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Introduction
Enzyme catalysis has been studied as a supportive process in 

biochemical reactions since the 1800s. The conventional paradigm 
states that a catalyst accelerates a chemical reaction without affecting its 
equilibrium) outcome. This notion was formed by decades of analysis 
of biochemical catalysis under the conditions defined by Henri in 
1903, which stipulate that enzyme, substrate and the enzyme-substrate 
complex are at equilibrium, that a fixed amount of substrate is added at 
the onset of the reaction, that the substrate concentration is much larger 
than the enzyme concentration and not affected by the formation of an 
enzyme-substrate complex (measurement of initial reaction velocity), 
and that there is no change in enzyme concentration over time. These 
constraints were developed into the Michaelis-Menten equation (and 
with the even more restrictive assumption of irreversible reaction steps 
into the van Slyke equation). They were somewhat released by Briggs 
and Haldane, who defined quasi-steady state conditions and rephrased 
these equations to

v=(vmax˙ [S])/(km+[S]).

If [S]<<km, then

v=(vmax/km) ˙ [S]=constant ˙ [Etotal] ˙ [S],

accounting for incomplete saturation of the enzyme present when only 
the initial reaction rate is measured. Only at substrate concentrations 
much above the km is the initial velocity of the reaction directly 
proportional to the enzyme concentration

v=vmax=kp ˙ Etotal

with kp=velocity of the conversion from ES to E+P [1]. These 
formalisms, derived from the Briggs-Haldane conditions, are effectively 
an artifactual linearization of the complex process of catalysis. It is 
not reflective of the far-from-equilibrium conditions or the coupled 
reaction pathways that exist in vivo.

Two prominent characteristics of biochemical reactions taking 

place in situ are that they occur far from equilibrium and that they 
are interconnected in non-linear pathways. Homeostasis is distinct 
from equilibrium, and equilibrium conditions are not compatible 
with life. Cells are compartmentalized to allow for the formation of 
concentration gradients. Energy-consuming transport mechanisms 
exist across compartment barriers to sustain the concentration 
differences. Biochemical reactions in situ do not produce a mass 
balance between a fixed amount of substrate and its reaction product, 
but the substrate input is a function of time. Also, multiple reaction 
pathways are connected. They are branched at key decision points 
(e.g. the conversion of pyruvate either to lactate or to acetyl-CoA) 
to allow for communication among subdomains of the intermediary 
metabolism (in the pyruvate example, between anaerobic glycolysis 
and the tricarboxylic acid cycle). Further, In situ biochemical pathways 
form hypercycles to permit the regulation in hierarchies of feedback 
loops [2]. Therefore, the study of enzyme catalysis needs to take into 
account non-steady-state conditions and branched reactions.

Complexity in catalyzed chemical reactions that involve a multitude 
of reactants has been described. A common laboratory model, the 
Belusov-Zhabotinski reaction (non-enzymatic, inorganic catalysis by 
cerium, the reaction proceeds at unphysiologically low pH) can display 
non- linear behavior [3,4]. In a biological system, glycolysis for ATP 
generation is a multi-step catalyzed process that may become instable 
under specific initial conditions [5]. However, whether individual 
catalysts (enzymes) of single, not coupled reactions have the potential 
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to affect outcome by turning periodic substrate input into non-periodic 
product generation has been uncertain. Examples were found in the 
oxidase-peroxidase reaction [6] and a hemin-hydrogen-peroxide-
sulfite model of catalysis [7], but broad potential for non-linearity in 
other enzyme-catalyzed systems has not been established. Enzymatic 
reactions can be described in general terms by a set of ordinary 
differential equations for all reactants (Figure 1). Their format has some 
resemblance to the differential equations describing the Lorenz and 
Rössler systems of non-linear dynamics [8,9], and therefore implies the 
potential to generate complex, possibly chaotic behavior.

Here we test the hypothesis that enzyme catalysis can affect the 
outcome of biochemical reactions. We investigate the parameter 
space for the rate constants in substrate-activated and general enzyme 
catalysis, and we study enzyme catalysis in a branched reaction with 
two competing arms. 

Materials and Methods
In silico modeling

The chemical reactions under study can be defined as sets of 
ordinary differential equations (ODEs) that describe the rate of change 
of each reactant per time-step. The solutions of those equations show 
constant, periodic, or non-periodic flow over time. Here, a solver 
from a SciPy [10] package (scipy.integrate.odeint) was used to model 
enzyme catalysis. To solve the equations under study, the time step was 
set to 0.01 seconds, resulting in a sampling frequency of 100 Hz. The 
input fluctuated at a constant rate of 0.01 Hz, i.e. each oscillation took 
100 seconds or 10000 points. A double precision arithmetic (64 bit) 
was applied.

