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Summary

The peroxidase-oxidase (PO) reaction is the haem-peroxidase catalysed reaction of
molecular oxygen with NADH, and has been shown previously to behave in an os-
cillatory fashion. It has been used here as a useful laboratory model of the types of
complex biochemical kinetics that are evinced by cellular systems.

A laboratory apparatus for the study of this oscillator under conditions of steady-
state substrate influx was designed and characterised. A standard set of experimental
conditions was defined and a number of dynamical behaviours were observed using
horseradish peroxidase; these included switching between coexistent steady-states
(bistability), damped and sustained oscillations in the measurable components of the
reaction when using NADH as the reducing agent. Special attention was paid to
the methods of measurement of the mass-transfer of oxygen across the gas-liquid
interface, and the determination of the rate constants of two models of the process.
The reproducibility of the rate of oxygen mass-transport under standard conditions
was also examined.

A study of the physical and chemical parameters affecting the reaction was carried
out. Through a series of experiments at different pH values and using two different
buffers, it was found that the PO reaction has a pH optimum at approximately
5.0. Two pH indicators were tested for use with the oscillator: chlorophenol red
(3’,3”-dichlorophenolsulphonphthalein) and methyl red (4-dimethylaminobenzene-2’-
carboxylic acid), and both were found to inhibit NADH oxidation. The effect of ionic
strength was examined, and it was found that low ionic strengths favour oscillatory
kinetics.

The role of free radicals in the mechanism of the oscillator was probed by the use
of perturbants such as superoxide dismutase and ascorbic acid, both of which were
found to inhibit nonlinear oxidation of NADH. Tyramine (4-[2-aminoethyl]phenol),
4-aminophenol and 2,6-dichlorophenol were each tested for use in the PO reaction
as in place of 2,4-dichlorophenol, the most commonly used promoter of oscillations.
Tyramine was found to weakly stabilise oscillations, and its conversion to dityramine,

a reaction shown to be catalysed by horseradish peroxidase, was taken to be indirect

xii



SUMMARY xiii

evidence for the formation of a phenolic free radical. 2,6-dichlorophenol was shown
to be capable of generating sustained, and 4-aminophenol to completely inhibit, os-
cillations.

Three mathematical models of the peroxidase-oxidase reaction were developed.
Starting with a realistic model based on published and experimentally-verified rate
constants which gave rise to similar oscillations to those observed in laboratory exper-
iments, two successive reductions in the number of variables were made, generating
two further models that like the first showed oscillations when integrated numeri-
cally on a computer. The simplest model, in two variables, views the basis of the
peroxidase-oxidase reaction as being the interconversion of two forms of an enzyme
acting upon a substrate intermediate, the assumed autocatalytic nature of the reac-
tion providing the nonlinearity required for oscillations. A stability analysis of the
model was carried out, revealing the presence of a Hopf bifurcation, a fact that was

verified in computer simulations.



Chapter 1

Introduction

Dynamic phenomena are ubiquitous in the natural sciences, and no study of the chem-
ical branches of these sciences would be complete without knowledge of the kinetic
behaviour of chemical reactions. The study of the chemistry of living systems —
biochemistry — is no different, and it is the object of this present work to further our
knowledge of one little-known reaction catalysed by haem-containing peroxidases, the
peroxidase-oxidase reaction; this is, at the time of writing, one of only a few known
single-enzyme systems which is capable of displaying oscillatory kinetics. That oscil-
latory behaviour is possible in a chemical reaction has previously been the subject of
some debate in the scientific community, and prior to the work of Ilya Prigogine on
non-equilibrium thermodynamics [2] it was held that any set of reactants would ap-
proach chemical equilibrium monotonically. This was refuted by the theoretical work
of Prigogine, in which he showed that classical thermodynamics could not restrict the
time-dependant behaviour of ‘far from equilibrium’ systems, nor preclude fluctuations
in reactant concentrations about the equilibrium position. The theory gives credence
to several experimentally-known chemical oscillators, among which are the Bray re-
action [3|, which is the decomposition of hydrogen peroxide in the presence of the
catalyst iodide, the Belousov-Zhabotinsky (BZ) reaction, in which an organic species,
typically malonic acid, is oxidised by acid bromate ion [4, 5|, and the chlorite-iodide
reaction, first discovered in 1982 [6].

It is hardly surprising that with the growing number of chemical oscillators that
similar discoveries have been made in the field of biological chemistry. Several ex-
amples of biological phenomena with the potential for non-simple dynamics can be
given. Possibly the best known biochemical oscillator is that of gylcolysis. Glycolytic
oscillations in yeast were first observed by Duysens and Amesz in 1957 [7], and further
studied by Chance and others [8, 9, 10, 11]. Although the functional significance of
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time-periodic behaviour in the glycolytic pathway remains a matter for debate, this
is certainly not the case for another well-known biochemical oscillator, the cAMP
signalling mechanism of cellular slime moulds such as Dictyostelium discoideum, in
which cellular aggregation occurs in response to pulsatile secretion of cyclic AMP
and the outcome of which is the formation of the spore stage in the life cycle of these
species. Another area of biochemistry which has received much attention is that of
oscillations in intracellular calcium [12, 13, 14, 15]. Cytosolic calcium levels have
been observed to oscillate through the mobilisation of intracellular calcium stores by
hormone-induced inositol triphosphate (IP3) synthesis, which is itself activated by
calcium in the calcium-induced calcium release (CICR) model.

Common to all of these oscillators, chemical and biochemical, is the property of
feedback. The response to a small change in the concentration of one chemical species
may induce a much greater change in that of another if it is a promoter or inhibitor
in steps leading to the generation or removal of another species. For example, in the
glycolytic pathway the allosteric enzyme phosphofructokinase is modulated by ATP
and AMP, which alter its kinetic properties and binding affinity for the substrate
fructose-6-phosphate. Since ATP is a product of glycolysis, this may be viewed as
a form of negative feedback. Another property of some oscillators is autocatalysis,
whereby a reactant molecule increases the rate of its own formation, examples of
which would be feed-forward or feedback activations resulting in self-amplification of
signal molecules. As we shall see in future chapters, these concepts are relevant in

the mechanism of the peroxidase-oxidase oscillator, which is the subject of this work.

1.1 Theoretical concepts

Before turning to an historical account of the peroxidase-oxidase reaction, it will be
helpful to a better understanding of the subject matter if a brief introduction to
theory of dynamical systems is first given, as this will accustom the reader to some of
the terminologies used later. The kinetics of chemical reaction or group of reactions
are generally modelled by continuous-time differential equations, where the variables
x1(t), z2(t), ..., Ta(t) of the mathematical model represent the concentrations of n
reacting species at time t. The collection of such variables describes a point in phase
space, and a study of the rates at which the variables change can be thought of as the
time-evolution of the point in such a space. The rate laws of chemical reactions are
dependent on parameters such as rate constants, and so we assume that in a system
of n reactants, there will be m elementary reactions with rate constants ki, ka, . . . , kp,.
The simplest type of reaction scheme is linear, for which it is the case that m = n—1.
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In mathematical notation, a model of the rate of change of the set of concentrations

may be written in vector form as
dx(t)/dt = f(x; p) (1.1)

which is an m-dimensional system of (ordinary) differential equations, and x and p are
n- and m-dimensional vectors of reactant concentrations and parameters, respectively.
We shall assume that for some p, time ¢ = ¢, and initial conditions x(ty) = %o a
solution to Equation 1.1 exists, which we denote ¢;(to, %), or simply ¢;. ¢ is called
a flow, and for any given set of initial conditions the solution defines a set of points in
n-dimensional space which is called a trajectory. We note that for a chemical system,
or any model thereof, the values of concentrations will always be positive, although
the theory discussed here is of general application. A point y is said to be an w-limit
point of x if ¢; repeatedly enters some neighbourhood N of y as t — oo. The set
L(x) of all such points of x is called the w-limit set of x. A key property of a limit
set is that of its stability. A set L(x) is said to be stable if all nearby trajectories
remain nearby under the action of the flow ¢;, and unstable if nearby trajectories
(not on £(x)) move away from L£(x). The set L(x) is asymptotically stable if all x
nearby £(x) approach £(x) as t — oco. This stable, attracting w-limit set is called an
attractor.

The equilibrium points of (1.1) are the solutions to x* = f(x*), and their stability
may be considered in the same terms as the foregoing. The stability of the equilibrium,
or steady state points can depend on the position of the system in the space of
parameters p. A change in the pattern of stability can occur as p is varied, causing
one limit set to become unstable and a new, attracting limit set to become stable.
A qualitative change in the nature of the limit sets is called a bifurcation. We now
make the claim that for some systems there are attracting limit sets which are not
fixed, or stationary, states, but are periodic orbits. The purely general treatment of
stable limit sets does not preclude a closed loop in the n-dimensional phase space of
the phase space, and there exists one class of bifurcation called the Hopf bifurcation,
which describes how under the variation of a parameter an equilibrium point of the
system can lose stability as p passes through some critical parameter value, fi, and a
limit cycle becomes stable about the (now unstable) stationary state. A supercritical
Hopf bifurcation occurs when a stable limit cycle emerges as p increases through g,
and subcritical when it appears for pu < p.'. This is illustrated in Figure 1.1, which

shows the emergence and growth of a stable limit cycle in 2-dimensional phase space

! Alternative definitions of the terms supercritical and subcritical exist. See, for example, reference
(16].
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Figure 1.1: Hopf bifurcation to a limit cycle in -y phase space. The fixed point is the
origin in the (z,y) plane, drawn as a solid line along the parameter axis for p1 < p.. As the
parameter p is increased through a critical value y., the stationary state becomes unstable

(dashed line) and a stable limit cycle grows around it (heavy line).

as a parameter is varied. Figure 1.2 illustrates the behaviour of trajectories in a two-
dimensional phase space, first for the case p < p, in which trajectories spiral away
from the (unstable) limit cycle B’ and towards the (stable) stationary state A’. For
[ > pe, the limit cycle B is stable and fixed point A is unstable, with trajectories
moving towards B and away from A.

The appearance of limit-cycle behaviour in a chemical or biochemical reaction
is revealed by sustained oscillations in the observable components. The number of
oscillations per cycle denotes the period order. A single oscillation in one cycle is
called a period-1 oscillation, and higher periods are possible in systems of dimension
greater than 2. Bifurcations of period-1 oscillations to period-2, -4, -8,. .. ,2* are called
period doubling bifurcations. More complex patterns of behaviour are also possible.

