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Abstract

Glycolysis in Trypanosoma brucei was modeled using a reaction transport simulator and tested for possible complex dynamics.

The glycolytic model is multi-compartmentalized and accounts for the exchange of metabolites between the glycosomes, cytosol,

mitochondrion and the host medium. The model is used to examine the effects of a range of culture medium concentrations of

oxygen on the glycolysis of T. brucei. Our results are in good agreement with steady-state experiments. We also find that under

aerobic conditions, increasing the activity of glycerol-3-phosphate dehydrogenase induces complex dynamics in the system. We

report the presence of three distinct types of these dynamics. Varying the oxygen concentration in the medium can induce the

transition between these dynamics.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Various strains of Trypanosoma brucei, a protozoan
organism of order kinetoplastida, cause African sleeping
sickness in humans and Nagana in livestock. These
trypanosomiases are widespread in an area extending
over a third of the African continent encompassing over
30 sub-Saharan countries. Annually about 300,000
people are infected with sleeping sickness (McNeil,
2001). Given the enormous economic and social strain
that these diseases place on some of the most fragile
countries in the world, finding a cure for sleeping
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sickness and Nagana is of utmost importance. So far
four drugs have been discovered to treat this disease,
however due to high cost of the prescription and more
importantly the toxic side effect of these drugs, scientists
are continually looking for other possible drug targets.

The unusual physiology, energy production and
replication of trypanosomatidae have led to extensive
studies of these organisms particularly T. brucei (for
some examples see Opperdoes et al., 1984, 1990;
Opperdoes, 1987). The bloodstream form of T. brucei

has no lipid or carbohydrate reserves and the mitochon-
drion lacks a viable citric acid cycle. This combination
of unique characteristics makes trypanosomes comple-
tely dependent on glycolysis for their energy production.
Another difference between trypanosomes and most
other eukaryotic cells is their multi-compartmentalized
glycolysis (see Fig. 1).

In the majority of eukaryotes the entire process
of glycolysis occurs in the cytosol of the organism,
however in T. brucei the enzymes for the first seven
steps of glycolysis as well as glycerol kinase are
contained in extra-mitochondrial respiratory organelles
called glycosomes. These micro-bodies import
glucose from the cytosol and export 3-phosphoglycerate
back to it for further reactions and eventual production
of pyruvate.
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Fig. 1. Reaction network for glycolysis in the bloodstream form of

T. brucei. Enzymes mediating the reactions are (1) HK, (2) PGI, (3)

PFK, (4) ALD, (5) TIM, (6) GAPDH, (7) PGK, (8) G3PDH, (9) GK,

(10) GPO, (11) PGM, (12) EN, (13) PYK (14)AK.
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Another difference between the glycolysis of T. brucei

and that of most of the other eukaryotic organisms is the
indirect oxidation of the NADH by molecular oxygen.
DHAP produced by aldolase is converted to Gly-3-P by
glycerol-3-phosphate dehydrogenase. Gly-3-P is then
transported to the cytosol and eventually is oxidized by
glycerol-3-phosphate oxidase embedded in the mem-
brane of the mitochondrion to form DHAP, which in
turn is transported back to the glycosome. Like most
other eukaryotes, under aerobic conditions every one
molecule of glucose produces two molecules of pyruvate
and simultaneously two molecules of ATP in the
cytosol. Under anaerobic conditions, glycolysis in
T. brucei still takes place however, now since the cell
cannot oxidize the Gly-3-P to DHAP, it conserves the
balance of ATP in the glycosome by producing a
molecule of glycerol through the action of glycerol
kinase. Under anaerobic conditions the net production
of ATP in the cytosol of T. brucei is halved since only
one molecule of pyruvate is produced per molecule of
glucose imported into the glycosome.
2. Model and methodology

2.1. The Karyote simulator

The following are some of the features included in our
simulator:

* multiple time-scale reaction formalism;
* facilitated and passive membrane transport;
* translation and transcription chemical kinetic poly-

merization; and
* membrane-bound reactions.

These features allow the user to study a wide variety of
cell phenomena such as nonlinear oscillatory behavior
and multiple steady states, and more generally
the interaction of the genome, proteome and the
metabolome.

2.2. Reaction transport model

The metabolic reactions are divided into fast (equili-
brated) and slow (finite rate) processes. A simple
example is

S þ E2
Qf

ES; Fast

ES �!kQS

Pþ E; Slow

where Q is the equilibrium constant and kQS is the
forward turnover number for the finite rate reaction.
More generally, Karyote allows for an arbitrary number
of complexes and a detailed kinetic mechanism. A mass
action expression is used to compute the rate of each
reaction in the network.