Non-linear systems can be represented in a bifurcation diagram 
as a set of densely packed points. The use of a Fourier transform 
gives another method of visualization. The Fourier transform is 
a signal representation in a frequency space. Whereas a signal in 
the time domain shows how much energy is carried in a given time 
period, the Fourier spectrum shows how much energy is carried in a 
given frequency range. The periodicity of a signal is particularly well 
represented on a Fourier spectrum–as a peak at a specific frequency 
(and at harmonic frequencies). Because in the chaos regime every 
period is present, the Fourier spectrum of a chaotic signal has peaks 
for every frequency.

A bifurcation diagram is a graphical method of presenting a 
change in a dynamical system depending on a change in one of the 
underlying parameters. A bifurcation plot represents a map, not a flow 
(the system is represented by a recurrence, not differential, equation). If 
a system has only fixed points in some parameter range, this should be 
represented on the diagram as a solid line. Limit cycles are represented 
as multiple, vertical lines. The number of lines depends on the period 
of oscillations. Chaos in this case is represented as a block of densely 
packed points. To define the reaction states of the enzyme catalysis, we 
generated bifurcation maps by solving the set of differential equations 
(Figure 2) for each of its parameters. At every iteration, local minima 
and maxima values of a chosen variable were plotted on a vertical axis. 
Upon completion of the desired range of parameters, the resulting 
graph presents the change of the system’s variables depending on the 
defined parameter change.

Agent-based modeling

For agent-based modeling, a basic NetLogo model on enzyme 
kinetics was edited to allow for continuous rhythmic substrate input 

and the visualizations of rate changes (“advanced enzyme kinetics”, 
program in Netlogo Model Library http://ccl.northwestern.edu/
netlogo/models/). The program models the general enzyme kinetic 
reactions (Figure 1) with each reaction constant (k1 through k4), initial 
substrate volume, and the rate of the driving force (amplitude and 
frequency) to be set by the investigator.
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Figure 1: General enzyme kinetic equations. A) Biochemical notation. B) 
Differential equations. Commonly k4 → 0. In the specialized case of substrate 
inhibition k2→0. The first term in the differential equation for substrate change 
assumes rhythmic substrate input in the form of a sine wave.
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dE = -k1
. [E] + k2

. ([Et]-[E]-[ES]) 
dt

dES = k3
. ([Et]-[E]-[ES]) – (k4 + k5) . [ES]

dt

dS= (v + A . sinωt) – k3
. ([Et]-[E]-[ES]) . S + k4
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dt

dP = k5
. [ES]

dt

[E’] = [Et]-[E]-[ES]

Figure 2: A) Possible reaction scheme for enzyme catalysis with substrate 
activation (Wang et al. [34]). B) Set of differential equations describing the 
reaction scheme of substrate activation (E’=Etotal - E - ES). The first term in the 
reaction of substrate change assumes rhythmic substrate input in the form of 
a sine wave.

http://ccl.northwestern.edu/netlogo/models/
http://ccl.northwestern.edu/netlogo/models/
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Cytochrome c reduction assay

The reduction of cytochrome c (type III, from horse heart) by 
0.05 mM xanthine and 4 mU/ml xanthine oxidase (grade III, from 
buttermilk) was determined in 1 ml 50 mM potassium phosphate buffer, 
pH 7.8, containing 0.1 mM EDTA at room temperature as change in 
absorbance at 550 nm (calculation of concentration according to the 
extinction coefficient of 21 000 M-1cm-1 [11]). The concentrations of 
cytochrome c and bovine Cu, Zn-superoxide dismutase were varied 
systematically. The maximal change in absorbance at equilibrium 
rather than the initial velocity was determined. Under these conditions, 
accumulation of hydrogen peroxide and exposure to light could 
cause reoxidation of cytochrome c [12]. Therefore, 200 U/ml catalase 
(thymol-free, from beef liver) was present in the assay and the light 
path remained covered allowing for absorbance readings only in time 
periods of 2 minutes.