As an illustration of the simplest, period-1 oscillations, we consider the following
abstract chemical reaction scheme due to Lotka [17]

A+X Fy ox
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< pe n>pe

Figure 1.2: Birth of a stable limit cycle as a bifurcation parameter p passes through a
critical value p.. The left figure shows a stable stationary state (A’); on the right, the
stationary state (A) is unstable, whereas the limit cycle (B) is stable, and is the attracting
limit set for trajectories of points starting both from the inside and outside the area that it

encloses.

X4Y % 9y
ke

Y = B
where X and Y are molecules in a homogeneous solution and A, B, and C are abundant
molecules (whose concentrations may be considered as constant). If we let  and y
represent the concentrations of X and Y at time ¢ then the following rate equations

may be used to model the scheme:

dzx
aka—k
7 x( b)Y

dy
= = (kyz — ke
o (kv — ko)y

These equations were used independently by Lotka and Volterra? in modelling
the above chemical reaction scheme and the dynamics of predator-prey interactions,

respectively, and consequently are usually referred to as the Lotka-Volterra equations.

2Volterra, V. (1926) Vatiazioni e fluttuazioni del numero d’individui in specie animali conviventi.
Mem. Accad. Naz. Lincei 2, 31-113. English translation in Chapman, R. N. (1931) Animal Ecology,
pp. 409-448, McGraw-Hill, New York.



CHAPTER 1. INTRODUCTION 6

A phase portrait is a useful graphical method of displaying the solutions to a set of
differential equations. The phase portrait of the Lotka-Volterra system is a plot of y
against = as the time is varied. The time courses of x and y and the phase portrait,
are plotted in Figure 1.3, which shows the concentrations of X an Y oscillating with
time, the solutions forming a closed curve in z-y space. In general, any two variables
of an n-variable system of equations may be plotted in this manner, which is the
usual method of displaying limit cycle behaviour.

1.2 The peroxidase-oxidase reaction

The overall equation for the oxidation of NADH by dioxygen and catalysed by haem-

containing peroxidases is
2NADH + O, + 2H'" — 2NAD" + 2H,0 (1.2)

and is called the peroxidase-oxidase (PO) [19] or peroxidase-NADH [20] reaction. In
the case of horseradish peroxidase, observations of its NADH-oxidation abilities in
vivo have been made [21].

Oscillatory kinetics of this reaction were first reported in 1965 by Yamazaki,
Yokota and Nakajima [22], who monitored NADPH and oxygen levels in a sys-
tem comprising horseradish peroxidase, glucose-6-phosphate dehydrogenase, glucose-
6-phosphate and NADP™*. The experimental system was held open through the con-
tinuous introduction of oxygen, and damped oscillations were observed in the concen-
trations of the substrates and of oxidation states of the enzyme. They observed that
the reaction was favoured by acidic pH, and noted in the same article that NADH
was the only known substrate that could be oxidised in an oscillatory manner, exam-
ples of other substrates being indole acetic acid and dihydroxyfumarate. Since that
time, however, oscillations have been observed using indole-3-acetic acid in place of
NADH [23].

In a subsequent paper, Yamazaki and Yokota reported [24] that the rate of os-
cillatory NADH oxidation was also a function of NADH concentration and oxygen
influx rate. Degn [25] stated that a key feature of the kinetic mechanism might be
substrate inhibition by oxygen, since Yamazaki and Yokota had noticed that at high
oxygen concentrations the peroxidase was converted to a catalytically inactive form
that they identified as Compound III, a complex of superoxide anion and the native
enzyme (see Table 1.1). Degn proposed that the enzyme rate law could be expressed

as:
VinOa

Km + 02 + Og/Ks

Vo = —d02/dt = (13)
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0,

Figure 1.4: Bistability introduced through substrate inhibition in an open system. The
graph show the points of intersection of the substrate inhibition curve given by Equation
1.3 with two lines, at different values of K, described by Equation 1.4. See text for further
details.)

with K,, as the Michaelis constant for oxygen and K the equilibrium constant of
oxygen binding to a catalytically active enzyme-oxygen complex, forming an inactive
species. If the experimental system was held open and if the oxygen transfer function

took the form

K being the oxygen transfer constant and O, the (fixed) concentration of oxygen in
the gaseous phase, then multiple steady states would be possible, predictable theoret-
ically by setting the rate equations (1.3) and (1.4) equal to one another and solving
for O,. Using graphical methods (see Figure 1.4), Degn showed that such a system
admits one or three steady state values depending on the value of K, given by the
points of intersection of the substrate inhibition and linear oxygen transfer functions.
With three steady states, the middle point is unstable and the other two are stable,
hence the coexistence of two stable steady state points (bistability), which Degn went
on to demonstrate experimentally in a study of the peroxidase-oxidase reaction in an
open system.

The oxidation states of horseradish peroxidase and their nomenclature are sum-
marised in Table 1.1. The history of the compounds referred to in the table can
be traced back to the seminal work of Chance [26], who studied the properties and
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Oxidation number (Fe) Name Abbreviation
LD ferroperoxidase Per?*
*3 ferriperoxidase Per3*
+4 Compound I Col
+5 Compound II Coll
+6 Compound III CollI

Table 1.1: Oxidation states of horseradish peroxidase.

reaction kinetics of horseradish peroxidase in its more usual role, that of the catalysis

of the general peroxidation reaction
AH,; + HOOR — ROH + A, (1.5)

and who called the oxidation states of the peroxidase “complexes”. Throughout this
document, the “compound” terminology is used since “Complex 1", “Complex 117,
etc., are more usually associated with the respiratory complexes of the mitochondrial
electron transport chain. A rapid-flow kinetics study [26] revealed that Compound
IT is the Michaelis-Menten, enzyme-substrate, complex of the peroxidative reaction,
which proceeds according to the following elementary steps; first, a reaction occurs
between native peroxidase (peroxidase-hydroxide, or Per-OH) and the peroxide, to
form Compound I:

Per — OH + HOOR — Per — OOH — I + H,O0, (1.6)

where the Per-OOH-I is Chance’s notation for Compound I in Table 1.1. This complex
undergoes a transition to a second compound, Per-OOH-II,

Per —OOH -1 — Per— OOH —1I, (1.7)
which reacts with an electron acceptor AH, to reform the native peroxidase,
AH; + Per — OOH -1 — Per— OH+A. (1.8)

These oxidation states of the peroxidase, along with the Compound III referred to
above, are all involved in the oxidation reaction of NADH.

In 1969, Nakamura et al. published the first recorded example of sustained os-
cillations in the peroxidase-oxidase system [27]. The enzyme was in this case lac-
toperoxidase purified from bovine milk, and the reaction was coupled to an NADPH-
regenerating reaction catalysed by glucose-6-phosphate dehydrogenase. The oscilla-
tions were observed at neutral pH, in order to maximise the efficiency of the recy-
cling enzyme [24]. Nakamura and coworkers observed that, unlike peroxidase from
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horseradish, the Compound III form of the enzyme did not readily break down to
(native) ferriperoxidase when oxygen levels declined sufficiently. They found that
methylene blue (MB) was a good promoter of Compound III decomposition and that
2,4-dichlorophenol (2,4-DCP) was very effective at stabilising oscillations, particu-
larly at neutral pH. These additional compounds have seen widespread use in studies
of the oscillators since this work was published. Nakamura et al. [27] used a pulse of
methylene blue to start oscillations.

A study of the NADH-oxidation catalysed by horseradish peroxidase in a closed
system was carried out by Yokota and Yamazaki [28], who examined the effect of
initial NADH concentration on the reaction dynamics, and found that elevated levels
of initial NADH increased the rate of production of peroxidase Compound III. Adding
trace amounts of HoO gave rise to an initial burst in Compound III formation, about
2 mol of which were formed per mol of the peroxide. This study also revealed that
the absorbance at 418 nm that is typically used to follow the Compound III form of
the enzyme may in fact be a combination of Compounds II and III, since its value
was found to be approximately the sum of the individual species followed at 463 and
452 nm, respectively.

Yokota and Yamazaki concluded their study with a computer simulation of a nine-
variable model of the peroxidase-oxidase reaction in a closed system that was capable
of reproducing the induction, steady state (during which oxygen is consumed and
H50, produced) and termination phases of a single oscillation.

Olsen and Degn [19] discovered that in the presence of 2,4-dichlorophenol and
methylene blue the phenomenon of bistability due to substrate inhibition of horse-
radish peroxidase by oxygen was no longer apparent, and also that 2,4-dichlorophenol
was necessary to observe sustained oscillations in an open reaction system. Their
experimental apparatus comprised an infusion pump to maintain the average NADH
concentration in the reaction and oxygen was introduced by blowing a regulated
oxygen/nitrogen mixture over the surface of the solution. In this and a companion
paper [29], it was proposed that the basic mechanism involved a free radical branched
chain reaction in which Compounds I and II were implicated in reactions determining
critical concentrations of NADH and O, that defined the switch to an oscillatory
mode. The theoretical model proposed was based on a model of the Bray reaction
due to Lindblad and Degn [30], since there were similarities between the waveforms
of NADH and diiodine in the two oscillators.

The peroxidase-oxidase reaction is recognised as the first enzyme reaction capable
of exhibiting chaotic behaviour, as was first discovered by Olsen and Degn [31] in 1977.
A conjecture was made that a next-amplitude plot of oxygen maxima A, versus
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A,, could be modelled by a discrete function (recursion relation) that would admit
period-3 oscillations, and therefore chaotic behaviour, by invoking a mathematical
theorem of Li and Yorke [32].

The bistability aspects of the PO reaction and its role in producing feedback
(specifically, feed-forward inhibition) were modelled by Degn, Olsen and Perram [33],
and a modified version of their model was used by Olsen to show the formation of a
strange attractor, a term first coined by Ruelle and Takens [34] in relation to models
of fluid turbulence.

Olsen [35] has extended the Degn-Olsen-Perram model [33] to include more ex-
otic behaviours than simple sustained oscillations. Certain patterns of oscillations
observed in experimental studies are successfully reproduced in the Olsen model. A
strange attractor was shown to exist for some combinations of the model parameters
using the next-amplitude plotting method described above, and this appeared to take
the form of a two-dimensional fractal.

Experiments by Lazar and Ross [36] showed that perturbation of the reaction via
oscillatory oxygen input to the PO reaction caused a shift in the average concen-
trations of oscillating species such as NADH. The frequency of the oscillating input
was an integral factor of the natural frequency of the oscillator prior to perturba-
tion. They also observed a phase shift between the reactant/product oscillations and
oscillations in free energy output (AG) which they likened to regulation of energy
transduction processes through modulation of reactant inputs.

