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IGeneral Introduction

For several diseases, but mainly for infectious diseases, scientific research has revealed both the 

direct cause and various factors that influence disease progression. Furthermore, throughout the years, 

many malfunctions of the human body have been linked to specific alterations in gene sequence, 

expression pattern or aberrant proteins. Both in the case of the diseased human and in the case of a 

pathogen that causes a disease, the mapping of entire genomes of species has significantly boosted 

scientific progress. Currently, the genomic sequence of more than 180 organisms, among which 

many model organisms and pathogens, has been unravelled (e.g. the influenza virus [172], the yeast 

Saccharomyces cerevisiae [180], the model organisms for developmental biology Caenorhabditis 

elegans [398] and Drosophila melanogaster [2,309], the model plant Arabidopsis thaliana [15], 

human [259,427] and the mouse [443]). An extensive overview of the sequenced genomes can be 

found on www.genomenewsnetwork.org.

With an increasing insight into the pathways and genes involved in the onset or the establishment of 

diseases, many newly discovered proteins have been proposed as potential drug targets over the years.  

However, only for a minority of these targets, effective drugs have been developed. In this thesis I 

propose that this may be attributed at least partially to the fact that the potential of a drug target is also 

influenced by complex interactions of the target with other components of the cell or the organism 

(the biological context) and that perturbations of the target can lead to adaptive cellular responses that 

influence drug efficacy. Specifically, the work described in this thesis aims to enhance quantitative 

understanding of glycolysis in African trypanosomes within the context of the complex, growing cell. 

This will enable us to develop important aspects of a network-based approach to combat the deadly 

disease caused by this parasite and enables us to come up with new drug targets.

The first part of this Introduction will focus on the criteria for drug target selection and discuss how 

a network-based approach may improve target identification. The second part will introduce the 

model system for which we will substantiate the systems biology approach: glycolysis in the tropical 

parasite Trypanosoma brucei.
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Section I.1: Network based drug design: a systems biology approach 

I.1.1 What determines the potential of a drug target?

Mammalian diseases can be categorised into two main classes: (i) diseases caused by 
(proliferating) intruders that need to be killed or inactivated (e.g. tumours and infective 
agents) and (ii) diseases in which the normal function of cells and/or tissues is impaired 
(e.g. Pompe disease, where cells lack the enzyme α-1,4-glucosidase [214] or Fanconi 
anemia in which DNA damage repair proteins are missing [239]) and needs to be restored. 
In this thesis I will focus on the first class. 

In order to survive and proliferate, the intruding cell or organism depends on the concerted 
action of multiple proteins. Inhibition of one of these proteins could interfere with survival 
or proliferation, resulting in cell death or ablation of growth. However, not all proteins 
or pathways in the cell are necessarily equally interesting as a drug target. Below I will 
introduce five criteria to rank pathways and proteins in terms of their prospects as drug 
targets:

1.  The target pathway should be essential for pathogen survival and/or growth
The target pathway of a drug should have a role in a cellular function that is central to the 
disease. Growth and maintenance of cells (e.g. tumour growth [199], multiplication of a 
microbe [82]) are often at the heart of disease progression. Examples of pathways that have 
been shown to (at least partially) influence growth and survival are signal transduction 
pathways [199] and metabolic pathways that generate ATP and building blocks for growth 
[199]. However, the cellular processes that influence growth and survival are not limited 
to the pathogens’ interior. Some cellular functions alter its environment to enhance cell 
survival (e.g. by increasing the availability of nutrients) or shield the cells from dangers 
from the outside. Some tumours  recruit blood vessels to meet their increased metabolic 
needs [199]. African trypanosomes are able to evade the mammalian immune system by 
antigenic variation [149], while Plasmodium falciparum invades red blood cells [124] and 
will hence be shielded from the immune system. In addition P. falciparum suppresses the 
host interferon-gamma response in early infections [131]. Interference with such survival 
and infection enhancing mechanisms can also make the pathogen less infective and more 
vulnerable to drugs [42,359]. 

The essentiality of a pathway or protein for cell growth and/or survival has been the most 
prominent criterion for the selection of drug targets. 
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2.  The target should have a high control on pathway output in the pathogen
To alter the output of a pathway as described in criterion 1, theoretically any of its components 
is a potential drug target. In the absence of proteins that can take over the function of the 
target, a complete block of any of the proteins in the pathway will ablate the pathway flux. 
However, compounds are rarely potent enough to achieve a 100% inhibition of the target 
[123]. For enzyme inhibitors to be that potent they should be tight-binding irreversible 
inhibitors that can be used in sufficient doses to incapacitate all enzyme molecules. In 
practice, most inhibitors bind reversibly. Many enzyme inhibitors are designed as analogues 
of substrates, products or transition states, as these are most likely to bind to the enzymes 
and inhibit function. The resulting inhibitors then compete with substrate or products. 
Upon inhibition of enzymes that are inside metabolic pathways, substrate concentrations 
tend to increase and drive the inhibitor off the enzyme; complete inhibition by competitive 
inhibitors will only be achieved at very high inhibitor concentrations [123,160]. 