Results
Non-Linearity far from equilibrium

We tested the possibility that an enzyme can alter the outcome of a 
reaction if it is active far from equilibrium. We first analyzed a case of 
substrate activation (Figure 2A), because it contains a step of positive 
feedback that may facilitate instability. This type of reaction is described 
by a set of differential equations (Figure 2B), where the first term in the 
change of substrate over time is a rhythmic input reflective of natural 
changes in substrate supplies that arise in biological systems. The 
reaction was simulated in silico using Python. Individual calculations 
of changes in product concentration over time and the Fourier analyses 
of these traces indicated the possibility of bistabilities and instabilities 

in these reactions (Figure 3A). We therefore determined the influence 
of systematic changes in the individual reaction constants and the 
total enzyme amount present. We generated bifurcation plots for 
ΔP versus variations in kn (n=1, 2, 3, or 5) with the other parameters 
fixed. As shown in Figures 3B and C, this mapping of the parameter 
space displays ranges of instability that are preceded and succeeded by 
distinct stable states. Of note, the type of rhythmic input matters to the 
reaction as the bifurcation plots are very different between sinusoidal 
and square (on/off) substrate feeds, describing otherwise the same set 
of differential equations (Figure 4). Hence, in an enzyme reaction with 
substrate activation that proceeds far from equilibrium, each kinetic 
parameter and the type of substrate input all have the potential to 
influence the state of the outcome.

The case of substrate activation contains a positive feedback loop. A 
positive feedback loop induces instability, whereas a negative feedback 
loop prevents the affected system from being exponentially unstable. A 
class of oscillatory networks may be defined by the existence of at least 
one destabilizing and a stabilizing feedback loop. These requirements 
represent a condition for the occurrence of oscillations [13]. To 
address whether instability may arise in enzyme catalysis that lacks an 
autocatalytic step, we also studied a set of general enzyme equations 
that are more broadly relevant than the case of substrate activation.

Having identified conditions for stability, bistability and chaos in 
enzyme reactions with the positive feedback mechanism of substrate 
activation, we applied the same mathematical models to the general 
enzyme equations (Figure 1). Mapping of the parameter space around 
the kinetic constant k3 with bifurcation plots indicated the existence 
of bistabilities, but provided no evidence for chaos (Figure 5). To gain 
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Figure 3a: Individual traces of bistability (left) and chaos (right) in a substrate-activated enzyme reaction. The top panels reflect ΔP (change in product concentration per 
time interval) over time; the bottom panels display the corresponding Fourier analyses. Y-axis, top panel=label×10-4, y- axis bottom panel=label×10-6 (k1=0.01, k2=0.1, 
k3=14.3, k4=1, k5=0.1, Etotal=0.5, with sinusoidal substrate input on the left panel and square substrate input on the right panel).
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independent confirmation, we extended this analysis with agent- based 
modeling using NetLogo [14]. Although no conditions for chaos were 
found, mapping of the parameter space around the four reaction 
constants revealed a remarkable role for a non-negligible k4. k4 can 
terminate an enzyme reaction, even if there is a continuous flow of 
substrate (Figure 6A-C). K3 is critical for the rate of catalysis (Figure 
6D). The influence of k2 in the range from k2=0 to k2=k1 is minimal 
(Figure 6B-C).

Equilibrium shift in competing reactions

Theoretical Basis: In traditional settings, enzymes accelerate 
the adjustment of the equilibrium in a biochemical reaction without 
affecting its balance. However, if the catalyzed reaction is one of two 
possible reactions involving the same substrate, competition for 
this substrate molecule may cause the enzyme to shift the resulting 
equilibrium at the end of the reaction. Superoxide anion is very reactive 
and in vivo can interact with various substrates to form diverse products 
in competing reactions. For reactions with low turnover rates (such as 
the spontaneous dismutation) the possibility for diverting superoxide 
to reactions with other substrates is high. By contrast, the presence of 
the enzyme superoxide dismutase accelerates the dismutation reaction 
and diminishes the likelihood of collisions with other substrates that 
may form distinct products. The equilibrium is shifted in favor of the 
generation of hydrogen peroxide.

Assume the chemical reactions in the cytochrome c reduction assay 
where superoxide anion, generated by xanthine and xanthine oxidase, 
can either reduce cytochrome c or be reduced to hydrogen peroxide by 
superoxide dismutase (k=reaction constant; the subscripts (+) and (-) 
indicate the forward or reverse reactions respectively)

kdismutation=kdism(+)/kdism(-)=(- kreduction(+) ˙ [cytc(Fe3+)]/[H+]2)/(- 
kreduction(-) ˙ [O2] ˙ [cytc(Fe2+)]/[H2O2]) 

kdismutation=kreduction ˙ [cytc(Fe3+)]/[O2] . [cytc(Fe2+)] . [H2O2]/[H+]2

On the assumption that substrate is in excess and that the reaction 
is performed in buffer, the equation can be simplified to 

kdismutation=kreduction ˙ [H2O2]/[cytc(Fe2+)] 