Aguda et al. [37] have shown that a stable stationary state and oscillations may
be coexistent in the PO reaction, evidence for which became evident through per-
turbation of the oxygen supply. Cutting off the oxygen supply caused oscillations to
emerge from a stable steady state, which was reversible through the administration
of a pulse of hydrogen peroxide.

Geest et al. [38] reported that the concentration of 2,4-dichlorophenol can be
used as a bifurcation parameter, showing that both intra- and inter-experimental
variation of [2,4-DCP] gave rise to period-doubling bifurcations and chaos. Evidence
for the chaotic nature of the seemingly aperiodic trajectories was provided through
the discovery of a positive Lyapunov exponent, indicating sensitive dependence on
initial conditions.

Rys and Wang [39] attempted to show that deuterated NADH (NADD) increases
the amplitudes and periods of oscillations with the hope that isotope effects might be
useful in mechanistic studies of the reaction, however, as Olson [40] has pointed out,

reproducibility of this effect was not established, which limits the usefulness of their
study.
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Hauck and Schneider [41] created a continuous-flow well-stirred tank reactor?
for their study of this oscillator, and with it were able to observe mixed-mode and
quasiperiodic oscillations®. This behaviour was the first such that was experimentally
observed in the PO reaction; similar types of complex behaviour had been predicted
previously in a model by Larter et al. [42, 43].

Recent work on this oscillator has frequently focused on the roles of the auxil-
iary reagents methylene blue and 2,4-dichlorophenol. Low-level chemiluminescence
studies by Watanabe and Inaba [44] revealed fluctuations in chemiluminescence in-
tensity throughout the reaction; the type of oscillations included damped, sustained
and bursting types as the concentration of 2,4-DCP was varied. The reaction mech-
anism that they described assigned to 2,4-DCP (referred to below as DCP) a role in
catalysing the production of NAD*, the free radical form of NAD, through the agency

of superoxide anion, as follows:

DCP +0; — DCP* + O, (1.9)
DCP* + NADH — DCP + NAD® (1.10)

Since it has elsewhere been claimed that DCP promotes the decomposition of
ColII [19], Hung et al. [45] have proposed direct involvement of DCP with that species,

DCP + Colll — DCP* + Per®t + NAD® (1.11)

with DCP regenerated through 1.10.

The existence of NAD* in the PO reaction comes from absorbance spectra taken
after pulse radiolysis of NADH, in experiments performed by Land and Swallow [46],
who also noted the production of an inert NAD dimer, which we denote here NAD,.
The possible formation of NAD dimer as an end product of the PO reaction means
that the overall equation 1.2 may well be a simplification, a matter which will be
further examined in the mathematical models proposed in Chapter 7.

A role for methylene blue in the PO reaction has been suggested by Olson et al.,
whereby this species cycles between oxidised (MB*) and reduced (MBH) forms in
catalysing the reaction between NADH and O;. Hence the following reaction

NADH + O, + HY = NAD" + H,0, (1.12)

3CSTR
“Mixed-mode oscillations are discussed in Ch.7.
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may be viewed as the sum of two steps involving methylene blue:

MBH + O, + HY — MB* + H,0, (1.13)
MB* + NADH — MBH+ NAD" (1.14)

Hauser and Olsen [1] have studied the effects of naturally occurring phenols on the
PO reaction dynamics, including vanillin, o-coumaric acid, and various chlorophenols.
They concluded that the readiness of such phenols to form a phenoxyl radical (as
measured by the reduction potential) determined the type of behaviour: inhibition,
steady-state, damped, sustained or complex oscillations.

Kummer et al. [47] have demonstrated that structurally distinct peroxidases can
also catalyse the oxidation of NADH, and were able to observe oscillations with soy-
bean peroxidase, chloroperoxidase and microperoxidase, amongst others. Valeur and
Olsen [48] also published the first example of sustained oscillations using dihydroxy-
fumaric acid in place of NADH.

1.2.1 Experimental techniques

The methods of study of this oscillator in the laboratory have differed in the detail.
However, the majority of studies are conducted using a semi-batch apparatus, in
which one or both substrates (NADH and O,) were continuously infused into a stirred
reactor, and the products allowed to accumulate. Although such products as NAD*
are assumed to be inert, in the previously noted study by Hauck and Schneider
(p.12) the solution volume was maintained allowing excess volumes to drain out of
the reactor. In addition to the removal of products, the CSTR approach makes it
necessary to replenish the reactants lost by this method, including the enzyme and
other catalysts, which makes it a more costly option.

With respect to methods of NADH supply there are two that have been used, di-
rect infusion and coupled reactions, the latter of which has generally been a recycling
mechanism that uses glucose-6-phosphate dehydrogenase, with glucose-6-phosphate
and NAD(P)" in excess or continuously supplied. The direct infusion method has
typically featured a motor-driven infusion pump, however, Olson and Scheeline es-
chewed this method in favour of a pulseless delivery of NADH, since pulsatile infusion
might be contributor to the dynamics of the reaction. Their method [49] consisted of
pressurising a vial containing concentrated NADH with nitrogen gas, and regulating
the flow of NADH into the reactor by varying the applied pressure.

Oxygen delivery was usually performed using specialised apparatus. Olsen [29]
used a digital gas mixer to combine air and nitrogen using a custom-built apparatus
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originally described by Lundsgaard and Degn [50], that was also used in subsequent
work [33, 37]. More recent work has employed commercially available mass flow
controllers for the purpose of regulating gas flow, as exemplified by Hung and Ross [51]
and Olson and Scheeline [49], with one controller assigned to oxygen and another to
its diluent.

Reaction progress was measured directly by means of a spectrophotometer and
dioxygen probe. Absorbances of NADH and the peroxidase enzyme in its various
oxidation states can be monitored as well as the dissolved oxygen. Reactors have
frequently been quartz cuvettes, although the dimensions of these vary considerably
between research groups. Custom cuvettes were not unusual. Degn et al. [33] have
used hexagonal 5 ml cuvettes, and Olson [40] has used cost- efficient cylindrical quartz
vessels, taking into account the adjustments that must be made due to their atypical
optics. The CSTR cuvette of Hauck and Schneider used a Plexiglas reactor with
quartz faces for passage of the light beam of the spectrophotometer. One Plexiglas
side was used to house the oxygen electrode, a practice which is in common with
other experimenters [33, 38|.

Olson [40, 49] has made a rigorous examination of the experimental apparatus
and methodologies used to study the peroxidase-oxidase reaction and paid careful
attention to the details of oxygen and NADH delivery, the stirring apparatus, both
with regard to efficacy of mixing and its effect on oxygen transport constants, and also
the influence of wavelengths of light (for example, through continuous illumination
of a sample in a spectrophotometer) on the type and duration of oscillations. Olson
has demonstrated that oxygen transfer into semi-batch and continuous-flow reactor
systems is a mass transport phenomenon [52], and not diffusion-controlled. Due to
concerns with the use of stainless steel and its possible effect on the PO reaction
by acting as a catalyst of free radical production, Olson has used Teflon impellers
exclusively and conducted a study which showed that a stainless-steel coil inserted

into the reaction mixture can increase the lifetime of oscillations [40].

1.3 Aims

The aims of this work were: (i) to design and characterise an experimental apparatus
for the study of the PO reaction, (ii) to study the effects of pH and ionic strength,
and investigate the possibility of using indicators to follow pH changes in a weakly-
buffered reaction, (iii) to study the effects of (a) phenols other than 2,4-DCP and (b)
free radical scavengers on the appearance and sustenance of oscillations, and (iv) to

develop new mathematical models of the PO oscillator and to develop the simplest
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possible model that would sensibly describe the behaviour of the system.

Chapter 2 deals with the apparatus used in experimental work, and describes the
procedures used. Chapter 3 describes physical experiments that were used to test the
apparatus, and determine the control parameters. The general behaviours that were
observed in this study of the PO reaction are to be found in Chapter 4. An account
of the use of pH indicators, the variation of pH and ionic strength is to be found in
Chapter 5, as are the results obtained from studies where lactoperoxidase replaced
horseradish peroxidase. Chapter 7 describes three new models of the oscillator, using
as a basis a subset of the elementary chemical steps for which rate constants are
known [53], and relates where possible the simulation results of these models to the
laboratory data. Concluding remarks and a prospectus for future avenues of enquiry
are given in Chapter 8.



Chapter 2

Materials and Methods

2.1 Reagents

Horseradish peroxidase (immunoassay purity) was obtained from Sigma (St. Louis,
MO, Cat. No. P-8375, 288 U/mg) as a salt-free, lyophilised powder and stored at
-20°C, desiccated. B-NADH was purchased from Sigma as the disodium salt (Cat.
No. N-8129, 98% purity) and stored at 4°C. Methylene blue and 2,4-dichlorophenol
were obtained from Sigma (Cat. Nos. MB-1 and D-6023). Acetic acid and anhydrous
sodium acetate were obtained from BDH Limited (Poole, England, Cat. Nos. 3014
and 27013). For the assay of horseradish peroxidase, pyrogallol and hydrogen peroxide
were obtained from Sigma. Potassium dihydrogen orthophosphate and dipotassium
hydrogen orthophosphate were obtained from BDH. Distilled, deionised water from
a Millipore Milli-U10 water purification system was used in all experiments, unless
stated otherwise. 5% oxygen in nitrogen and 100% nitrogen gases were purchased
from Air Products Ltd, Dublin.

2.2 Apparatus

2.2.1 Overview

The reaction described by Equation 1.2 was studied in a thermodynamically open
system, where reduced nicotinamide adenine dinucleotide and gaseous dioxygen were
supplied steadily and continuously into a thermostated, homogeneous solution of per-
oxidase, buffered with 0.1 M sodium acetate/acetic acid and containing the auxiliary
reagents methylene blue (MB") and 2,4-dichlorophenol (2,4-DCP). An overview of
the components of the apparatus used is shown in Figure 2.1, which describes the

16
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Stirring Control

Figure 2.1: Overview of the experimental apparatus.

reagent inputs and data outputs. A more detailed picture is given in Figure 2.2.

2.2.2 Reaction vessel

The reaction vessel used in this study of the peroxidase-oxidase reaction was a quartz
1 X1 x 4.2 cm cuvette fitted with a Teflon lid in which holes were drilled for the
NADH and O,/N, mixture gas input capillaries, gas outlet, and oxygen electrode.
The solution volume was 2 ml, and was stirred from beneath by a magnetic stirrer
(Rank Bros., U.K., Model 200). The stirring bar, of dimensions 2 x 2 x 7 mm was
Teflon-coated. Figure 2.3 (see p. 19) shows the arrangement of the inlet and outlet
lines, oxygen electrode and stirring mechanism with respect to the cuvette.