As it will be difficult to inhibit a target completely and as one would like to keep drug 
doses as low as possible in order to limit non specific side effects (see also criterion 5), 
pathway components that decrease pathway output more drastically when their activity 
is decreased partially, will be better drug targets [96,224]. When a small inhibition of 
the target has a large effect on the pathway flux, the target has a high control over the 
pathway flux. The higher its control, the more suitable the drug target. The flux control of 
a target depends on the topology of the pathway in which it functions, on the amounts and 
capacities of the proteins in the pathway and on the sensitivities (elasticities) of the target 
and other proteins to their substrate and product concentrations. Systems biology offers a 
framework to study the effects of alterations of individual components on the functioning 
of the network they participate in, through possibly complex interactions [453]. Analyses 
of control distributions in metabolic networks have already revealed potential drug targets 
in trypanosomes [27,28] and in tumours [117]. In section I.1.3 below I will discuss pathway 
control in more detail. 

3.  The gene-expression response of the pathogen should not counteract the primary 
inhibition

Upon inhibition of a target, the cell may respond by altering the expression of the target 
protein or of other proteins in the pathway. Also the cell may respond by altering the 
expression of other pathways that can influence the final effect of the drug. One may 
expect cells to respond homeostatically to perturbations, i.e. to counteract the effects of the 
perturbations. This happens when cells increase the expression of the target upon inhibition. 
In this case the initial effect is weakened and this decreases the potential of the drug target. 
It is also possible that cells respond by decreasing the expression of the target. Although this 
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may be unexpected, we cannot exclude it a priori. In the latter case, the primary inhibition 
is strengthened and this should increase the potential of the drug target.

For the drug to be most effective, the gene-expression response to inhibition of the target 
should be neutral or strengthen the effect of the drug. This criterion is often not explicitly 
included in drug target ranking. Recently it has been receiving more attention. An example 
is the resistance against the cytotoxic drug cisplatin. Both solid tumours and the amoebe 
Dictyostelium discoideum display altered gene expression after cisplatin treatment 
[371,414]. These changes in gene expression may contribute to cisplatin resistance. 
Unfortunately, such unwanted responses of the target cell/organism are often found after 
drugs have entered a late test phase or even when the drugs are already in use in the clinic. 
This criterion for drug-target ranking will be a major issue in this thesis.

4.  The drug should be able to reach the target in vivo  
Even if an inhibitor inhibits an enzyme potently in the test tube, it might not inhibit in 
vivo, e.g. if the target is not readily accessible. For targets on the external side of a cellular 
plasma membrane this is usually not very problematic, unless other membrane constituents 
shield them off (e.g. in trypanosomes [69]).  To reach intracellular targets, however, the 
drug needs to cross the outer membrane of the target cell. For pathogens that invade host 
cells (e.g. viruses and some bacteria (e.g. mycobacterium tuberculosis) and parasites like P. 
falciparum [124], Trypanosoma cruzi and the Leishmania species), first the membrane of 
the host cell needs to be crossed. In addition, other cells may shield the target cell from the 
drug, as has been observed for the cells in the centre of tumours [261,262].

Even when the drug has entered the pathogen successfully, the conditions inside the cell 
may be such that de drug is effectively inactivated. This could be due to a pump that actively 
removes the drug from the cell (e.g. multidrug pumps in tumour cells and parasites; see 
reviews [70,86,260]), or to degradation of the compound. Often such drug-inactivating 
processes are triggered via a gene-expression response of the pathogen to the inhibition 
(see criterion 3). Also they can be due to changes in the genome causing drug resistance 
of a subpopulation already before, and an enrichment of that subpopulation after drug 
application. Besides inactivation of the drug by the target cell itself, also other cells or 
organs of the host may interfere with compound integrity and availability (i.e. clearance 
by the liver).

The access of inhibitors to their target is studied extensively by others.  I will not focus on 
it in this thesis.
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5.  Side effects should be limited
If drugs need to work inside a diseased organism, they should be selective against the 
aberrant cells or pathogen, i.e. effects of the drugs on the healthy host cells should be 
absent or limited. While not only the compound itself but also solvents may have unwanted 
side-effects (such as those of propylene glycol, the solvent used for the antitrypanosomal 
drug melarsoprol [148]), we will focus solely on the side-effects of the compound itself.