which indicates that a change in the reaction constant is directly 
proportional to the change in the ratio of the resulting products in the 
competing reactions. In general, it holds that 
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Experimental evidence: The cytochrome c reduction assay provides 
a versatile model for analysis of the biochemistry of superoxide and 
superoxide dismutase. The reduction of cytochrome c by xanthine and 
xanthine oxidase was determined as change in absorbance at 550 nm. 
The concentrations of cytochrome c and bovine Cu,Zn-superoxide 
dismutase were varied systematically. In contrast to the classical method 
[15] the maximal change in absorbance at equilibrium rather than the 
initial velocity was determined. Under these conditions, accumulation 
of hydrogen peroxide and exposure to light could cause reoxidation of 

v + sin(ωt) 

0.802 

0.601 

0.401 

0.200 

 

∆P 

on/off 

k3 

12.0   12.5    13.0    13.5   14.0    14.5   15.0    15.5 

Figure 4: Bifurcation plot displaying the effects of different input modes on ΔP 
versus variations in K3 for enzyme catalysis with substrate activation. k1=0.01, 
k2=0.1, k4=1, k5=0.1, Etotal=0.5. The graph for a sinusoidal input v+A · sin(ωt) 
with K3 ranging from 13 through 15 is overlaid on the graph for square input 
(v+A · sin(ωt) alternat reaction rates under variation es between 1 and 0). 

0.876 

 

0.626 

 

0.375 

 

0.125 

 

∆P 

5.0            12.0            19.0          26.0           33.0 k3 

k1 = 0.1,  k2 = 0.1, k4 = 
0.001, Etotal = 0.5 

0.876 

 

0.626 

 

0.375 

 

0.125 

 

∆P 

8.0            9.8            11.6          13.4           15.2 

k1 = 0.1,  k2 = 1, k4 = 
0.001, Etotal = 0.5 

k3 

k1 = 0.1,  k2 = 0.01, k4 = 
0.001, Etotal = 0.5  0.876 

 

0.626 

 

0.375 

 

0.125 

 

∆P 

    5.0          12.0          19.0           26.0           33.0 k3 

 

Figure 5: Mapping of the parameter space around variations of k3 in the general 
enzyme equations. Shown are bifurcation plots for ∆P versus variations in k3 
with the other parameters fixed as indicated in the graphs.



Volume 6(6) 132-141 (2013) - 137 
J Proteomics Bioinform
ISSN:0974-276X JPB, an open access journal 

Citation: Milanowski P, Carter TJ, Weber GF (2013) Enzyme Catalysis and the Outcome of Biochemical Reactions. J Proteomics Bioinform 6: 132-
141. doi:10.4172/jpb.1000271

Volume = 500 
Driver: amplitude = 2.0, rate = 10 
Constants: k1 = 050, k2 = 050, k3 = 100 

k4 = 0 k4 = 5 k4 = 1 

 

Figure 6a: Netlogo models of rates (top panel) and concentrations (bottom panel) of reactants for variations of k4. 
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Figure 6b: Netlogo models of reaction rates under variation of k2 from 0 to k1 with k4=0.
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Figure 6c: Netlogo models of reaction rates under variation of k2 from 0 to k1 with k4=10.

cytochrome c [12]. Therefore, catalase was present in the assay and the 
light path remained covered except for readings every 2 minutes. 

The xanthine oxidase-catalyzed reaction is complete after circa 14 
minutes. On the assumption that xanthine oxidase at pH 7.8 transfers 
electrons by 30% on a univalent path and 70% on a bivalent path [16], 
theoretical prediction rates the generation of superoxide anion at 15 
nmol and of hydrogen peroxide at 35 nmol. This estimate is confirmed by 
the spectrophotometric measurements. Figure 7 shows that increasing 
concentrations of cytochrome c shift the equilibrium of the reaction 
almost completely toward cytochrome c reduction. In the presence of 
superoxide dismutase (0.12-0.96 U/ml) this saturation curve is dose-
dependently lowered. The concentration of ferricytochrome c in the 
standard assay [15] is 1×10-5 M. This reacts with about 6 nmol of the 17 
nmol O2

ˉ generated. In the presence of 0.12 U/ml superoxide dismutase 
it is only 4.8 nmol, and after doubling of the superoxide dismutase 
concentration 3 nmol of cytochrome c are reduced. In conformity to 
the theoretical calculations, increasing concentrations of superoxide 
dismutase decrease cytochrome c reduction dose-dependently (Figure 
7).