The stirring control box featured a power switch and a single rotating knob which
lacked a graduated scale. A graduated overlay was constructed manually for the
knob which allowed the region between the minimum and maximum positions to be
subdivided on a scale of 0 to 100%, accurate to within + 5%. The manufacturer’s
specifications gave a minimum speed of 120 rpm and maximum of 1500 rpm for the
stirrer, both figures approximate. Assuming that these figures are those obtained at
the extrema of the speed settings and that a linear relationship exists between knob



CHAPTER 2. MATERIALS AND METHODS 18

100% N Donss Ll | Chart
Controller et
Flow Meter
5% Oq /Ny 1(\3/[(?3;5112? - Oxygen Meter
Syringe Oxygen Electrode
Pump
RS232
Spectrophotometer
Reaction
cuvette
Magnetic
. ; Stirrer
Circulating
Water Bath
‘ —— RS232
=
DAQ Signal Conditioning

Figure 2.2: Detailed diagram of the apparatus. NADH is contained in a syringe on the
syringe pump. Both the pump and the spectrophotometer are under computer control, via
a serial RS232 interface. Further details are given in the text. See the Glossary on p. 189

for definitions of abbreviations used.
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Figure 2.3: Diagram of the reaction cuvette.

position and stir speed, the following formula may be used:
s = 120 + 1380p/100 (2.1)

where s is the stirrer speed in rpm and p is the setting on the controller in percent.

2.2.3 Spectrophotometry

All absorbance measurements were made with a Kontron Uvikon 931 spectropho-
tometer fitted with a thermostated cell holder connected to a circulating water bath
(Julabo Labortechnik GMBH, Germany; Model U3). The instrument was a split-
beam type, and contained a reference cell position which could be used to subtract
a continually changing reference sample; in practice this was used to hold a buffer
blank. The spectrophotometer was controlled by an internal IBM PC-AT compatible
computer. Absorbance readings were usually taken every 6 seconds. Three wave-
lengths were used to follow the course of the peroxidase-oxidase reaction over time,
360 nm, 402 nm and 418 nm, which are usually taken as markers for NADH and two
oxidation states of the enzyme’s haem group. The software driving the instrument
was capable of remote control by a second external computer, a feature which was
used to advantage (see Section 2.2.7).

The cuvette was seated on top of the stirrer base in the cell holder. Aluminium
covers were constructed in-house to allow the passage of the dioxygen probe and

capillary tubing into the spectrophotometer whilst minimising the effect of stray light.
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2.2.4 NADH delivery

NADH was infused into the reaction solution from a Hamilton 1710 TLL 100 pul
glass syringe (inner diameter 1.46 mm) through a stainless steel, blunt-tipped needle
(Hamilton KF733; made to order) of outer diameter 0.21 mm, inner diameter 0.11 mm
and length 40 cm. The syringe was mounted on a syringe infusion pump (World
Precision Instruments, Model SP250i). The plunger of the syringe was depressed by
a pusher block on a rotating leadscrew driven by a microprocessor-controlled stepper
motor. Possible flow rates for the pump ranged from 0.01 ul/h (using a 10 ml syringe)
to 71 ml/min (with a 60 ml syringe).

The pump was equipped with an alphanumeric display and keypad. The volume
of solution to be delivered, and the required flow rate were entered before use. The
internal diameter of the syringe was entered directly or from a table of known syringe
types stored in the pump’s non-volatile memory. With this information all further
calibration and calculations were performed automatically by the pump. More fre-
quently, the included serial interface was used to control the pump from a remote
computer, which made changes to parameters faster and more convenient.

At the start of an experiment, the syringe was filled with NADH solution and
locked into place on the pump. The tip of the needle was then inserted into the
cuvette through a supporting sheath in the cuvette top, and the needle tip placed
approximately 2 mm beneath the surface of the liquid.

NADH influx rate can be expressed in units of either volume or concentration per
unit time (usually pl/h and mM/h, respectively). If the volume change is small, so
that the reaction volume in the cuvette remains approximately constant, then the

following equation may be used to convert between volume and concentration units

of flow rate:
CgU;
- 2.2
r= e (2.2)
where
r = NADH concentration-influx rate (mM/h)
¢s = concentration of NADH in syringe (mM)
Vr = reaction mixture volume (ul)
v; = NADH volume-influx rate (ul/h)

An heuristic derivation of the above equation may be constructed as follows. If there
are n mol in volume v, the concentration is given by ¢ = n/v. We wish to find the
rate of change of ¢, dc/dt, after making a small volume addition dv of substance at a

concentration ¢, in time dt. If the instantaneous concentration is ¢ = n/v, then after
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an arbitrarily small time increment dt,

n+dn

c+dc= .
v+ dv

Therefore

n+dn n
do= - —
v+dv w
__wvdn — ndv
v 4udv
Since dv < v this reduces to simply dc ~ dn/v. An expression for the concentration

change over time is
dc 1dn

dt  Vpdt’
where the Vr is the (constant) volume. The concentration of the added substance is
constant, so that the number of mol added will be dn = c,dv, so that dn/dt = csdv/dt.
Finally, if we let r = dc/dt and v; = dv/dt we obtain Equation 2.2 as an expression

for the concentration-influx rate r.

2.2.5 Oxygen delivery

Two gas cylinders, one containing 5% oxygen in nitrogen, the other pure nitrogen,
were each connected to a mass flow controller (Sierra Instruments, Inc., Model 840)
calibrated to 0-100 ml min~! (Oy/N;) and 0-200 ml min~! (N,), and accurate to
within £ 1% of full scale. Repeatability was £+ 0.2% of full scale (manufacturer’s
specifications). The mass flow controllers (MFCs) were connected to a dual-channel
control unit (Sierra Model 902c) which was used to set the gas flow rates. The gas
lines were joined downstream of the mass flow controllers to form a single stream with

oxygen composition variable between 0 and 5% and flow rate between 0 and 300 ml

On entering the cuvette, the oxygen stream can either be blown across the surface
of the solution, maintaining a specified oxygen composition in the gas headspace
above the liquid, or bubbled (at flow rates typically less than 50 ml min™!) into the
liquid by placing the end of the gas line about 2 mm below the surface. Rys and Wang
[39], and was the predominant method in the experiment's to be described here. In
order to maximise their effective accuracy at these lower flow rates, the MFCs were
recalibrated by the manufacturer to 0-20 ml min~! (Oy/N3) and 0-40 ml min~" (Ny),
giving a total possible gas flow rate of 60 ml min~!.

Gas composition was determined from the equation

et B0 (2.3)
Vo, o5 UN,
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where co, is the final composition of oxygen downstream of the joined gas lines, P
is the percentage of oxygen present in the oxygen gas tank, and vo, and vy, are the
individual flow rates of oxygen/nitrogen and pure nitrogen gases. As an example of
the use of this equation consider the case where P = 5%, vo, = 7.4 ml/min and vy,
= 12.6 ml/min, from which one can predict that the final composition of the gas will
be 1.85% in oxygen.

Relying on the manufacturer’s quoted accuracy for these devices, the improve-
ment in error associated with their recalibration may estimated as follows; if a gas
composition of 2% in oxygen at a flow rate of 20 ml/min was desired, the fraction of

the maximum possible oxygen composition would be given by

8+1%
20 &+ 3%’

which would equal 2/5. The error associated with the final composition of the gas
can be calculated from Equation (B.1) as 0.4% in oxygen. The corresponding value
for the mass flow controllers after recalibration to lower flow ranges would be less

than 0.1%, which is a significant improvement in accuracy.

2.2.6 Dissolved oxygen monitoring

A Clark-type electrode (Microelectrodes, Inc., Model MI-730) was used to measure
dissolved oxygen. The electrode was shielded by an acrylic housing 3 mm in diameter
containing electrolyte solution and with a Teflon membrane at its tip. The response
range of the electrode is 0-100% oxygen and sensitivity is 1700 pA in air at 25°C.
An oxygen meter (Microelectrodes, Inc., Model OM-4) performed the conversion of
current to voltage, and which could display oxygen readings as a percentage or in
millivolts. A chart recorder (Philips, Model PM 8252A) was used to monitor dissolved

oxygen data and record any changes made to gas flow rate or composition.

2.2.7 Data acquisition and instrument control

Voltage output from the oxygen meter was connected to a PCI-1200 (National In-
struments, TX, USA) data acquisition card installed in an Apple Power Macintosh
desktop computer (Model 7200 fitted with 32 Mb RAM). The voltage signal was
conditioned prior to sampling using a 5B-30 signal-conditioning module (National In-
struments) to remove 50-60 Hz electronic noise. The millivolt signal from the oxygen
meter was simultaneously converted from a 0-50 mV range to 0-5 V, which allowed

acquired data to be directly compared to percentage oxygen (0-5%).
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The data acquisition driver software was NI-DAQ (National Instruments) and
both the oxygen data sampling and control of the spectrophotometer and syringe
pump were coordinated by a LabVIEW (National Instruments Inc., USA) program,
PO_Control.vi, written by the author, the source code for which is given in Ap-
pendix A.7. The user interface of this program is displayed in Figure 2.4. Oxygen
data were acquired and displayed continuously. In addition to the signal conditioning,
software averaging was employed to further smooth the sampled signal. The spec-
trophotometer was programmed to take absorbance readings at user-defined regular
intervals and the pump parameters were read and set when desired. Three files were
 created automatically at the start of execution of PO_Control.vi: a pump log file,
an oxygen data file and a file containing any absorbance measurements. The pump
log file recorded the date and time of day, and thereafter any commands sent to the
syringe pump during the course of the experiment, along with the elapsed time in
seconds. The oxygen data file contained ASCII data in two columns: elapsed time
in seconds and oxygen reading in volts. The absorbance data file comprised three
columns, the first the time at which the absorbance measurement was taken (elapsed

time), the wavelength in nanometers, and the absorbance reading.

2.3 Methods

2.3.1 Peroxidase assay

The quantitative measure of peroxidase used in experiments was the pyrogallol unit of
enzymatic activity, defined as the amount of enzyme that will catalyse the formation
of 1.0 mg purpurogallin from pyrogallol in 20 s at pH 6.0 at 20°C. The activity unit
is desirable since it is independent of the degree of purity of the enzyme preparation.
Other enzyme measures are less direct, for example, the R.Z. (Reinheitszahl: the ratio
A403/Asg0) is a measure of haemin content and not catalytic activity [54]. Similarly,
concentration is dependent on the value of the molecular weight, inherently a less
precise measure since carbohydrate content must be taken into account.