This criterion may be fulfilled relatively easily when a drug targets specifically a protein 
that is absent or inactive in the host or in healthy cells. However, even when the target is 
present in both, drugs can have differential effects. It is well appreciated that differential 
effects can be achieved when the network topology differs between host and pathogens (e.g. 
the dependency of only one of the proteins on a co-factor (e.g. the cofactor-independent 
phosphoglycerate mutase (PGAM) versus the cofactor-dependant vertebrate PGAMs 
[101]), or when the compound is only taken up by the pathogen and not by the host cells 
(see also criterion 4). Also when the target is essential for the pathogen but not for the host 
(criterion 1), selectivity can be achieved. It is less appreciated, however, that even if the 
targets in host and pathogen are structurally identical and essential for both, selectivity 
can be achieved when criteria 2 and 3 are fulfilled only in the target cells but not in the 
healthy cells of the host. In the latter case, network differences convey the differential 
effects [30,224]. This aspect of network-based selectivity can also be quantified and a 
network-based selectivity analysis can identify potential targets among the proteins that 
are shared by host and pathogen. Targets for which the selectivity is based entirely on 
differences between the networks, in which they function, have hitherto been undervalued 
with respect to their potential as selective drug targets and may therefore constitute a rich 
source of new targets.

For truly rational drug design against pathogens, all the above criteria are relevant. The 
order in which they listed above is not arbitrary. It is important first to assess the potential 
of a drug target on the pathway level (criteria 1 and 2) and to estimate gene expression 
responses to inhibition of that target (criterion 3). Subsequently, structural changes to 
compounds can be used to prevent detrimental effects to the host and to deliver the drug 
to the target in vivo or make them more selective (criteria 4 and 5). Restricting drug target 
searches to the final two criteria may result in potent compounds at the level of the target 
protein that are unable to alter pathway flux. Hence, such drugs will not be able to kill the 
pathogen. 

From the above, it becomes clear that the potential of a drug target is highly dependent on 
its cellular context and on its interaction with other components of the same pathway or 
other pathways of a larger system.  Classical molecular biology has provided insight into 
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the molecules inside the cell and in the pathways in which they function. While this is 
crucial basic information to begin with, the separate pieces of information need to be put 
together to obtain real understanding of cellular systems. Systems biology acknowledges 
that in a multi-component system not all components are equally important for the output. 
It aims to understand the functional properties of biological systems that emerge from the 
interactions of their components. Systems biology employs a combination of quantitative 
experiments under physiologically relevant conditions with computer aided modelling. 
It provides tools to explore the above discussed criteria pertaining to network-based 
selectivity of drugs. The next paragraph will give a brief description of the systems biology 
field and of how this has already enhanced our comprehension of biological processes. 
Several books and articles contain more elaborate surveys of the subject [5,170,250,453], 
while also the philosophical foundations have been studied [67].

I.1.2 Systems biology: towards improved understanding of the behaviour 
of complex systems

One of the greatest challenges in biology and in the combat of disease is the understanding 
of cellular processes in the context of their most immediate environment: inside the entire 
cell or organism. The interactions between the components of the system can result in 
emergent properties [87,229], i.e. in behaviour that results from the interactions rather 
than from the properties of the isolated components. These properties can not be predicted 
from the genome or the proteome, but are the result of the network in which they function. 
Examples of emergent properties are the oscillation of the levels of NADH and ATP in yeast 
populations under specific conditions (see e.g. [132,345,346]), the cell-division cycle (see 
e.g.[439]), and the dynamic behaviour of networks of signalling cascades (e.g. as reviewed 
in [1]). Indeed, computer models of such networks based on experiment-derived kinetic 
constants exhibit emergent properties such as the above.  They also exhibit integration 
of signals across multiple time scales, generation of distinct outputs depending on input 
strength and persistence through self-sustaining feedback loops [54]. A third example is 
that when the genome of Escherichia coli strain K-12 was synthetically reduced, this led 
to unexpected properties that are helpful in research, such as increased electroporation 
efficiency and accurate propagation of recombinant genes and plasmids that were unstable 
in other strains [338]. 