Discussion
Enzymes have commonly been viewed as facilitators, accelerating 

the formation of an equilibrium that would also form spontaneously, 
albeit at a lower rate. Here we show that even in a simple competition 
reaction, the presence or absence of an enzyme affects the resulting 
equilibrium conditions (Figure 7). The phenomenon can be compared 
to a flow through a split pipe. The volume flow through each side after 
the split is proportional to the ratio of the radiuses. The increase in 
reaction constant, mediated by the addition of an enzyme (over no 
enzyme), is equivalent to an increase in radius on that part of the split 
pipe. It leads to a higher substrate flow through the catalyzed reaction.

The ordinary differential equations that describe enzyme catalysis 
imply the possibility of bistability, and - in the case of substrate 
activation - of chaos in the rate of product generation (Figures 3 and 5). 
Of note, the general enzyme equation investigated here is of the most 
basic form that describes the conversion of one substrate into a product 
(Figure 1). Further studies are required to determine whether reactions 
with two substrates may give rise to non-linearity. Experimental 
observations have demonstrated earlier that coupled enzymatic 
reactions can - under certain conditions - display complex behavior 
ranging from birythmicity to chaos [5,17,18]. Bursting pH oscillations 
were found in the hemin-hydrogen-peroxide-sulfite model of catalysis 
[7], where hemin is believed to represent the reaction mechanisms 
mediated by heme-containing enzymes [19]. On the individual enzyme 
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Figure 6d: Netlogo models of rates (top panel) and concentrations (bottom panel) of reactants for variations of k3.
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Figure 7:A) chemical reaction for measuring cytochrome c reduction. In the process of converting xanthine to urate, xanthine oxidase generates superoxide anion. 
In the absence of SOD, superoxide anion reduces cytochrome c (arrow down). In the presence of SOD, the dismutation reaction to hydrogen peroxide is greatly 
accelerated (arrow up). The addition of superoxide dismutase leads to a competition for superoxide between cytochrome c and SOD. B) Equilibrium of the cytochrome 
c reduction reaction in the presence (open symbols) or absence (closed symbols) of superoxide dismutase..

level, the oxidase-peroxidase reaction has displayed complex behavior 
[6,20], and mapping of the parameter space in bifurcation diagrams 
has revealed the possibility of chaos [21-23]. The brain tyrosine and 
tryptophan hydroxylase systems can display non-linear behavior for 
certain ratios of their substrates [24]. However, the underlying models 
involve more variables and are less generally applicable than the 

equations investigated here. Our models provide a theoretical basis to 
explain non-linear phenomena, and they characterize enzymes in their 
physiological context of far-from-equilibrium, branched reactions.

The traditional spectrophotometric analysis of enzyme kinetics is 
largely limited to Michaelis-Menten or Briggs-Haldane conditions. The 
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study of far-from-equilibrium states is effectively accomplished with 
mathematical modeling, which also has the advantage of providing 
general answers without being constrained to one particular enzyme. 
A technique we have employed here is the mapping of the parameter 
space for the enzyme kinetic constants using bifurcation diagrams. 
The application of graphical approaches to study biological systems 
can provide insights for the analysis of complicated relations, as 
demonstrated by many previous studies on related biological topics, 
such as enzyme-catalyzed reactions [25-28], enzyme inhibition [29], 
and drug metabolism systems [30].

There has been a gap between the observation that enzymes can 
have dramatic effects in vivo, when given therapeutically or when 
absent due to inborn errors of metabolism, and the biochemical dogma 
that catalysts accelerate the equilibrium but do not change the result 
of a chemical reaction. Our study has implications for the assessment 
of enzyme efficacy and toxicity when used in therapy. Like all drug 
compounds, enzymes have limited dose windows of efficacy, below 
which they are ineffective and above which they display adverse effects. 
For superoxide, an enzyme used in this study, the loss of protection from 
free radical damage at high doses was documented about 30 years ago 
[31,32]. Various explanations, such as over-scavenging of superoxide, 
were put forward [33,34]. The present analysis shows that state changes 
far from equilibrium or competitions in non-linear reaction pathways 
may provide valid explanations for such phenomena.

Historically, the reductionist approach has been tremendously 
successful in research. Yet, key accomplishments within this framework 
(such as Newton’s mechanics in physics and Henri- Michaelis-Menten 
kinetics in biochemistry) have generated progress in insight at the 
expense of idealizing the systems under study to provide essentially 
linear models. These models disregard complexity, even though a non-
linear progression of events is much more common in nature than a 
linear one. Since Newton’s mechanics (developed in 1687), physics has 
expanded to thermodynamics, quantum mechanics and non-linear 
systems dynamics. As shown here, the set of ordinary differential 
equations that describes enzyme kinetics in general terms, and in 
the case of substrate activation, allows for a much broader spectrum 
of outcomes than can be obtained under the conventional laboratory 
conditions defined by Henri, Michaelis and Menten or Briggs and 
Haldane (published in 1925). It is inevitable to recognize the complex 
potential of enzyme catalysis and to expand enzymology beyond the 
conventional, linear models. 