The cell is divided into Nc compartments labeled
a=1,2,y,Nc. The molecular species in the cell are
labeled i=1,2, y,N, with respective concentrations cai ðtÞ:
The conservation of mass equation for species i in
compartment a is written as

V adcai
dt

¼
XNc

a0aa

Aaa0Jaa0
i þ VaBai ;

where Aaa0 is the area of membrane between compart-
ments a and a0, V a the volume of compartment a, Jaa0

i

the membrane flux for species i from compartment a0 to
a, and Bai the net rate of slow reactions involving species i

in compartment a.
The flux of species i across the membrane separating

compartments a and a0 is

Jaa0
i ¼ haa0

i ðca
0

i � cai Þ þ #Jaa0
i ;

where haa0
i is the parameter quantifying how fast the

species can traverse the membrane and #Jaa0
i is associated

with active transport or other trans-membrane reac-
tions. Using the four-state model for a facilitated
diffusion carrier (Bakker et al., 1997, 2000), haa0

i takes
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Table 1

Physical characteristic of T. brucei and its organelles used for this

modeling study

Volume of a glycosome 0.0108mm3

Radius of one glycosome 0.135mm
Surface area of a glycosome 0.27mm2

Avg. number of glycosomes in one T. brucei 200

Volume of a T. brucei 58 mm3

Surface area of a T. brucei 70 mm2

Volume of the mitochondrion 1.45mm3

Surface area of the mitochondrion 6.2 mm2
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the form

haa0
i ¼

VaKaa0
i Y aa0

i

Aaa0Kaa0
i ðKaa0

i þ cai þ ca
0

i Þ þ Aaa0yaa
0

i cai ca
0

i

;

where Yaa0
i is the maximum rate of exchange of species i

between compartments a and a0, Kaa0
i the Michaelis

constant for the transport of species i between compart-
ments a and a0, and yaa

0

i the symmetry index for
transport of species i between compartments a and a0.

The value of yaa
0

i ranges from zero to one and would
be one in case of complete symmetry for the carrier. For
ionic species the above flux laws are modified to account
for the membrane potentials.

Time scales of biochemical reactions vary from
nanoseconds to days. Thus, it is necessary for computa-
tional and conceptual reasons to treat reactions as either
fast or slow. Using this scheme we express Bai in terms of
a contribution BaS

i from the slow reactions, plus a
contribution from the fast ones such that

Bai ¼ BaS
i þ

XNf

k¼1

uik

W Fa
k

e
;

where uik is the stoichiometric coefficient for species i in
fast reaction k, Nf is total number of fast reactions,
W Fa

k =e is the rate of the kth fast reaction in compart-
ment a, and e is the ratio of the time scale of fast to slow
reactions. The fast nature of reactions is indicated by the
smallness of e. In the multiple time-scale analysis (i.e. in
the limit e-0), our formalism leads to equilibrium or
generalized steady-state relations that are automatically
constructed in Karyote. In the former case, the fast
equilibriums are captured by solving the Nf equations,
W Fa

k ¼ 0: Introducing a set of quantities ba;l
i ;

(=1,2,...,N-Nf ), such that

XN

i¼1

ba;l
i uik ¼ 0:

We get a set of N-Nf equations

XN

i¼1

ba;l
i

dcai
dt

¼
XNc

a0aa

Aaa0

V a

XN

i¼1

ba;l
i Jaa0

i þ
XN

i¼1

ba;l
i BaS

i :

Finally, BaS
i is written as a linear combination of mass

action rate laws for the slow processes. Further details
about Karyote and modification to account for steady
state and equilibrated fast reactions are given in
Ortoleva et al. (2003), and Weitzke and Ortoleva (2003).

2.3. Kinetic data and model building

The model is based on the extensive studies conducted
during the past half a century on T. brucei glycolysis and
the specific kinetics of each enzyme. The conventional
glycolytic network is represented in Fig. 1. The volume
and surface area of the T. brucei, glycosomes (Opper-
does et al., 1984) and mitochondrion (Nolan and
Voorheis, 1992) that are used in this study are listed in
Table 1. For wild type steady-state studies, blood
arterial oxygen concentration of 0.139mM (Roughton,
1964) and serum glucose concentration of 5mM were
used. Even though there was evidence that the appro-
priate glucose concentration might be a bit less
(4.39mM from Navari et al.,1970), 5mM was used
in order to compare the model with experimental and
other computational studies. Serum inorganic phos-
phate concentration of 1.39mM was used (Huang et al.,
2001). Concentrations of the enzymes are from Misset
et al. (1986).

