosphate concentrations are plotted in
Fig. 10, and unlike for the previously discussed
nucleotides, these show a very distinct accumulation.
In fact, the curves are quite linear, although the
increase is slightly larger for every fourth nucleotide
addition. This has to do with the delay effect
observed for the diphosphates. If the minimum value
of the dNDP concentration is reached three additions
later, the production of dNMP is more even, since
the hydrolysis is distributed throughout the whole
time cycle. Alternatively, if the minimum concentra-
tion is reached practically after the next addition, the
dNMP production makes a leap every fourth dispen-
sation. Another observation regards the numerical
values of the accumulated concentrations. The total
amount of accumulated dAMP originates from all
dATP added so far, since no accumulation of dATP
or dADP was registered. After 60 dispensations,
which correspond to 15 A dispensations, the amount
of dAMP should approach 15x3.2x10 °=4.8x10"°
M. Looking at Fig. 10, this is in fact the case, which
is reassuring. The slight irregularities observed in the
AMP graph coincide with multiples in the pyrogram
(see for instance, the little twitch at the 36th addition
corresponding to the triple T:s).

Finally, the effect of maximal dilution, i.e. dilution
with no allowed evaporation, can be viewed in Fig. 11,
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Fig. 11. Last pulse in a 34 nucleotide pyrogram (60 dispensations)
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simulations were performed with an incorporation efficiency of 99%
and a plus-shift of 3%.

where the last pulse (double T:s) in the pyrogram in
Fig. 7b (dashed) can be compared to the corresponding
pulse generated with dilution (solid). The dilution
causes a decrease in pulse height together with a pulse
broadening. Both effects are primarily explained by a
decrease in apyrase activity. The other enzymes are
also, to some extent, involved in the process, along
with the continued decrease in substrate concentra-
tions. In real Pyrosequencing conditions, evaporation
occurs, and the dilution effect is reduced. Pulse
broadening due to dilution is in fact regarded as a
rather small part of the total broadening observed in
experiments. This means that the evaporation is quite
significant. From a process optimization point of
view, the dilution is an unwanted effect, and thus
minimizing the evaporation is unnecessary, but the
rate of evaporation should instead be kept at the
same level as the rate of dilution, to obtain stable
conditions.

5. Conclusions and further research

A model describing single nucleotide incorpora-
tion with the Pyrosequencing reaction system was
developed. The simulated light pulse was compared
to experiments, and the resemblance was excellent.
Interesting aspects concerning the influence of
changes in the enzyme activities were illustrated. In

particular, for a certain range of polymerase concen-
trations E,, including that utilized in experiments,
an optimal pulse shape was obtained. Future experi-
ments will reveal whether this behavior is a true
prediction or not, which will help to validate the
model. Furthermore, a model of successive nucleo-
tide additions was implemented and the resulting
pyrogram showed good similarity with experiments.
The effects of minus- and plus-shifts were well
captured by two constant efficiency factors, and the
broadening effect could partly be explained by dilu-
tion. A weakness of the existing model is that the
accumulations of tri- and diphosphates are too small
or even non-existing. The possibilities of increasing
the nucleotide inhibition of the apyrase in some way
are being investigated.

The simulation results of the mathematical model
are very promising, and hence it is motivated to
further develop the model and make it more detailed
and accurate. The approaching task is to find a way
to replace the artificial factors of incorporation effi-
ciency and plus-shifts with a non-fixed variable. The
incorporation efficiency should, for instance, be
dependent on the polymerase velocity (i.€. Kcagpol
and E,), nucleotide concentration, time, and amount
of matching DNA. In order to include this in the
model, it is likely that a more sophisticated descrip-
tion of the polymerase’s kinetics is needed. There is
also the notion of the polymerase’s processivity. The
processivity is the number of nucleotides the enzyme
can incorporate before it lets them go off the DNA
strand. For the Klenow fragment it is said to be
approximately 20 [27], when the enzyme is saturated
by nucleotides. The present model utilizes a proc-
essivity of 1.

With these features added to the model, infor-
mation about the benefits and drawbacks of using a
different polymerase, with other kinetic properties,
can be investigated. This is particularly important in
examining the effects of a possible reduction in
nucleotide dispensation time. Moreover, once a
satisfactory model of the whole system is developed
and carefully examined, it is interesting to try and
optimize the process with respect to substrate and
enzyme concentrations, as well as the kinetic
parameters. Given a certain input the model could
find the best parameters producing an optimal
sequencing result. As DNA sequencing is quite
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time-consuming today, there is a lot to gain by
optimization.
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Appendix A. Equations for the larger model

Variable definitions

[dATP] [dCTP]
OA = aatp %C = acTp
Km,pol Km,pol
[dGTP] [dTTP]
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Differential equations
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deamp 1
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dor 1

— = “VIA
dt KDW]

Algebraic equations
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0= PTfree ( m p01 + Efrcc + EfrccaAfrcc) m pol(pT
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