Acknowledgments

GFW is supported by DOD grants PR094070 and BC095225. We thank the 
Santa Fe Institute Complex Systems Summer School for stimulating discussions.

References

1. Segel IH (1975) Enzyme kinetics. John Wiley & Sons, France. 

2. Eigen M, Schuster P (1977) The hypercycle. A principle of natural self-
organization. Part A: Emergence of the hypercycle. Naturwissenschaften 64: 
541-565.

3. Belousov RP (1959) A periodically acting reaction and its mechanism, in 
Collection of Short Papers on Radiation Medicine for 1958, Med Publ Moscow. 

4. Zhabotinsky AM (1964) Periodical process of oxidation of malonic acid solution. 
Biophysics 9: 306-311. 

5. Markus M, Hess B (1984) Transitions between oscillatory modes in a glycolytic 
model system. Proc Natl Acad Sci U S A 81: 4394-4398.

6. Olsen LF, Degn H (1977) Chaos in an enzyme reaction. Nature 267: 177-178.

7. Straube R, Flockerzi D, Müller SC, Hauser MJ (2005) Origin of bursting 
oscillations in an enzyme model reaction system. Phys Rev E Stat Nonlin Soft 
Matter Phys 72: 066205.

8. Lorenz EN (1963) Deterministic nonperiodic flow. J Atmospheric Sci 20: 130-
141. 

9. Rössler OE (1976) An Equation for Continuous Chaos. Physics Lett 57A: 397-
398. 

10. Jones E, Oliphant T, Peterson P (2001) SciPy: Open Source Scientific Tools 
for Python. 

11. Massey V (1959) The microestimation of succinate and the extinction coefficient 
of cytochrome c. Biochim Biophys Acta 34: 255-256.

12. Turrens JF, McCord JM (1988) How relevant is the reoxidation of 
ferrocytochrome c by hydrogen peroxide when determining superoxide anion 
production? FEBS Lett 227: 43-46.

13. Sensse A, Hauser MJ, Eiswirth M (2006) Feedback loops for Shil’nikov chaos: 
The peroxidase-oxidase reaction. J Chem Phys 125: 014901.

14. Wilensky U (1999) NetLogo. http://ccl.northwestern.edu/netlogo/ Center for 
Connected Learning and Computer-Based Modeling, Northwestern University, 
Evanston, IL, USA. 

15. McCord JM, Fridovich I (1969) Superoxide dismutase. An enzymic function for 
erythrocuprein (hemocuprein). J Biol Chem 244: 6049-6055.

16. Fridovich I (1970) Quantitative aspects of the production of superoxide anion 
radical by milk xanthine oxidase. J Biol Chem 245: 4053-4057.

17. Decroly O, Goldbeter A (1982) Birhythmicity, chaos, and other patterns of 
temporal self-organization in a multiply regulated biochemical system. Proc 
Natl Acad Sci U S A 79: 6917-6921.

18. De la Fuente IM (1999) Diversity of temporal self-organized behaviors in a 
biochemical system. Biosystems 50: 83-97.

19. Straube R, Müller SC, Hauser MJB (2003) Bursting oscillations in the revised 
mechanism of the hemin-hydrogen peroxide-sulfite oscillator. Zeitschr Phys 
Chem 217: 1427-1442. 

20. Olsen LF, Hauser MJ, Kummer U (2003) Mechanism of protection of peroxidase 
activity by oscillatory dynamics. Eur J Biochem 270: 2796-2804.

21. Fed’kina VR, Ataullakhanov FI, Bronnikova TV (1984) Computer simulation of 
sustained oscillations in peroxidase-oxidase reaction. Biophys Chem 19: 259-
264.

22. Alexandre S, Dunford HB (1991) A new model for oscillations in the peroxidase-
oxidase reaction. Biophys Chem 40: 189-195. 

23. Thompson DR, Larter R (1995) Multiple time scale analysis of two models for 
the peroxidase-oxidase reaction. Chaos 5: 448-457.

24. Mandell AJ (1984) Non-equilibrium behavior of some brain enzyme and 
receptor systems. Annu Rev Pharmacol Toxicol 24: 237-274.