The majority of kinetic parameters used for the model
are from Bakker et al. (2000). The kinetic parameters
used are listed in Table 2. Reactions of PGI, TIM,
PGM, ENO, and AK were assumed to be at equili-
brium. For some of the enzymes (HK, PFK, G3PDH,
PGK, and PYK) we could not find T. brucei equilibrium
values so instead we used yeast data from Teusink et al.
(2000). k values were set based on available information
on the degree of reversibility of each enzyme reaction
(Eisenthal and Cornish-Bowden, 1998).

With exception of aldolase the kinetics of all enzymes
were presumed to involve the formation of a ternary
complex as in

E þ S1-ES1;

ES1 þ S2-ES1S2;

ES1S2-P1 þ EP2;

EP2-E þ P2:

In case of aldolase the reaction mechanism is

Ald þ FBP þ FBP � Ald;

FBP �Ald-Ald � DHAP þGAP;

Ald � DHAP-Ald þDHAP:

We have modeled the system based on an ordered
mechanism whereby for the random binding reactions
the substrate with the smaller Km value (i.e. higher
affinity for the enzyme) binds to the enzyme first. For
PFK, the AMP activated enzyme forms the binary
and ternary complexes with ATP and F6P. The AMP
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Table 2

Kinetic parameters used in Karyote’s simulation of T. brucei

glycolysisa

Enzyme Info Reference

Hexokinase (HK)

Km ATP=0.116mM Bakker et al. (2000)

Km ADP=0.126mM Bakker et al. (2000)

Km G6P=12mM Bakker et al. (2000)

Km glucose=0.1mM Bakker et al. (2000)

kcat=250 s�1

Phosphoglucose isomerase (PGI)

Q=0.5466 Visser and Opperdoes

(1980)

Phosphofurcokinase (PFK)

Km ATP=0.026mM Bakker et al. (2000)

Km F6P=0.82mM Bakker et al. (2000)

Km AMP=7 mM Nwagwu and Opperdoes

(1982)

Ka AMP=2.23mM

kcat=61 s�1

Alodolase(ALD)

Km FBP=0.0465mM Bakker et al. (1997)

Km DHAP=0.015mM Bakker et al. (2000)

Km GAP=0.098mM Bakker et al. (2000)

kcat=10.28 s�1 Callens et al. (1991a)

Triose phosphate isomerase (TIM)

Q=15.1

Glyceraldahyde-3-phosphate

dehydrogenase (GAPDH)

Km GAP=0.15mM Bakker et al. (2000)

Km NAD=0.45mM Bakker et al. (2000)

Km NADH=0.02mM Bakker et al. (2000)

Km 13BPG=0.1mM Bakker et al. (2000)

kcat=225.8 s�1

Phosphoglycerate kinase (PGK)

Km ATP=0.29mM Bakker et al. (2000)

Km ADP=0.1mM Bakker et al. (2000)

Km 3PG=1.62mM Bakker et al. (2000)

Km 13BPG=0.05 Bakker et al. (2000)

kcat=400 sec�1

Phosphoglycerate mutase (PGM)

Q=0.187 Bakker et al. (2000)

Enolase (ENO)

Q=6.7 Bakker et al. (2000)

Pyruvate kinase (PYK)

Km ADP=0.114mM Bakker et al. (2000)

kcat=483 s�1 Callens et al. (1991b)

Glycerol-3-phosphate dehydrogenase

(G3PDH)

Km NADH=0.01mM March!e et al. (2000)

Km NAD=0.32mM March!e et al. (2000)

Km DHAP=0.1mM March!e et al. (2000)

Km Gly3P=2.25mM March!e et al. (2000)

kcat=40.8 s�1

Table 2 (continued)

Enzyme Info Reference

Glycerol Kinase (GK)

Kcat=167 s�1

Glycerol-3-phosphate oxidase (GPO)

kcat=2
 105 s�1

Adenylate kinase (AK)

Q=3.2

aQ parameters that do not have references were calculated using

reported experimental ‘steady state’ concentrations. Other parameters

without references were calibrated using observed ‘steady state’

concentrations.
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activation is kinetically written as the fast reaction:

PFK þAMP þ PFK�;

where PFK� is the inactive form of the enzyme. This
level of detail or more general, multi-complexing
reactions are automatically accounted for in Karyote.
The concentration of binary complexes and the addi-
tional equilibrium constants introduced by our general
reaction scheme were estimated using the formula:

½EX	 ¼
½ET 	½X 	

KX
m þ ½X 	

; ð10Þ

where [EX] is the concentration of the binary complex,
[ET] is the total enzyme concentration, [X] is the
substrate or cofactor concentration, and KX

m is the
Michaelis constant for X. Reaction rates were calculated
from Eisenthal and Cornish-Bowden (1998) and Bakker
et al. (1997, 2000). Using the above rates the concentra-
tions of the ternary complexes were determined. This
method was used for all enzymes except GAPDH, PFK,
and G3PDH for which we calibrated the parameters
so as to make the model as close to experimentally
observed data as possible.
3. Results and discussion

Two types of studies were carried out: (1) a
calibration and testing study to compare our results
with those of earlier authors and (2) behavior studies
wherein the response to variations in host medium
composition and/or variations in kinetic activity of
individual enzymes are investigated. In the latter study
we sought conditions that displayed interesting complex
behavior. Complex dynamics were observed upon
variation of the activity of G3PDH in the wild type
T. brucei.

Table 3 shows Karyote predicted ‘steady state’
concentrations of a series of metabolites for aerobic
and anaerobic glycolysis of the blood stream form of
T. brucei. Table 3 also shows experimentally measured
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Table 3

Calculated and measured ‘steady state’ metabolite concentrations for glycolysis under aerobic and anaerobic conditions in T. brucei.a

Species Experimental

concentration

(aerobic) (mM)

Experimental

concentration

(anaerobic)

(mM)

Karyote

concentration

(aerobic) (mM)

Karyote

concentration

(anaerobic)

(mM)

Bakker et al.

concentration

(aerobic) (mM)

Bakker et al.

concentration

(anaerobic)

(mM)

Glucose (g) NA NA 0.027 0.02 0.056 0.1

G6P 4.4 4.4 1.6 1.8 0.44 0.44

FBP 2.4 2.4 0.89 0.99 0.13 0.13

F6P 1.9 NA 9.4 2.5 26 2.3

GAP 0.47 NA 0.69 0.35 0.074 0.027

DHAP(g/c) 2.6 1.1 11 5.2 1.6 0.61

1-3-BPG 0.77 NA 0.22 0.19 0.028 0.0097

3PG(g/c) 4.8 1.17 1.7 0.7 0.68 0.46

2PG 0.59 0.33 0.29 0.13 0.13 0.085

PEP 0.85 0.39 2.0 0.84 0.85 0.57

Pyruvate 21 NA 21 11 21 1.6

Gly-3-P(g/c) 2 7.9 0.75 7.1 1.1 4.2

NADH/NAD NA NA 0.9 3.1 0.036 0.04

ATP/ADP (g) NA NA 2.9 5.9 0.48 0.29

ATP/ADP (c) 2.9 1.2 2.8 1.5 2.9 1.4

Glucose Flux

(mM/sec)

0.255 0.255 0.22 0.22 0.213 0.213

a In column one are the measured concentrations by Visser and Opperdoes (1980). In column two are the results for Karyote simulation of the same

system. In column three are the results of a similar simulation by Bakker et al. (1997). (g) and (c) denote glycosomal and cytosolic concentrations,

respectively.
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steady-state concentrations (Visser and Opperdoes,
1980), and metabolite concentrations as predicted by
another theoretical study (Bakker et al., 1997). As can
be seen Karyote’s results are in good agreement with
values reported by Bakker et al., and experimentally
measured values.

3.1. Transition from anaerobic to aerobic behavior

For the purpose of computational simplicity, in
previous simulation efforts (Bakker et al., 1997), it was
assumed that under aerobic conditions glycerol kinase is
inactive and thus for every mole of glucose no glycerol
and two moles of pyruvate were produced (glycerol/
pyruvate=0). Under anaerobic conditions every mole of
glucose would produce one mole glycerol and one mole
of pyruvate (glycerol/pyruvate=1) (see Fig. 2). How-
ever, experiments by Eisenthal and Panes (1985) have
shown that under aerobic conditions the glycerol/
pyruvate ratio is 0.1–0.4, i.e. the efflux of glycerol under
aerobic conditions never falls below 10% of pyruvate
efflux. As can be seen from Fig. 3, Karyote’s results
agree with experimental results and another computa-
tional study by Eisenthal and Cornish-Bowden (1998).
Under anaerobic conditions the rates of production of
glycerol and pyruvate are both 0.225mM/s (glycerol/
pyruvate=1). Under aerobic conditions the rate of
production of glycerol and pyruvate are 0.038 and
0.411mM/s, respectively (glycerol/pyruvate=0.092) (see
Fig. 3).
3.2. Nonlinear dynamics for a mutant strain of T. brucei