The assay used was that of Sigma [55]. A 3ml, 1 cm path-length cuvette containing
2.10 ml water, 0.32 ml of 0.1 M potassium phosphate buffer at pH 6.0, 0.16 ml of
0.147 M hydrogen peroxide solution (1.67 ml of a 30% solution diluted to 100 ml with
water), and 0.32 ml of 5% (w/v) pyrogallol solution was equilibrated to 20°C in a
thermostated spectrophotometer. To this were added 0.10 ml of a solution containing
0.4-0.7 units of HRP per ml of 0.1 M phosphate buffer at pH 6.0, which was then
mixed by inversion and the absorbance at 420 nm monitored for up to 2 minutes.
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Figure 2.4: User interface of the LabVIEW program PO_Control.vi.

The maximal change in absorbance at 420 nm over a 20 s interval was noted and the

activity was calculated from the equation

maxa¢=20s AAq20
12 X (mg enzyme as solid/ml reaction mix)

Units/mg =

where the factor 12 is the absorbance coefficient (determined by Sigma).

' 2.3.2  Oxygen mass-transport constant

The equilibrium between the gas (g) and liquid (ag) phases of the reaction vessel may
be expressed as:

k
O2(g) ,f O2(aq)- (2.4)

- The differential equation describing the rate of change of oxygen concentration in the
- aqueous phase is

:; d[Oy(,
WOsten] _ 1, 10,9] - k- [Onen) (2.5
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The term k;[Os(y)] may be replaced with [O(q))eq by employing the equilibrium re-
lationship [O2(aq)leq/[O2(g)leq = kt/k—¢. Rearranging and integrating,

[O2(aq)] d[Og(aq)] t
=k, [ dt,
/0 [02(04)]&1 - [02(aq)] t/O

which yields
[O2(aq)] = [O2(ag)ea(l — eh-#) (2.6)
as an expression for the dissolved oxygen concentration at time ¢. In this model k_;

is the mass transport constant of oxygen.
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Figure 2.5: Determination of k_; from dissolved oxygen data. Equation 2.6 was fitted by

nonlinear regression to acquired oxygen data. The sampling frequency was 0.133 Hz. The

value of k_; obtained in this case was 0.99 £ 0.01 min~!.

The mass-transport constant was determined by first purging the contents of the
cuvette with nitrogen to achieve a baseline zero-oxygen concentration. Oxygen was
then reintroduced and the time course of aqueous oxygen recorded, which could be
modelled by the first-order growth process (2.6). This procedure was followed prior
to oscillatory experiments. The equation may be linearised by rearranging and taking

the logarithm of both sides to give

log([02(aq)]eq . [02(aq)]) = log[o2(aq)]€q - k—tt' (27)

The constants [Oy(qq)]eq and k—; can be obtained from a plot of log([O2(ag)]eq — [O2(aq)])
against ¢ and further optimised by a method of iterative linear regression, a method
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j developed by Olson [40]. Details of such a method and the source code of a computer

R

S

program written for its implementation are to be found in Appendix A.1. Nonlin-
ear curve fitting was the preferred method of determination of k_;, however, and

S

SR

DR e
s

was performed using Igor Pro graphing software (Wavemetrics, Inc., USA) by the
Levenberg-Marquhardt nonlinear least-squared algorithm. An example of dissolved
oxygen data is shown in Fig. 2.5 along with a curve defined by Eq. 2.6 fitted to the
re-equilibration portion.

Since the methodology describes a process whereby dissolved oxygen concentration
rises from zero to the equilibrium position, it may seem intuitively obvious that the
rate constant for gas entry into solution is that obtained from the application of
a simple equilibrium model such as (2.4). The measured quantity k_; is strictly
the reverse-phase mass-transport constant, but for convenience is termed the mass-
transport constant throughout this volume.

The equilibrium constant of the process is Keg = [Oa(aq)leq/[O2(g)leq = Ki/k—t.
Since [Oy(g)leq = O2(g) = constant and [Oy(4q)leq and k—; are obtainable by the methods
described above, the equilibrium constant can be calculated, and thereby the ‘true’
mass transport constant, k;. As an example, consider the case in which the gas stream
is 1.9% in O, the dissolved oxygen concentration is 21.6 uM and k_; = 0.55 min~".
By the ideal gas law (pV = nRT), and assuming standard conditions for the gas
(p=1atm; T = 298 K; R = 8.2058 x 1072 L atm K~! mol™!), the concentration
of gas is equal to 4.09 x 1072 M. The value of [Oy)] is therefore 7.8 x 107* M, and
K.y = 0.028, which finally gives 0.0154 min~' as the value of &, in this case.

2.3.3 Experimental procedure

It was considered desirable to select a set of standard experimental conditions as a
reference point which would describe a region of parameter space where oscillations
were most likely to appear and against which the results of other conditions could be
compared. The set so chosen is shown in Table 2.1. What follows is an account of a
typical oscillatory run under such standard conditions.

Into a clean 1 cm quartz cuvette were pipetted 1824.8 ul of a 0.1 M sodium
acetate/acetic acid buffer at pH 5.1, 50 pl of 8 uM methylene blue, 50 ul of 0.8 mM
2,4-dichlorophenol and 18.8 M horseradish peroxidase, all dissolved in 0.1 M sodium
acetate buffer. The stirring bar was added to the cuvette, which was then placed in
the thermostated cell holder in the spectrophotometer (set to maintain 25 °C), the
cuvette lid affixed and the join sealed using a strip of Parafilm. The stirrer control
box was switched on and set to a speed of 1155 + 66 rpm. A 100 ul Hamilton syringe
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Variable Value
Buffer 0.1 M sodium acetate, pH 5.10

0.01 M sodium acetate, pH 7.00
Enzyme horseradish peroxidase, 40 U/ml
NADH 0.08 M, in pH 7.0 buffer

Initial flow rate: 40 pl/h (1.6 mM/h)

Final flow rate: 30 pl/h (1.2 mM/h)
methylene blue 0.2 uM

2,4-dichlorophenol 20 puM

Gas Flow rate: 8 ml/min (Oz2), 12 ml/min (N3), bubbled
Composition: 2.0% in Oy

Stir speed 1155 rpm

Temperature 25°C

Table 2.1: Standard experimental conditions used in the peroxidase-oxidase reaction. The
solution volume was 2 ml for all experiments.

was fitted with the 40 cm syringe needle, filled with a solution of 80 mM NADH
dissolved in 0.01 M buffer at pH 7.0, taking care that bubbles were excluded, placed
on the syringe pump and locked into place. The tip of the gas line was inserted just
beneath the surface of the liquid in the cuvette as described in Section 2.2.5. A pure
nitrogen stream was bubbled gently into the solution to purge the contents of oxygen,
at a flow rate in the region 30-35 ml/min. During this period the LabVIEW program
PO_Control.vi was started and dissolved oxygen monitoring was commenced (see
Section 2.2.7) with a sampling frequency of 1 Hz. The start of oxygen data acquisition
was chosen as a convenient mark of zero time. When dissolved oxygen had reached a
resting level, the mass flow controllers were set to deliver 8 ml/min of 5% O, and 12
ml/min Ny, giving a total gas flow rate of 20 ml/min and composition of 2% oxygen.
The chart recorder was used to record changes in gas flow rate or composition. After
dissolved oxygen had re-equilibrated with the gaseous phase, the syringe needle was
inserted into its supporting sheath in the cuvette lid, and the tip placed beneath the
liquid meniscus. Neither the needle, stirring bar nor the oxygen stream entered the
light path of the spectrophotometer.
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A wavelength scan over the range 340-700 nm was recorded and saved to the
hard disk of the spectrophotometer’s internal computer (see Figure 2.7). The pump
parameters were set using the remote LabVIEW program, absorbance data acquisition
at 360 nm was commenced at a sampling rate of between 10 and 20 data points per
minute, and NADH delivery was started at 40 pl/h (1.6 mM/h). Within a period
of 5-10 minutes, dissolved oxygen began to decline. The rate of decline accelerated
until most of the oxygen in the cuvette had been consumed. NADH levels, which by
this time had risen from zero to about 0.1 mM, decreased also. Oxygen and NADH
increased again, and continued to oscillate regularly thereafter for more than an hour.
After the first two full oscillations had appeared the NADH influx rate was dropped to
a value of around 30 ul/h, which was chosen to balance the net rate of consumption of
NADH with its supply. A graph depicting aqueous oxygen and NADH time traces is
shown in Figure 2.6. At the end of the experiment, usually when the NADH supply
was depleted, the pump was stopped, a final absorbance scan was made, and the
execution of program PO_Control.vi terminated. Figure 2.7 shows the wavelength
scans obtained before and after the experiment.

The experimental conditions were recorded in a database! after each experiment,
which allowed for ready comparison of settings used on different occasions. An ex-

ample of one record taken from this database is given in Figure 2.8.

'FileMaker Pro 4.0, FileMaker Inc.
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Figure 2.6: Oscillations in dissolved oxygen and NADH. Experimental parameters were
as Table 2.1, with the exception of NADH volume-influx rate, which was 35 pl/h.
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Figure 2.7: Wavelength scans of a solution containing, initially, 40 U/ml horseradish
peroxidase, 0.2 uM methylene blue and 20 xM 2,4-dichlorophenol. Peaks on the first curve
are evident at 402 nm and 664 nm, which correspond to the haem moiety of the peroxidase
and the absorbance maximum of the electron acceptor, methylene blue. The second trace

shows the increase in absorbances below 400 nm after an oscillatory experiment, which is
due to the presence of NADH.
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PO Oscillator Experimental Parameters Acc. No.:23

Date: 6/8/1998 Time: 16:00

Reagent Concentrations

Buffers

Buffer Type: Sodium Acetate/Acetic Acid

Reaction Buffer Concentration: 0.1 M pH: 5.1

NADH Buffer Concentration: 0 M pH: 7
Peroxidase

Type: VI from horseradish

Specific Activity: 380 U/mg  Final Activity: 40  U/ml
NADH

NADH Concentration: 80 mM

Electron Acceptor Methylene blue
Concentration: 0.2 UM

Phenol
Phenol Type: 2,4-dichlorophenol Phenol Concentration: 20 UM
Physical Parameters
Gas Flow Settings
Oxygen Composition: 5 ¢, Gas Delivery Method: Bubbled
Oxygen Flow Rate: 8  ml/min Nitrogen Flow Rate: 12 ml/min
Final Oxygen Composition: 2 %
NADH Flow Settings
Volume Influx Rate, initial 40  pl/hr Influx Rate, initial 1.6 mM/hr
Volume Influx Rate, final 35 ul/hr Influx Rate, final 1.4 mM/r
Reaction Mixture Volume 2000 Ml
Stirring
Stirrer Speed Setting: 75 % Stirring Speed: 1155 rpm
Temperature
Temperature: 25 <€
Chart Recorder
Chart Recorder Speed 10 ~ mm/min Chart Recorder Range 50 ~ mV

Notes Standard conditions. Result: well-formed, sustained oscillations.