25. Andraos J (2008) Kinetic plasticity and the determination of product ratios for 
kinetic schemes leading to multiple products without rate laws: new methods 
based on directed graphs. Can J Chem 86: 342-357. 

26. Chou KC (1989) Graphic rules in steady and non-steady state enzyme kinetics. 
J Biol Chem 264: 12074-12079.

27. Chou KC, Forsén S (1980) Graphical rules for enzyme-catalysed rate laws. 
Biochem J 187: 829-835.

28. Zhou GP, Deng MH (1984) An extension of Chou’s graphic rules for deriving 
enzyme kinetic equations to systems involving parallel reaction pathways. 
Biochem J 222: 169-176.

29. Althaus IW, Chou JJ, Gonzales AJ, Deibel MR, Chou KC, et al. (1993) Steady-
state kinetic studies with the non-nucleoside HIV-1 reverse transcriptase 
inhibitor U-87201E. J Biol Chem 268: 6119-6124.

30. Chou KC (2010) Graphic rule for drug metabolism systems. Curr Drug Metab 
11: 369-378.

31. Bernier M, Manning AS, Hearse DJ (1989) Reperfusion arrhythmias: dose-

http://www.lavoisier.fr/livre/notice.asp?ouvrage=1378738
http://www.ncbi.nlm.nih.gov/pubmed/593400
http://www.ncbi.nlm.nih.gov/pubmed/593400
http://www.ncbi.nlm.nih.gov/pubmed/593400
http://www.ncbi.nlm.nih.gov/pubmed/16593488
http://www.ncbi.nlm.nih.gov/pubmed/16593488
http://www.ncbi.nlm.nih.gov/pubmed/16073439
http://www.ncbi.nlm.nih.gov/pubmed/16486038
http://www.ncbi.nlm.nih.gov/pubmed/16486038
http://www.ncbi.nlm.nih.gov/pubmed/16486038
http://journals.ametsoc.org/doi/abs/10.1175/1520-0469%281963%29020%3C0130%3ADNF%3E2.0.CO%3B2
http://journals.ametsoc.org/doi/abs/10.1175/1520-0469%281963%29020%3C0130%3ADNF%3E2.0.CO%3B2
http://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0CC8QFjAB&url=http%3A%2F%2Fclasses.soe.ucsc.edu%2Fams214%2FWinter09%2Ffoundingpapers%2FRossler1976.pdf&ei=q4HIUbjdG8_yrQfxj4HoCQ&usg=AFQjCNHJbxi6QCvUIPnJ4zR8nV7wX3IN8g&bvm=bv.48293060,d.b
http://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0CC8QFjAB&url=http%3A%2F%2Fclasses.soe.ucsc.edu%2Fams214%2FWinter09%2Ffoundingpapers%2FRossler1976.pdf&ei=q4HIUbjdG8_yrQfxj4HoCQ&usg=AFQjCNHJbxi6QCvUIPnJ4zR8nV7wX3IN8g&bvm=bv.48293060,d.b
http://www.scipy.org/
http://www.scipy.org/
http://www.ncbi.nlm.nih.gov/pubmed/14422133
http://www.ncbi.nlm.nih.gov/pubmed/14422133
http://www.ncbi.nlm.nih.gov/pubmed/2828112
http://www.ncbi.nlm.nih.gov/pubmed/2828112
http://www.ncbi.nlm.nih.gov/pubmed/2828112
http://www.ncbi.nlm.nih.gov/pubmed/16863327
http://www.ncbi.nlm.nih.gov/pubmed/16863327
http://ccl.northwestern.edu/netlogo/
http://www.ncbi.nlm.nih.gov/pubmed/5389100
http://www.ncbi.nlm.nih.gov/pubmed/5389100
http://www.ncbi.nlm.nih.gov/pubmed/5496991
http://www.ncbi.nlm.nih.gov/pubmed/5496991
http://www.ncbi.nlm.nih.gov/pubmed/6960354
http://www.ncbi.nlm.nih.gov/pubmed/6960354
http://www.ncbi.nlm.nih.gov/pubmed/6960354
http://www.ncbi.nlm.nih.gov/pubmed/10367973
http://www.ncbi.nlm.nih.gov/pubmed/10367973
http://www.oldenbourg-link.com/doi/abs/10.1524/zpch.217.11.1427.20485?journalCode=zpch
http://www.oldenbourg-link.com/doi/abs/10.1524/zpch.217.11.1427.20485?journalCode=zpch
http://www.oldenbourg-link.com/doi/abs/10.1524/zpch.217.11.1427.20485?journalCode=zpch
http://www.ncbi.nlm.nih.gov/pubmed/12823550
http://www.ncbi.nlm.nih.gov/pubmed/12823550
http://www.ncbi.nlm.nih.gov/pubmed/6722275
http://www.ncbi.nlm.nih.gov/pubmed/6722275
http://www.ncbi.nlm.nih.gov/pubmed/6722275
http://www.sciencedirect.com/science/article/pii/030146229187008S
http://www.sciencedirect.com/science/article/pii/030146229187008S
http://www.ncbi.nlm.nih.gov/pubmed/12780200
http://www.ncbi.nlm.nih.gov/pubmed/12780200
http://www.ncbi.nlm.nih.gov/pubmed/6375547
http://www.ncbi.nlm.nih.gov/pubmed/6375547
http://www.ingentaconnect.com/content/nrc/cjc/2008/00000086/00000004/art00012?crawler=true
http://www.ingentaconnect.com/content/nrc/cjc/2008/00000086/00000004/art00012?crawler=true
http://www.ingentaconnect.com/content/nrc/cjc/2008/00000086/00000004/art00012?crawler=true
http://www.ncbi.nlm.nih.gov/pubmed/2745429
http://www.ncbi.nlm.nih.gov/pubmed/2745429
http://www.ncbi.nlm.nih.gov/pubmed/7188428
http://www.ncbi.nlm.nih.gov/pubmed/7188428
http://www.ncbi.nlm.nih.gov/pubmed/6477507
http://www.ncbi.nlm.nih.gov/pubmed/6477507
http://www.ncbi.nlm.nih.gov/pubmed/6477507
http://www.ncbi.nlm.nih.gov/pubmed/7681060
http://www.ncbi.nlm.nih.gov/pubmed/7681060
http://www.ncbi.nlm.nih.gov/pubmed/7681060
http://www.ncbi.nlm.nih.gov/pubmed/20446902
http://www.ncbi.nlm.nih.gov/pubmed/20446902
http://www.ncbi.nlm.nih.gov/pubmed/2719133