A critical success factor in medicine as well as bioengineering is the ability to identify 
cellular components that, when perturbed, really alter process outcome. As exemplified in 
criterion 2 of section I.1.1, the effect of the perturbation of one component of a system is 
not only dependent on the properties of the individual components, but also on the whole 
network in which it functions. A network-based approach is thus needed.  Some of such 
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approaches invoke vast amounts of data concerning the interactions of all the components 
of the pathway itself and of all relevant molecules that influence the pathway (preferably 
all the molecules in the entire cell/organism). But even with a quantitative description of 
all the relevant interactions, it is a harsh task to predict, by heart or on a piece of paper, the 
implications of a perturbation in one of the systems parameters for all the other reactions 
in the system and for subsequent pathway outcome. This is especially difficult when there 
is much cross-talk between cellular components. Computer models can help to integrate 
these large amounts of data and can be used to calculate the effect of a perturbation on the 
rates of other reactions in the system and on the concentrations of intermediates. 

Construction of models can be done from different starting points. Bottom-up systems 
biology aims to construct models that are entirely based on experimentally determined 
network structures and parameter values [88]. In contrast, the top-down approach determines 
the network behaviour under different conditions, superimposes this on the known network 
structure and fits the parameters of the components to these behaviours [88].  A problem 
of the former approach is that determination of the parameters under relevant conditions 
can be problematic. Furthermore, as a cell consists of numerous molecules, it is currently 
impossible to simulate all molecules and their interactions in practical computer time. 
Therefore, the bottom-up approach often starts with the simulation of isolated pathways 
with the aim to couple them later. The top-down approach has the advantage that it more 
readily can focus on overall system performance and can hence initially ignore the detailed 
kinetics of the individual components of a system. However, because the kinetic constants 
of the components are fitted, this approach may result in just one of many parameter sets 
that can result in the observed system behaviour, while the parameters are far away from 
their real values. This is then likely to result in wrong predictions of effects under different 
conditions. Which approach is best suited depends on the type of question asked and on 
the availability of detailed kinetic information of the pathway components. For predicting 
the quantitative effects of perturbations to individual components, the bottom-up approach 
is most promising. 

All these methods require extensive validation with data sets that have not been used 
to construct the model. Iterations between model predictions, experimental validation, 
updates of the model and validation of new computer predictions, will result in increasingly 
powerful models. While in the end, experiments in the actual biological system are needed 
to validate in silico predictions, hypotheses generated by computer models can already 
focus experimental research to important drug targets or can show consequences of pathway 
architecture (e.g. a metabolic function of an organelle [29]).  The least the models do is put 
all the available kinetic information to practice.   Without the assistance of computers the 
human mind has a hard time to do this, with the ever increasing density of information.
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Perturbing cellular systems is not limited to the study of diseases. While in the combat 
of disease the focus is on deregulating essential processes of aberrant cells or pathogens, 
in biotechnology the aim is often to optimise a cellular factory. Some micro-organisms 
are sources of flavour compounds (e.g. acetoin production by Lactococcus lactis [216], 
or of other chemicals (such as biofuels [14], lactate for the production of polylactate 
[445]).   Others are important in the processing of raw food ingredients (e.g. the use of 
yeast for the production of ethanol or the fermentation of foods such as cheese, dough 
and chocolate by yeast or lactic acid bacteria). Some micro-organisms are very practical 
for a combination of lab bench and in silico (i.e. computerized) experiments as they are 
unicellular (and hence relatively simple) and can be easily cultivated in the laboratory. 
Classically they have received much attention from researchers and many physiological 
aspects have been measured. For instance, for flavour production by micro-organisms, 
such as acetoin production by L. lactis [216], studies have already been published that 
combine experimental data, computer modelling and the theoretical frameworks of systems 
biology. 

I.1.3 Metabolic control analysis 

Metabolic control analysis (MCA) quantifies the effect of an alteration of the concentration 
or activity of an enzyme on the outputs of the pathway, i.e. metabolic fluxes and metabolite 
concentrations. The theory was developed at the same time by Kacser & Burns and by 
Heinrich & Rapoport [205,240]. It was originally developed to decipher control in metabolic 
pathways at steady state (hence the name), but it has been extended and applied to dissect 
control in regulatory pathways beyond steady state (see e.g. [222,241]), in gene expression 
cascades (see e.g. [374]) or in ecosystems [353]). Metabolic control analysis has been 
reviewed extensively in [170,206,451], but the main concepts will be described here. 

In MCA, the relative importance of an enzyme i on a steady state flux J is described 
quantitatively by the control coefficient J

iC . A slightly simplified definition is:

i

J
i v

J
C

 change fractional

 change fractional≈   (eq. I.1)

 
in which v

i
 is the enzyme rate and its fractional change should be small and the sole cause 

of the change in flux.

From equation I.1 it becomes clear, that control is a measure of how much of the strength of 
the local perturbation (fractional change in v

i
) is found back at the system level (the output; 

the fractional change of J)
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Because the control coefficient is based on fractional changes rather than on absolute 
changes, the units in which the flux and the enzyme rate are measured do not matter and 
the control coefficient is dimensionless. 