One of the goals of this study was to test for
conditions conducive to the appearance of complex
dynamics in T. brucei. Various types of nonlinear
dynamics for glycolysis of yeast Saccharomyces cerevi-

siae ranging from simple periodic oscillations (see
Chance et al., 1964; Parulekar et al., 1986; Porro et al.,
1988; Chen and McDonald, 1990a,b; Richard et al.,
1996a,b), to multiple steady states and hysteresis (see
Zamamiri et al., 2001), to finally spatio-temporal chaos
(see Baier et al., 2002) have been observed or theorized.
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Fig. 4. (a) Plot of complex dynamics of HK, PFK, and PGK upon

increasing G3PDH activity by 20% under aerobic conditions. (b)

Close-up of the behavior for the first 1300 s. Note that the activity of

PFK is effectively zero and that of HK and PGK are equal to one

another.
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However, to our knowledge nonlinear dynamics for
T. brucei have not yet been reported.

In order to test the system for possible complex
behavior we varied the activity of various glycolytic
enzymes. In yeasts, under anaerobic conditions,
GAPDH (Richard et al., 1996b) and PFK (Baier et al.,
2002) control the oscillatory behavior of the system.
Variations of the activity of these enzymes for our model
did not lead to any oscillatory behavior. However, in
presence of oxygen, upon increasing the activity of
G3PDH by 20%, we observed complex dynamics (see
Fig. 4a). We believe the reason for this complex
nonlinear periodic dynamics is the coupling of the
activity of enzymes G3PDH, GAPDH, PGK, PFK, and
most importantly AK.

The majority of the energy requiring reactions in a cell
are driven either directly or indirectly by the hydrolysis
of the acid anhydride bonds in ATP. Similarly, most
energy producing reactions in cells are coupled to the
phosphorylation of ADP to produce ATP. Thus, it is
critical for a healthy cell to maintain appropriate ratios
of ATP:ADP and ATP:AMP (denoted ATP/ADP and
ATP/AMP). Under normal conditions AK is the main
regulatory enzyme for ATP, ADP, and AMP metabo-
lism. Usually this enzyme mediated process is at
equilibrium and thus

½ATP	½AMP	 ¼ Q½ADP	2:

Upon further examination of this relationship one can
observe that the AMP/ATP varies as the square of the
ADP/ATP, i.e.:

½ATP	
½AMP	

p
½ATP	
½ADP	

� �2

:

However, under conditions of cellular stress, where the
rate of production of ATP is less than the rate of its
usage (for example during periods of exercise in muscle
cells), in most cells a complex mechanism involving the
enzyme AMP-activated protein kinase (AMPK) is
utilized to regulate the ATP:ADP and ATP:AMP ratios
(for review of the activity of AMPK see, Hardie et al.,
1998, 1999; Kemp et al., 1999, 2003). Under strenuous
conditions, the ADP/ATP will increase leading to an
increase in the AMP/ATP due to the activity of AK. In
order to prevent such catastrophic loss of high energy
ATP in the cell, AMPK activates catabolic pathways
while concurrently inhibiting ATP consuming processes.

In T. brucei glycosomes, AMPK has not been isolated
and thus is presumed not to be present. However, the
ATP consuming enzyme PFK is activated by AMP (see
Nwagwu and Opperdoes, 1982; Cronin and Tipton,
1985; Lopez et al., 2002). We believe that perhaps this
behavior is one way in which T. brucei regulates the
activity of AK and the overall ATP/AMP ratio.

Upon increasing the activity of G3PDH, and in an
oxygen rich environment we accelerate the rate of
production of NAD+ or what we have labeled in
Fig. 1, ‘‘cycle 1’’. This cycle is coupled to the action of
GAPDH through the activity of the TIM, and
metabolism of NAD+ and NADH, forming a ‘‘second’’
cycle (see Fig. 1). Increasing the activity of cycle 1
increases that of cycle 2, which in turn increases the
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activity of PGK. This increase in activity of PGK leads
to a sharp increase in the rate of production of ATP and
consumption of ADP. This decreases the ADP/ATP,
which is amplified by AK for the AMP/ATP, and thus
the amount of AMP in the glycosome rapidly decreases.
This decrease in AMP concentration leads to the
reduction of PFK activity, which further reduces the
consumption of ATP and production of ADP.