Ref.

30

Figure 2.8: Sample record from a FileMaker Pro database that was used to store the

experimental parameters from each oscillator run.




Chapter 3

Validation

3.1 Introduction

Certain physical properties of the apparatus described in Chapter 2 were investigated
in order to validate the results obtained in experiments, a imperative task given
the inherently nonlinear nature of the system. Among the most important of these
properties was considered to be the phenomenon of mixing: a well-stirred mixture was
essential in order to prevent the formation of travelling waves in solution, a common
property of excitable media (for a discussion from a theoretical standpoint see [56]). A
well-known chemical example is the Belousov-Zhabotinsky reaction, which generates
spiral waves in an unstirred medium. The effect of stir speed on reaction dynamics
has been examined in some studies (see, for example, [57]). Although stable spatial
structures have elsewhere been predicted to be impossible in a thermodynamically
open system such as this [33], solution homogeneity was nevertheless considered to
be an important objective in order to eliminate concentration gradients resulting from
reagent infusion.

Evaporation rates were investigated since any change in volume induced by passing
a gas stream into or over the surface of the solution would affect the concentrations
of all reactants.

3.2 Stirrer calibration

A basic measure of stirring ability of the system is the mixing time. In order to
observe the effect of stirring speed on mixing time, 10 ul of a solution of 0.2 mM
methylene blue were injected quickly by micropipette into 2 ml water in a cuvette,

and the absorbance at 664 nm was monitored until equilibrium was attained, for

31
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Figure 3.1: Absorbance spectrum of a 3 uM solution of methylene blue. A4, for this

compound is 664 nm.

stirring speeds in the range 400-1500 rpm. Methylene blue was chosen since it has a
high molar extinction coefficient at this wavelength (see Figure 3.1). The sampling
interval was 0.1 seconds. All measurements were performed in triplicate.

A computer program was written in Microsoft QuickBasic™ to compute the mix-
ing time, which was defined as the time taken for the absorbance to rise from its
baseline to within 5% of the equilibrium position'. The source code of the program,
MIXTIMES.BAS, is reproduced in Appendix A.3. The time courses generally reached a
maximum within a few milliseconds of the addition of dye and thereafter approached
equilibrium monotonically from above (see Figure A.2 on page 173). The region of the
graph after the maximum is smoothed by the computer program before the mixing
time is measured. A graph of mixing time, 7, as a function of stir speed is shown in
Figure 3.2. The fitted function suggests that a natural linearisation of the graph is to
take the reciprocal of 7 and plot with the same abscissa. The result is displayed in the
inset to Figure 3.2. A derivation of the equation for the error involved in the variable
1/7 is given in appendix B. Mixing time is under 2 seconds for stir speeds above 1000
rpm, which is comparable with values from other sources [49, 51], and was achieved
at settings above 65% of full scale on the stirrer control box (see Equation 2.1 in
Section 2.2.2).

'Or more precisely, 5% of the value of Agea(equilibrium) — Agea(baseline)
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Figure 3.2: Calculated mixing time as a function of stirring speed. Optimal mixing times
are less than 2 seconds. The fitted curve is purely empirical in nature and is described by
the function F(z) = a/(z + b). Inset: Transformed plot of 1/7 against stir speed. See text

for further details.
3.3 Physical properties

3.3.1 Evaporation rate

A natural consequence of the continuous oxygen supply was an increase in evaporation
rate of water from the reaction solution. Experiments were carried out to determine
the amount of evaporation at varying gas flow rates. In the first such experiment the
mass flow controllers were calibrated from 0-100 ml/min oxygen and 0-200 ml/min
pure nitrogen, respectively. The cuvette, gas input lines and stirring apparatus were
arranged as shown in Figure 2.3. A 2 ml volume of water was pipetted into the
cuvette and the mass of cuvette and its contents was noted. A stir speed of 948 &
69 rpm was used, and a nitrogen gas stream was passed into the headspace above
the liquid, which was thermostated, for a period of 45 minutes, after which time
the cuvette and its contents were re-weighed and the change in mass recorded. This
procedure was conducted in duplicate for gas flow rates in the range 0-200 ml/min
and at temperatures of 25 and 37 °C. The results are shown in Figure 3.3. From this
graph we may define the evaporation coefficient, e(F’; T'), as the slope of the regression
line, where F is flow rate (ml/min) and T is temperature (°C). The value of e(F'; 25)
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Figure 3.3: Evaporation rates as a function of gas flow rate. A nitrogen stream was passed
over the surface of a 2 ml volume of water in a cuvette for 45 minutes, and the decrease in
mass recorded. The stir speed was 948 + 69 rpm. Lines are fitted by linear regression. See
text or further details.

in Figure 3.3 is 2.3 x 107 and e(F;37) is 3.7 x 1075. The case of zero gas flow gives
evaporation rates of 0.249 pl/min and 0.435 pl/min at 25 and 37 °C respectively.

In oscillatory reaction runs in which the gas blowing method was used, the evapo-
ration rate was balanced by the NADH influx rate [49], using the calibration data of
Figure 3.3 as a guide. Another method of overcoming the evaporation effect is that of
humidification of the gas stream, as employed by Hung and Ross [51]. Initial studies
with humidification using an apparatus constructed in-house gave rise to artefactual
dissolved oxygen behaviour, possibly due to back pressure, and the claim has been
made that humidification can yield noisy oxygen data®.

With the nitrogen MFC calibrated to a 0-40 ml/min range a similar experiment
was performed, this time under gas bubbling conditions. A Dreschel bottle, purchased
from Philip Harris Ltd?, was used to humidify both gas lines; Figure 3.4 shows a
diagram of this item and its location relative to the other gas control instruments. As
before, 2 ml of water, equilibrated to 25 °C in a cuvette, were subjected to a bubbled

nitrogen stream over the range 10-40 ml/min for a period of 45 minutes, and the

?D.L. Olson, Chemistry Department, University of Illinois, personal communication.
3Philip Harris Ltd, Staffordshire, UK.
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change in mass noted. Evaporation rates were expressed in units of microlitres per
hour and were plotted as a function of gas flow rate (see Figure 3.5). The evaporation
coefficients defined above can also be applied to this method of gas delivery. From
the humidified gas series, the slope of the regression line was found to be 1.49. After
conversion of ordinate and abscissa to the same units of volume and time (dividing
the slope by 60,000) this gives a value for e(F;25) of 2.5 x 10~°. The corresponding
value for the case of bubbling dry gases is e(F;25) = 4.4 x 107°.

3.3.2 Methods of mass-transport constant determination

In Chapter 2 a model of oxygen equilibration between gas and liquid phases of the
experimental system was presented and a first-order equation describing the process
was derived (Equation 2.6). In this section the methods of determination of the
mass-transport constant will be elaborated upon, and certain practical issues arising
therefrom will be discussed. The first such is the nature of the equilibration curve, an
illustration of which is to be seen in Figure 2.5. Close examination of the data reveals
a slight lag-time in the rising portion of the dissolved oxygen data. This was mostly
evident in cases where gas bubbling was employed. The lower oxygen and nitrogen
gas flow rates that were required for this delivery method may have been responsible
for slower response times in the gas control apparatus, which were the effect of slower
gas mixing. Therefore, a study of the methods used to determine k_; was deemed
necessary.

An approximation to k_; may be obtained by the half-life, which in this instance
is defined as the time taken for the dissolved oxygen concentration to rise from its
basal value to half of the observed maximum. It is an approximation since (a) the
observed maximum will not reach the equilibrium position in finite time and (b) the
presence of a lag time will make the starting position less easy to determine. From
Equation 2.6, if t = ty/2, then [Oq)] = [O2(ag)leq/2, and k_; may be isolated from
the resulting expression to give

k—t = =y (3.1)
t1/2

To calculate the half-life, the minimum and maximum oxygen values were chosen,
and the starting position of the oxygen re-equilibration curve determined as the time
at which oxygen concentration reached a desired fraction f of the total change in
oxygen observed (Oy(maz) — Oz(min), or simply AO,). The half-life was defined as

the time taken for oxygen concentration to rise to within f.AO; concentration units

of AO2/2
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Figure 3.4: Diagram of a Dreschel bottle used in experiments determining the effect of
gas humidification on evaporation rate. A section of Figure 2.2 is reproduced which shows

the bottle as being placed downstream of the merged gas lines.
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Figure 3.5: Evaporation rates under gas bubbling conditions as a function of gas flow rate,
with and without humidification of the gas stream. A nitrogen stream was bubbled into a
2 ml volume of water in a cuvette for 45 minutes and the change in mass recorded. The stir
speed was 1155 rpm and the temperature was held constant at 25 °C. Points are averages of

duplicate readings and the lines are fitted by linear regression. See text for further details.
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As stated in Chapter 2, the method of determination of k_; most frequently em-
ployed was that of nonlinear least-squares fitting of Equation 2.6 to oxygen data,
which was performed by a Marquhardt-Levenberg algorithm with Igor Pro graphing
software. For this purpose a segment of data enclosing the region of dissolved oxygen
data to be analysed was chosen between time points tin and tmee. The value of tyax
was held constant and the lower bound gradually increased by a distance & from iy,
through the lag portion of the data, fitting the model to the data at each step. The
values of k_; and the goodness of fit parameter x? were recorded at each iteration of
the procedure. It is important to note that the data were rescaled to time zero during
curve fitting, which meant that points before t,,;, + d were ignored. It was observed
that a plot of x? versus § formed a parabolic arc, displayed a local minimum. The
value of k_, at the minimum was taken to be the mass-transport constant for that
data set. Figure 3.6 illustrates the method and shows a graph of both k_;, and x?
plotted against 4. The Igor Pro built-in programming language was used to construct
a routine that would automate the steps of the procedure, and its source code is given
in Appendix A.4.

Values for the mass-transport constant were found to vary markedly depending
on the method used, the optimised curve fitting method just described tending to
generate higher values than the half-life method. For example, the data shown in
Figure 3.6 (a) yielded values of 0.32 min~' from the half-life (with f = 0.01) and
0.69 min~! by nonlinear regression. The lag time made log-linear analysis of the
oxygen data more difficult?, in that the transformed data departed from linearity
at low and high time values, and occasionally did not display any linearity, which
made convergence to a stable value unlikely (see Equation 2.7 and Appendix A.1).
Data obtained using the gas blowing approach were more amenable to treatment by
log-linear analysis, but since such experiments were in the minority they will not be
discussed further here.