When we consider a change in a parameter p (e.g. the amount of the enzyme) that specifically 
affects the enzyme rate by a small percentage, we rewrite equation I.1 as:

ousinstantane

    state steady







∂

∂








=

i

i

iJ
i

p
v

dp
Jd

C
ln

ln

 

(eq. I.2)

in which the subscript ‘steady state’ indicates that the change of flux is considered 
after relaxation to a new steady state. The subscript ‘instantaneous’ reflects that for the 
corresponding derivative only the direct change in the local rate of enzyme i is considered due 
to the change of parameter p, while all other pathway components (notably concentrations 
of metabolites and of other enzymes) are unaltered. The use of a partial derivative (∂) 
stresses this local analysis.

In unbranched pathways with simple kinetics, control coefficients are usually between 0 
and 1. The higher the control coefficient is, the stronger the effect of a perturbation of 
that step will be on the pathway flux. For ideal pathways without metabolite channelling 
(i.e. when subsequent enzymes do not directly transfer intermediates) and coenzyme 
sequestration [246,247], the sum of the flux control coefficients of all the enzymes in the 
pathway equals unity:

1=∑
i

J

i
C   (eq. I.3)

Equation I.3 has been named the summation theorem and reflects that if the activity of all 
the enzymes of the pathway together is changed by 1%, the flux will also change by 1%. 
In principle this theorem includes all reactions of the cell, but in practice the cell contains 
many reactions outside the pathway of study that do not influence the pathway flux and can 
be ignored. Their control over the pathway flux will be extremely small or zero.  If one of 
the enzymes has a control coefficient of 1, this means that it is a true rate-limiting enzyme: 
a change in the activity of this enzyme will change the flux by the same proportion. When 
a pathway has an enzyme with a control coefficient of 1, all the other enzymes must be 
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without any control on the pathway flux or are balancing their positive and negative control 
amongst them (cf. eq. I.3).  

Besides control of flux, we may also consider control of concentrations (e.g. of intermediate 
concentration X). For the concentration control coefficient we can write an equation similar 
to equation I.2:

 ousinstantane

    state steady







∂

∂








=

i

i

iX
i

p
v

dp
Xd

C
ln

ln

  (eq. I.4)

In contrast to flux control coefficients, concentration control coefficients sum up to 0:

0=∑
i

X

i
C   (eq. I.5)

This reflects that intermediate concentrations will not be affected when all the pathway 
enzymes are activated simultaneously by the same percentage.

As control coefficients by definition are based on small changes in a parameter value 
(e.g. the V

max
 of an enzyme), they are often difficult to determine experimentally. With 

quantitative computer models the control coefficients of all the pathway components can 
be calculated more easily, but this of course requires the models to be accurate.

The control coefficient is a system property and depends on the state of the system when 
calculated. This becomes clear from Fig I.1. Fig. I.1A shows possible relations between the 
activity of enzyme i (v

i
) and the flux J in two different systems (1 (solid) and 2 (dashed)) 

and Fig. I.1B shows the corresponding flux control coefficients for the two systems. 

We will first consider only system 1 (solid lines). The flux control coefficient for enzyme 
i differs between points a

1
 and b

1
. In point a

1
, a small change in enzyme activity will 

have a greater influence on the flux than in point b
1
 (panel A). In point b

1
 the flux control 

coefficient is therefore lower than in point a
1
 (panel B). 

Fig I.1 demonstrates that in order to calculate the control at a particular state of the system 
(i.e. at a certain point on the graph), the alteration to the enzyme activity that is considered 
should be small, otherwise the control of the enzyme itself will be affected by the 
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perturbation (see eq. I..3 and in Fig I.1B a change in v
i
 from a

1
 to b

1
). Hence, infinitesimal 

(i.e. very small) changes are considered in the calculation of control coefficients. 

That control coefficients can change when there are changes to the system should be taken 
into account when studying aberrant cells that have altered levels of enzymes. Such changes 
in control distribution may make that specific enzyme a better drug target (if its control is 
increased, a change from point b

1
 to a

1
) or transfer that potential to other enzymes: if the 

change results in a transition from point a
1
 to b

1
 the flux control coefficient of this enzymes 

decreases in favour of other enzymes in the system (this follows from the summation 

Figure I.1 Flux and control in relation to enzyme activity in two systems
The relation between enzyme activity v

i
 and flux J (A) and between flux control coefficient C (B) for 

system 1 (solid line) and system 2 (dashed line). The graphs in B are calculated from the graphs in A with 
equation I.2
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theorem; eq. I.3). An example of the latter would be a tumour cell with constitutively 
increased expression of a certain enzyme with the other pathway components unaltered. 
While this enzyme may be an interesting target in normal cells where its inhibition might 
lower the pathway flux, it has lost part of that potential in the tumour cell. As the total 
control of the pathway should always sum up to one, other targets must have gained control 
and have become better targets in the tumour cell. In aberrant cells it may be more relevant 
to aim off-target and to target the proteins that have gained control in the new situation (a 
suggestion that was postulated in [223]).