Volume 6(6) 132-141 (2013) - 141 
J Proteomics Bioinform
ISSN:0974-276X JPB, an open access journal 

Citation: Milanowski P, Carter TJ, Weber GF (2013) Enzyme Catalysis and the Outcome of Biochemical Reactions. J Proteomics Bioinform 6: 132-
141. doi:10.4172/jpb.1000271

related protection by anti-free radical interventions. Am J Physiol 256: 
H1344-H1352.

32. Omar BA, McCord JM (1990) The cardioprotective effect of Mn-superoxide
dismutase is lost at high doses in the postischemic isolated rabbit heart. Free
Radic Biol Med 9: 473-478.

33. Nelson SK, Bose SK, McCord JM (1994) The toxicity of high-dose superoxide
dismutase suggests that superoxide can both initiate and terminate lipid
peroxidation in the reperfused heart. Free Radic Biol Med 16: 195-200.

34. Wang J, Golbik R, Seliger B, Spinka M, Tittmann K, et al. (2001) Consequences 
of a modified putative substrate-activation site on catalysis by yeast pyruvate 
decarboxylase. Biochemistry 40: 1755-1763.

http://www.ncbi.nlm.nih.gov/pubmed/2719133
http://www.ncbi.nlm.nih.gov/pubmed/2719133
http://www.ncbi.nlm.nih.gov/pubmed/2079227
http://www.ncbi.nlm.nih.gov/pubmed/2079227
http://www.ncbi.nlm.nih.gov/pubmed/2079227
http://www.ncbi.nlm.nih.gov/pubmed/8005514
http://www.ncbi.nlm.nih.gov/pubmed/8005514
http://www.ncbi.nlm.nih.gov/pubmed/8005514
http://www.ncbi.nlm.nih.gov/pubmed/11327837
http://www.ncbi.nlm.nih.gov/pubmed/11327837
http://www.ncbi.nlm.nih.gov/pubmed/11327837

	Title
	Corresponding author
	Abstract
	Keywords
	Introduction
	Materials and Methods 
	In silico modeling 
	Agent-based modeling 
	Cytochrome c reduction assay 

	Results
	Non-Linearity far from equilibrium 
	Equilibrium shift in competing reactions 

	Discussion
	Acknowledgments
	References
	Figure 1
	Figure 2
	Figure 3a
	Figure 3b
	Figure 3c
	Figure 4
	Figure 5
	Figure 6a
	Figure 6b
	Figure 6c
	Figure 6d
	Figure 7