Although the lag time was in many cases only a small portion of the complete
time series data that were used to determine k_;, and its effect minimised using the
procedure outlined above, it will be interesting to see how a theoretical model might
be able to account for the observation. The response time of the gas apparatus
combined with the bulk volume of gas contained in the tubing leading to the cuvette,
and also the efficiency of gas mixing, may contribute to the lag. A point of note is
that the response time of the electrode is lower than the lag, so is unlikely to making
a significant contribution. An extension to the Olson model of oxygen mass transport
(Section 2.3.2) can be made by proposing that the oxygen gas passes through an

1See Equation 2.7 and Appendix A.1
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Figure 3.6: Best-fit value of the mass-transport constant. Graph (a) shows sample oxygen
data which indicate the boundary times (tmin and tyqz) used to delimit the region used for
curve fitting, and the time increment & that was an offset to the minimum. The data in this
region were rescaled to zero time before applying Equation 2.6 in a nonlinear least-squares

regression analysis. In (b) the values of the k_; and goodness of fit parameter x? are plotted

against the variable §.
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intermediate step, which can be interpreted as the delivery through the gas tubing
from the mass flow controllers. Denoting the concentration of oxygen at the point
of mixing by A, its concentration in the gas tubing and in the gas headspace above
the liquid (relevant in the technique of gas blowing) by z;, and the dissolved oxygen
concentration by x,, it is proposed that the measured oxygen concentration is the
product of two equilibria:

ABB&C. (3.2)

k-1 kg

where B and C represent the oxygen in transit and in solution, respectively. Similar
to the theoretical treatment of the model given in Section 2.3.2, the assumption is
made that the oxygen gas concentration at the source (A) is a constant, which gives

us a linear system of ordinary differential equations in two variables

d

% = k1A~ (ko1 + ko)z1 + k_omy (3.3)
dz

d_t2 = kexy — k2T (3.4)

in which x; and x5 represent the concentrations of B and C, subject to the initial
conditions z; = x5 = 0. Solutions can be obtained by using Laplace transforms [58] to
translate from time t to a new independent variable s. The new dependent variables,
Xi(s) and X,(s) are, respectively, the Laplace transforms of z,(t) and x2(t), and the

differential equation system above becomes

k1A
sX; —21(0) = 81 — s+ BX + B X
8X2 = LL‘Q(O) == k‘gXl == k_2X2

Substituting the initial conditions and solving for X; and X, gives

. kiA(s + k_»)
DT (824 (bt + koot ke)s + k_ikoa)
k_1ko A
Xy, =

s(s2+ (k-1 + k_g + k2)s + k_1k_2)

An expression for z5(t) is all that is required, which is obtained by taking the inverse
Laplace transform of the second of these two expressions. Before doing so, we observe

that the quadratic in the denominator of the expression for X will have two roots,

which we call a; and as, thus

ay2 = ’%[_(k’—l + k_o9 + k'g) = F] (35)
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where

T = /(ko1 + k_g + kp)2 — 4k_1k_, (3.6)

This simplifies the expression for X5, making it easy to convert Equation 3.5 to partial
fraction form,

k_1k2A1+ k_1ko A 1 4 k_1ks A i

Y(s) =
(5) ara2 s ay(ay —az)s—a;  ax(a; —az) s —ag

before taking the inverse Laplace transforms of each term, to yield

bk A kakAd L, kakA

a,as as(ay — ay) ai(a; — az)

gl )] = ' (3.7)

Upon observing that aja; = k_1k_5 and a; — ay = I, this simplifies to

koA
ralt) = 72 (1 + Temt %e“zt) (3.8)

Figure 3.7 shows an example curve generated using Equation 3.8 that is overlayed
by some real dissolved oxygen data in which a lag was apparent, and from this it
is evident that the model is capable of reproducing the lag phenomenon. Nonlinear
regression analysis was not able to find a good fit to the data using the Igor Pro
graphing software, and trial and error was used to obtain the results illustrated.
It would appear that the complexity of the model solution makes it unsuitable for
application to laboratory data, and so the single equilibrium model has been used for

all analyses.

3.3.3 Effect of gas flow rate on k_;

In studies on chemical oscillators the rate at which reagents enter or leave a ther-
modynamically open system has been shown to have an important influence on the
resulting dynamical behaviour. Since one of the substrates of the peroxidase-oxidase
reaction is oxygen, it was necessary to study the physical parameters controlling its
rate of transport across the gas-liquid interface. The mass-transport constant is the
natural measure of the latter, and its dependence on the total gas flow rate was
examined.

The standard reaction cuvette used in the study of the peroxidase-oxidase reaction,
containing 2 ml of distilled water, was placed in a thermostated cuvette holder and
after equilibration to 25 °C a pure nitrogen stream bubbled into the liquid at a
flow rate of 30 ml/min. The stirring speed was set to 1155 rpm. When dissolved

oxygen had reached a constant minimum the gas composition was changed to 2%
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Figure 3.7: Example curve of the bi-equilibrium model of oxygen delivery. The values of
the parameters were: k_; = 0.32 sl ky=0.1 s™!, k_o =0.095 sl and A =20 uM. Also
shown (dotted curve) are oxygen data obtained in the laboratory for which a lag period was
evident. The chosen values of the parameters of the model were those which gave the best
fit to the data.
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Figure 3.8: Mass-transport constant versus gas flow rate. The stir speed was 1155 rpm
and the temperature was held constant at 25 °C. Points are averages of duplicate readings
and the fitted curve is an exponential function used to illustrate the apparent trend. See

text for details.

in oxygen, with a total gas flow rate of 20 ml/min, and the system was allowed to
re-equilibrate. The oxygen data were collected for analysis using the data acquisition
system described in Section 2.2.7, and the mass-transport constant was determined
by the nonlinear regression method of Section 2.3.2. This procedure was repeated
for total gas flow rates in the range 5-40 ml/min incremented in steps of 5 ml/min;
duplicate readings were obtained at each gas flow rate. mass-transport constants are

plotted against gas flow rate in Figure 3.8.

3.4 Chemical properties

Some properties pertaining to the chemical components of the reaction system under

study are described in this section.

3.4.1 NADH stability

Since the peroxidase-oxidase reaction is studied at acidic pH values, where NADH is
known to be unstable, it was deemed appropriate to measure the rate of degradation
of this reagent in the buffer used for a typical oscillatory run. To this end, a stock
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solution 0.94 mM of S-NADH (disodium salt) was prepared in a 0.01 M sodium
acetate solution at pH 7.4. Two buffers were made: 0.1 M sodium acetate/acetic acid
at pH 5.1 and 0.1 M Tris-HCI® (pH 7.4 at 25 °C), which was used as a control. The
stock NADH was diluted in a quartz cuvette to 0.08 mM with one of the two buffers
to give a total volume of 2 ml, then equilibrated with a 2% oxygen stream and to a
temperature of 29 °C in a spectrophotometer. The mixture was continuously stirred
at a rate of 1086 rpm. Absorbance readings were taken every 30 seconds at 340 nm
for a 10 minute duration. The procedure was repeated in triplicate using the sodium
acetate buffer at acidic pH and the data averaged. The results were fitted by a linear
model and the values of the slopes thus obtained were converted to concentration
units. The data are summarised in Table 3.1.

Standard Control
Buffer 0.1 M NaAc 0.1 M Tris-HCI
Degradation Rate (uM/h)  13.94+0.2 0.0 +0.1

Table 3.1: Rates of degradation of NADH at pH 5.1 and 7.4, in 0.1 M sodium acetate/acetic
acid (NaAc) buffer and 0.1 M Tris-HCI, respectively.

3.4.2 Enzyme stability

The stability of a stock solution of horseradish peroxidase in 0.1 M acetate buffer at
pH 5.1 was examined. Horseradish peroxidase (Type II) was purchased from Sigma as
a lyophilised powder. On a 4-digit mass balance, 4.0 & 0.1 milligrams of the enzyme
were weighed and dissolved in 1 ml of 0.1 M sodium acetate/acetic acid buffer at
pH 5.1 and stored at 0-4 °C. The stock preparation was assayed for peroxidative
activity by the Sigma method (Section 2.3.1) on several occasions over the course of

a week. A graph of activity against time is shown in Figure 3.9.

3.5 Discussion

The results of Section 3.2 have shown that mixing times of approximately 2 seconds
or less could be expected from the stirring apparatus used in this work at stirring
speeds over 1000 rpm. Other factors affecting mixing efficiency were not investigated,
among them the position and shape of the impeller. Treybal [52] states that stirring

5The pH 7.4 Tris-HCI buffer was made as follows: 50 ml of 0.1 M Tris(hydroxymethyl)amino-
methane, 42 ml 0.1 M HCI, both at 25 °C, were mixed and diluted to 100 ml with H,O.



CHAPTER 3. VALIDATION 44

400 —

300 —

200 —

Activity (U/mg)

0 —

I I I | I
1 2 3 4 5 6 7 8
time (days)

)

Figure 3.9: Stability of horseradish peroxidase. The activity of a stock solution of Sigma
Type II horseradish peroxidase in 0.1 M acetate buffer at pH 5.1, final concentration
4.0 mg/ml and stored at 04 °C, was measured regularly over the course of a week us-

ing the pyrogallol assay method described elsewhere (Section 2.3.1).

from the middle of the liquid allows convection currents to form above and below the
stirring position, optimising mixing efficiency. Olson [40] took this approach, using a
cylindrical 7 ml quartz cuvette, stirring from above and radially off centre, with the
dioxygen probe acting as a baffle. However, the smaller solution volume used in the
present work helped to make such considerations unnecessary.

Water loss by evaporation was balanced by the infusion of NADH stock solution
into the reaction mixture. A more dilute stock NADH solution was used when higher
volume-influx rates were required, in particular for the method of blowing gas into the
headspace situated above the liquid surface. The evaporation coefficients (page 33 et
seq.) obtained under gas bubbling conditions are higher than those corresponding to
gas blowing due to the increased surface area implicated in the former case. This ex-
planation may also account for the 3- or 4-fold difference in mass-transport constants
observed using these two gas delivery methods under otherwise similar experimental
conditions.

The stability of HRP in concentrated stock solution has been demonstrated (see
Figure 3.9). In practice enzyme was weighed approximately once a week and stored as
a 16 mg/ml solution in 0.1 M Na acetate buffer at 0-4 °C until required. Appropriate
dilutions were made into a 10 ml volumetric flask, 2 ml portions of which were used

for a single experiment. Since much of this stock was unused at the end of each day,
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and such dilute solutions would eventually give rise to artefactual behaviour if stored
for several days (Section 4.2.6) it became common practice to prepare the reaction
mixture in situ, which was a more economical use of the enzyme preparation.