When we now consider two similar, but quantitatively different, systems, differences in 
the control of an enzyme i in the two systems (Fig. I.1) provide differential selectivity of 
inhibition of that enzyme. If in Fig. I.1 system 1 reflects a host cell, enzyme i has only 
minor control on the flux J at the enzyme activity in point b

1 
(Fig. I.1B). When the pathogen 

is system 2, control of this same enzyme on the flux of the pathogen is substantially higher 
at point b

2
 (at the same v

i
 as point b

1
). In this case, inhibition of this enzyme will have a 

larger influence on the flux of the pathogen than on the host flux, even without differences 
in pathway structure and at the same rate of the enzyme [30] (and in fact also at the same 
flux). Such a difference on the pathway level may be exploited to design drugs that are 
selective on the basis of differences in the kinetic properties of the network. 

I.1.4 Cell function: control of protein activity

In metabolic control analysis it is assumed that the concentrations of the enzymes of the 
pathway do not change. While this is often true at the short time scales at which metabolic 
reactions take place, at longer time scales altered expression of the pathway components 
may also play an important role. Altered expression levels of proteins can change the 
control distribution and are at the heart of drug target ranking (criterion 2).  

The main steps that are involved in eukaryotic gene expression are depicted in Fig. I.2. 
Genes are transcribed from the nuclear DNA into a precursor mRNA, which has to be 
processed to become mature, translatable mRNA. The processing usually consists of the 
addition of a 5’-cap, a poly(A)-tail and a splicing reaction in which the introns (the regions 
between the coding regions, the exons) are removed. The mature transcripts are transported 
to the cytosol were ribosomes bind and translate the genetic code into the amino acid 
sequence of a polypeptide chain. The nascent peptide chain needs to fold into a three-
dimensional structure and may need post-translational modifications to become active. 
When the protein functions inside one of the cell’s organelles, the protein also needs to be 
transported into that organelle (not depicted in Fig. I.2). 
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Control of the amount of active protein molecules inside a cell is possible on any of the 
levels presented above. Important processes that can also determine the outcome of gene 
expression, but are often overlooked, are the active degradation of proteins and mRNAs. 
While protein degradation has been described already for years in standard biochemistry text 
books ([381,436]), mRNA degradation was long not even featured in these text books, and 
certainly not as a regulation mechanism in gene expression. One of the roles of degradation 
is to remove old or aberrant mRNAs and proteins. A second role is in the regulation of 
mRNA and protein levels in the cell [45,63,249,437]. The half lives of mRNA and protein 
molecules range from minutes to hours and, in the case of proteins, sometimes even days 
[436]. Many regulatory proteins, such as transcription factors, are rather instable. This may 
enable a rapid response to external stimuli.

Figure I.2 Generalized gene expression cascade in eukaryotes
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The degradation of specific mRNA species is initiated by deadenylation, which allows 
for degradation in the 3’-5’ direction by a large complex, the exosome. After subsequent 
removal of the cap-structure by decapping enzymes, the 5’-end becomes accessible for 
cytoplasmic endonucleases that degrade in the 5’-3’ direction (reviewed in [298,311]). 
Aberrant transcripts are degraded via non-sense mediated decay [97].

For the degradation of proteins, eukaryotic cells have two major pathways: selective 
degradation by the ubiquitin-proteasome pathway and a largely unspecific lysosomal 
proteolysis pathway. Proteins are targeted for degradation in the ubiquitin-proteasome 
pathway by the attachment of ubiquitin to the side-chain of a lysine residue.  After further 
successive addition of ubiquitin (leading to poly-ubiquitination), proteins are recognised 
and degraded by a large multisubunit protease complex, the proteasome. As after 
ubiquitination the protein is rapidly degraded, a control point in this degradation pathway 
is most likely the moment of ubiquitination. The other main pathway involves the uptake 
of proteins by lysosomes, degradation organelles that contain several proteases, a process 
called autophagy [7].