As can be seen from Fig. 4b, after a sharp spike in the
activity of PGK, the activity of PFK goes almost to
zero, and activity of PGK decreases until it equals that
of HK. Under these conditions, for every mole of ATP
used by HK, one is produced by PGK. This behavior
continues until, due to the absence of PFK activity, the
concentration of 13BPG decreases and eventually the
rate of PGK becomes less than that of HK. Under these
conditions, ADP concentration increases, the ADP/ATP
and concurrently due to the activity of AK, the AMP/
ATP ratio increases quickly. In the presence of AMP,
PFK activity resumes, completing the cycle. An
examination of the transient behavior of ATP and
AMP (see Fig. 5) shows that under the complex regime,
the rate of conversion of AMP to ATP and vice versa is
very fast and the system is constantly oscillating between
a high energy (high ATP) and starvation (high AMP)
states.

To examine our postulate for the complex behavior of
the system, we varied the activity of PGK to see whether
the complex behavior of the system would change upon
reduction of this enzyme’s activity. In accordance with
our coupled, multi-enzyme theory, upon reducing the
activity of PGK to 13% of its normal values complex
dynamics of the system is replaced by ‘steady state’
behavior (see Fig. 6).

Furthermore, given the fact we do not observe
oscillatory dynamics in the absence of oxygen, it is
obvious that oxygen concentration should regulate the
complex dynamics of the system. Variations of the
concentration of oxygen in the culture medium produces
very complex dynamics and transitions between three
distinct types of dynamics (see Figs. 7 and 8). Under
anaerobic condition (up to 50% of normal medium
oxygen concentration), the system exists as a stable
focus, i.e. a single steady state (see Figs. 7d and 8a).
Upon increasing the oxygen concentration, the system
exhibits simple oscillatory behavior with constant period
and amplitude. We label this behavior ‘‘small limit
cycle’’ (see Figs. 7c and 8b). Additional increase in
oxygen concentration reveals a second, ‘‘large limit
cycle’’. At intermediate oxygen levels (0.107–0.115mM),
the system switches back and forth between the small
and the large orbit, constituting a complex composite
limit cycle (see Figs. 7b and 8c). The large limit cycle
represents the behavior of the system under aerobic
conditions and as can be seen from Fig. 7a and 8d,
under oxygen rich conditions (i.e. 83% and above of the
normal medium oxygen concentration), this behavior
dominates.

In summary, using Karyote to model the glycolysis of
T. brucei has shown that it is possible to model relatively
complex systems with sufficient richness. Our model
agrees with experimental results and other computa-
tional models in the ‘steady state’ regime where they
have been applied. Due to the fact that our completely
kinetic model allows us to observe transient behavior of
the system under varied conditions, we are able to
predict the presence of complex dynamics for T. brucei

upon variation of the activity of the enzyme glycerol-3-
phosphate dehydrogenase and under aerobic conditions.
We have shown that adenylate kinase and phosphogly-
cerate kinase along with the regulatory enzyme PFK
play a critical role in the complex dynamics of the
system. Finally, we have shown that upon variation of
oxygen concentration in the medium (from anaerobic to
aerobic) the system exhibits a hierarchical transition
from a point attractor that bifurcates into a limit cycle
which is then transformed into a more complex, highly
structured limit cycle attractor and then back to a simple
but large limit cycle.
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Fig. 7. Effect of oxygen concentration in the medium on the oscillatory behavior of ADP in glycosomes of T. brucei: (a) [O2]=0.1251mM, the cell

exhibits simple high amplitude oscillations; (b) at [O2]=0.11mM, a complex limit cycle with periodic switching between small and large periodic

oscillation is observed; (c) at [O2]=0.109mM, small amplitude and frequency oscillations are predicted; (d) at [O2]=0.056mM, the system exhibits

steady-state dynamics.
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Fig. 8. Trajectory of system dynamics for the conditions described in Fig. 7, projected into the FBP vs. ATP concentration plane: (a) at

[O2]=0.0695mM the system goes to a stable focus, i.e. steady state; (b) at [O2]=0.10425mM, the system supports a small amplitude limit cycle; (c) at

[O2]=0.1112mM the system exhibits a small limit cycle that is then transformed into a more complex highly structured limit cycle attractor; (d) at

[O2]=0.11537mM, the system goes to a simple but large limit cycle.
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