During an oscillatory run the time-evolution of NADH concentration was not
followed at its Apqz of 340 nm because it was usually present in the reaction mixture
at concentrations too high to be measured with accuracy at this wavelength. After an
oscillatory run, wavelength scans below 340 nm revealed that absorbances remained
elevated, indicating that the ascending shoulder of the NADH peak could not be used
any more reliably than at the NADH A,,,,. This was probably due to the presence
of other products of the reaction, most probably NAD™.

With the preceding experiments the apparatus described in Chapter 2 for the
study of the peroxidase-oxidase reaction has been effectively characterised and the

methodology validated.



Chapter 4

Dynamical Behaviour

4.1 Introdﬁction

This chapter commences with a description of the various modes of kinetic behaviour
observed with this oscillator, beginning with the most simple dynamics and advancing
through to examples of irregular and artefactual behaviour. System response to
physical and chemical perturbations will be discussed in following sections, which
conclude with a discussion of the important topic of reproducibility and its relation
to comparisons with published work from other laboratories. Materials and methods

used were those of Chapter 2, unless otherwise indicated.

4.2 Oscillations

4.2.1 Single

The first experiments made with the oscillator yielded nonlinear behaviour in the
form of a single ‘oscillation’, or spike, in the absorbance of the peroxidase at 418 nm
(Amaz of peroxidase compound III, which is possibly a ferriperoxidase-O; complex), an
example of which is shown in Figure 4.1. The experimental parameters contain points
of similarity to those quoted in both Rys and Wang [39] and Olson and Scheeline [49].
Higher NADH infusion rates resulted in a sharper peak in A4g, qualitatively similar
to the data of Rys and Wang, but no further oscillations were observed at longer
times.

A second example is shown in Figure 4.2, which shows a sharp nonlinear change
in both the dissolved oxygen and A4 traces after a perturbation. The reaction
commenced with the start of NADH infusion, and as the dissolved oxygen approached

46
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Figure 4.1: Single oscillation in the absorbance of peroxidase compound III. Composition
of the reaction mixture was as follows: 107 U/ml HRP, 0.2 M methylene blue, 20 M
2,4-dichlorophenol, dissolved in 0.1 M sodium acetate at pH 5.2. A solution of 57.6 mM
NADH in 0.01 M sodium acetate (pH = 7.2) was infused at a rate of 150 ul/h, a 1 ml
plastic syringe being used place of the 100 xl Hamilton type (see section 2.2.4. The oxygen
composition was 2% Oz, blown into the gas headspace above the solution at a rate of 100
ml/min. The temperature was maintained at 25°C. Stir speed was 1017 + 69 rpm.

a steady value, the oxygen supply was cut off for approximately 5 minutes. Upon
the reintroduction of gas the dissolved oxygen concentration in the reaction mixture
rose quickly. Instead of levelling in the region of the first steady state, the direction
reversed spontaneously and the oxygen level fell to a lower steady state value. This can
be interpreted as a demonstration of bistability in the PO reaction, that is to say, the
coexistence of two stable steady states. Further changes in gas flow rate, specifically,
increases in gas flow rate and composition, did not induce similar switching behaviour
after the occurrence described. The fact that the procedure was not repeatable within
the same experiment might contradict the interpretation being made here, since it
contrasts with results from an earlier report by Degn et. al. [33]. However, the

switching behaviour is still a valid example of the nonlinear character of the system,

and reveals the potential for more complex behaviour.
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Figure 4.2: Putative bistability in the peroxidase-oxidase reaction. Shown are dissolved
oxygen concentration and compound III absorbance, with arrows indicating where oxygen
supply was cut off and reintroduced. The reaction mixture contained 35 U/ml HRP (approx.
2.6 uM), 0.2 uM methylene blue, 20 uM 2,4-dichlorophenol, dissolved in 0.1 M sodium
acetate at pH 5.2. The NADH concentration was 200 mM in 0.01 M acetate, infused at a
rate of 1.6 mM/h from a 1 ml syringe. The oxygen composition was 1.9%, bubbled into the
solution at a rate of 10.2 ml/min. The temperature was 29°C, and stir speed was 1017 + 69

rpm.

4.2.2 Damped

Damped oscillations were observed with this reaction on a number of occasions; the
data from selected experiments will be used here. Oscillations in ColIl are shown in
Figure 4.3, and combined dissolved oxygen and NADH time series data are shown
in Figure 4.4. The method of initiation of oscillations is that of Section 2.3.3, where
NADH was infused into a solution of horseradish peroxidase in equilibrium with an
oxygen/nitrogen gas mixture. The linear upward trend seen towards the end of
the NADH time series in Figure 4.4 indicates that there is a residual rate of NADH
influx in excess of its mean rate of oxidation. Given from a separate experiment
that the molar extinction coefficient of NADH at 360 nm, e}4PH is 3950 mM!
cm™!, some simple calculations can be performed. The slope of the data in the range
20.5-25 minutes is 3.89 x 1073 + 8 x 107> mM/min; the average rate of change of
NADH concentration in the reaction is therefore 0.234 £+ 0.005 mM/h. Since it is
being infused at a rate of 2.25 mM/h (computable from the details in the legend
to Figure 4.4 and Equation 2.2) this gives a mean oxidation rate of approximately

2 mM/h under these conditions.
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Figure 4.3: Damped oscillations in ColIl. Experimental conditions were: 23.4 U/ml HRP,
0.2 uM MB, 20 pM DCP, in 0.1 M sodium acetate buffer at pH 5.1. The reservoir NADH
concentration was 203 mM, infused at 1.6 mM/h, 1.9% oxygen was bubbled at 10 ml/min;
the temperature was 29°C, and stirring speed was 1155 rpm.
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Figure 4.4: Damped oscillations in the peroxidase-oxidase reaction. Experimental condi-
tions were: 23.4 U/ml HRP, 0.2 pM MB, 20 M DCP, in 0.1 M sodium acetate buffer at pH
5.1. Initial NADH concentration was 150 mM, infused at 1.2 mM/h into a solution volume

of 2 ml; 1.9% oxygen was bubbled at 10 ml/min, the temperature was 29°C, and the stir
speed was 1155 rpm.
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Figure 4.5: Sustained oscillations in the peroxidase-oxidase reaction. Shown are time series
data of dissolved oxygen and NADH, the former drawn using a heavier line style. Experi-
mental conditions were: 40 U/ml HRP, 0.2 uM MB, 20 uM DCP, in 0.1 M sodium acetate
buffer at pH 5.1. NADH stock concentration was 80 mM, infused at 35 ul/h (1.4 mM/h)
into a solution of volume 2 ml; 2.0% oxygen was bubbled at 20 ml/min, the temperature

was 25°C, and the stir speed was 1155 rpm.

4.2.3 Sustained

Sustained oscillations in all of the observable components of the reaction were ob-
tained in various experiments. The standard experimental conditions shown in Ta-
ble 2.1 describe a region of parameter space where sustained oscillations were fre-
quently observed. As will be described in later sections, minor deviations from the
exact conditions did not inhibit the dynamics per se, but did in some cases alter the
shape of the waveform of oscillations. An example of sustained behaviour is given
in Figure 4.5, which shows the time courses of dissolved oxygen and NADH concen-
trations in the reaction mixture, for experimental conditions close to those of the
standard set. Sampling frequencies were 1 Hz for the oxygen trace and 0.166 Hz for
the absorbance of NADH at 360 nm.

The semi-batch nature of the experimental system has the disadvantage that prod-
ucts are allowed to accumulate in the reaction vessel, possibly altering the conditions
of the reaction throughout an oscillatory run, which contrasts with the continuously
stirred tank reactor (CSTR) approach of Hauck and Schneider [41], where reactant
influx is balanced by removal of excess liquid volumes. The present method was ca-

pable of maintaining oscillations for several hours, sufficient to observe the dynamics

and acquire data for later analysis.
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Figure 4.6: Reconstruction of the attractor using the oxygen data of Figure 4.5, which
shows the system settling down to a regime of stable period-1 oscillations. One thousand and
twenty-four data values are plotted, commencing at 1700 seconds. The sampling frequency

of the oxygen data was 1 Hz. The value of T" is 20 s. Other details are given in the text.

4.2.4 Attractor visualisation

The dynamical behaviour in the results obtained with this experimental system were
in general relatively simple, consisting of period-1 oscillations' in each of the measur-
able components of the reaction. We can predict that the geometry of the attractor
underlying the flow will be a simple closed curve in phase space. One method of vi-
sualising this attractor is to plot the value of one time-dependent variable against the
other, for example, [NADH] against [O,]. In some cases this was not possible when
the sampling rates of oxygen and species measurable with the spectrophotometer
were a non-integer ratio. A method exists for attractor reconstruction from a single
time series, the mathematical basis for which is attributable to Takens [59], and has
been described for the case of so-called chaotic attractors by Packard et al. [60]. In
essence, an N-dimensional attractor is reconstructed by sampling one variable z(t)
and then plotting a graph of [z(t) z(t+T) z(t+2T) --- xz(t+ (N - )7T)]",
or if N > 3, some combination of these coordinates. The value of T is chosen by
eye as that which gives the most easily discernible figure. The method has been used
previously by Geest et al. [38] in the visualisation of the dynamics of the peroxidase-
oxidase reaction.

Figure 4.6 illustrates the technique with a plot of oxygen concentration in two

IThe term ‘period-1’ means that the pattern of oscillations repeats after one period.
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dimensions, using [Oy](t) as abscissa and [0,](t 4+ T') as ordinate. The data set used
in this graph is identical to that of Figure 4.5, and provides a demonstration of the
formation of a stable limit cycle from the starting conditions, in a region of parameter
space where the non-oscillatory steady-state position has become unstable.

The effect of varying T' is presented in Figure 4.7. This shows how the ‘delay time’
can affect the appearance of the attractor, which in the present case can be thought
of as a two-dimensional projection of an object existing in an ‘embedding space’ of
dimension greater than two.

4.2.5 Absorbance spectra versus time

The spectrophotometer used in this apparatus (Section 2.2.3) was unable to record
more than 1001 data points at a single wavelength in one continuous time series,
a figure which declined appreciably as the number of wavelengths per sample was
increased. This problem could be partially alleviated by the use of the LabVIEW
program used to drive the spectrophotometer, in which single readings were taken at
regular intervals and sent to the remote computer. On one occasion the spect