Besides active degradation processes, also cell growth influences the levels of cellular 
components negatively. When a cell divides, the cellular components are diluted in twice 
the volume. The higher the growth rate, the more impact this parameter will have on the 
steady-state concentrations of cellular components.  

mRNA levels are often used to predict the proteome. Despite the cascade-nature of gene-
expression, the measured amount of active protein needs not correlate with the rate of 
transcription of the gene or with the level of the mRNA coding for that protein (see e.g. 
[194]). Initially it was thought that this lack of correlation might reflect an apparent 
discrepancy resulting from experimental limitations and noise in data generation [184]. 
But as more reliable quantitative data became available, it becames clear that at least in 
some of the cases examined accurately it is a reflection of regulation of post-transcriptional 
processes such as nuclear export and localization of mRNA [270], transcript stability 
[45], translational regulation [377] and regulation of protein degradation [63,249,437]. At 
the level of translation, the sub-division of the total pool of mRNA into free mRNA and 
ribosome-bound mRNA can provide interesting data as the pool of ribosome-associated 
mRNAs is more likely to be translated [340]. Furthermore, it was recently shown that 
translation can be inhibited by binding of microRNAs to the transcript [20].

To determine the control properties of regulatory (such as in the case of signal transduction) 
or information (such as with gene expression) cascades, in which different levels of the 
system only control each other via regulatory links (e.g. mRNA can influence the amount 
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of protein, but is not a substrate for the protein; see the dashed lines in Fig I.2), hierarchical 
control analysis has been developed [241,367,452,455]. It is important to realise that control 
coefficients that include variations in gene expression differ from control coefficients that 
do not include them, especially when a lower level in the hierarchy can influence levels 
higher in the hierarchy (the case of ‘democracy’)[455]. 

I.1.5 Quantitation of regulation: Regulation Analysis

Control analysis quantifies the potential effect on the pathway output, of altering distinct 
steps in a pathway, independent of whether those steps are actually altered. Which steps 
in a process are actually used by the cell to regulate the pathway output in response to 
perturbations, is a different question. To address this question, a quantitative framework 
called Regulation Analysis has been developed [355,356,392].

Regulation Analysis has first been applied to determine to what extent a metabolic flux was 
regulated at the metabolic level (i.e. via the interaction of the corresponding enzyme with 
metabolites) and to what extent through the gene-expression cascade (‘hierarchically’). 
Subsequently it has been extended and applied to dissect regulation within the gene 
expression-cascade [134].

When we consider an enzyme-catalysed reaction, the rate of the enzyme (v) can generally 
be described by an arithmetic product of the catalytic capacity of the enzyme V

max
 (which 

depends on the enzyme concentration e) and a metabolic function (which in turn depends 
on the concentrations of metabolic compounds (M) and on affinity constants (K)):

v = V
max

(e) ⋅  f(M, K)  (eq. I.6)

It is important that the function f is independent of the enzyme concentration e and that 
V

max
 is independent from the metabolites in M: This allows separating the V

max
 from the 

function f. This independence of f from the protein concentration follows from the fact that 
the enzyme only catalyses the reaction and is neither substrate nor product. If we then take 
the difference between two conditions (∆) and translate the equation to logarithmic space, 
the two parts of the equation can be dissected:

)(log)(loglog max KM,feVv ∆+∆=∆   (eq. I.7)

At steady state, the rates of the enzymes in a pathway are equal to each other and to the 
pathway flux J (i.e J=v). Therefore, we can rewrite eq. I.7 into  
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Gene expression affects the concentration of a protein and thus V
max

, while the function f 
reflects metabolic regulation. Eq. I.8 thus consists of a gene expression (hierarchical) and a 
metabolic term, and can be rewritten as

mh ρρ +=1   (eq. I.9)

in which ρ
h 

and ρ
m 

are the hierarchical and the metabolic regulation coefficient, 
respectively.

When experimental information is available to determine one of the regulation coefficients, 
the value of the other follows from eq. I.9. In most cases ρ

h
 is more easily determined, as it 

requires only measurements of V
max

‘s of an enzyme and of in vivo fluxes through it. 

Results in parasites and yeast have shown that regulation is often distributed over gene 
expression and metabolism. Regulation analysis of glycolytic flux in T. brucei, Leishmania 
donovani and Trichomonas vaginalis showed that in these protists, regulation is rarely 
exclusively hierarchical, but the relative contributions of metabolic and hierarchical 
regulation differ per enzyme [392]. The distribution over metabolic and hierarchical 
regulation depends on culture conditions and can change as regulation intensifies. A similar, 
but more extensive analysis in yeast [356] showed that upon carbon- or nitrogen-starvation, 
the flux through glycolytic enzymes was regulated differently for different enzymes and 
ranged from either purely hierarchical or purely metabolic to combinations of the two. 
Even cases of antagonistic regulation (i.e. when hierarchical and metabolic regulation had 
opposite effects on the flux) were identified. For a specific enzyme this could be different 
under carbon versus nitrogen starvation.

The hierarchical regulation coefficient can be further dissected into regulation coefficients 
for the different processes in the gene expression cascade as was partially done to decipher 
the regulation of the flux through glycolytic enzymes in the yeast S. cerevisiae [134]. 
Within the hierarchical regulation of fluxes through the glycolytic enzymes, regulation was 
mostly exerted by post-transcriptional processes. This provides an additional explanation 
for the poor correlation between the transcriptome and the proteome ([194] and section 
I.1.4 above). 
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I.1.6 Systems biology and disease

Both in the selection of promising drug targets and in the understanding of mechanisms 
that cause diseases, the systems biology approach and the principles of metabolic control 
analysis have previously been applied. Examples include the pentose phosphate pathway, 
mitogen-activated protein kinase (MAPK) signalling, (these two pathways are important 
for cell proliferation (and are often deranged in tumours)), the mechanism by which fatty 
acid metabolism may lead to diabetes and blood flow through the heart.

Example 1: Cancer
Tumours derive a large part of their malignancy from increased proliferation [199]. Pathways 
that have control over cell proliferation are therefore interesting as target pathways for 
drugs. Cell proliferation needs free energy and building blocks for the synthesis of DNA, 
RNA and other cellular components. Furthermore, there are signalling routes that promote 
growth (e.g. the MAPK signalling cascade) and others that dissuade the cell from growing.  
Tumour cells are often characterised by a high rate of glycolysis [442] and also use a large 
fraction of the imported glucose for the synthesis of nucleotides [68]. Existing therapies 
(such as chemotherapeutics and radiation) affect the synthesis of DNA and RNA, but a 
huge problem is that such therapies also affect healthy cells (see criterion 5 of section 
I.1.1).  

Cascante and coworkers [96] proposed that the non-oxidative part of the pentose 
phosphate pathway can provide more selective targets (criterion 5) for anti-tumour drugs 
as the activity of this pathway is dramatically increased in most types of tumours to meet 
increased anabolic demands. The control coefficient of transketolase, one of the enzymes 
of the pentose phosphate pathway, over the growth of Ehrlich acites tumour in mice was 
found to be 0.9. This control coefficient was determined by titration with the irreversible 
inhibitor oxythiamine [117]. In line with the high growth control coefficient, inhibitors 
of transketolase can indeed halt tumour proliferation in vivo [342]. Also in line with the 
high control coefficient, administration of thiamine (vitamin B1), which is a precursor of a 
cofactor of transketolase, promoted tumour growth [117]. Transketolase thus fulfils criterion 
1 (it halted proliferation) and 2 (it controls the pentose phosphate pathway). It will be 
important to assess if tumours will change gene expression upon inhibition of transketolase 
in a way that can protect them against inhibition of transketolase (criterion 3).

Derangement of signalling pathways can give rise to the general failures or acquired 
abnormalities that are the hallmarks of cancer [199]. Several signalling cascades influence 
cell cycle progression and growth rate. Mutations in components of such signal transduction 
pathways can render them constitutively active, thereby constantly promoting cell growth. 
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One of the central signalling cascades involved in proliferation is the epidermal growth 
factor (EGF)/ERK pathway, one of the MAPK pathways. The core of the EGF/ERK pathway 
consists of three sets of kinases and phosphatases that, after stimulation of de EGF receptor 
(EGFR) by EGF, act together to change the phosphorylation state of the final kinase ERK. 
Phosphorylated ERK translocates to the nucleus to drive transcription of cell cycle genes. 
A core model consisting of the kinase-phosphatase couples revealed that the kinases and 
phosphatates are both important for signal transduction, but kinases control amplitude of 
signalling rather than the duration. Duration is mainly controlled by phosphatases. These in 
silico findings were confirmed experimentally for ERK phosphorylation in a rat fibroblast 
cell line [222]. In later studies, a large computer model of the EGF/ERK pathway was 
used to determine the controlling steps in a larger part of the signalling cascade [221]. 
MAPK signalling is often deranged in cancers [199]. The steps in the EGF/ERK pathway 
that control signalling may be interesting drug targets if they remain in control in tumours. 
As described in section I.1.3, it is important to realise that altered expression of pathway 
components can alter control distribution and in turn may affect the efficacy of a drug 
[223].

But cells are complex and consist of more pathways than just the EGF/ERK pathway. 
We will next explore an example that displays the complexity of cellular function and 
the need for even more data. In this example we try to understand the in vivo results with 
the anti-tumour drug Gefinitib using knowledge gained from computer simulations of the 
EGF/ERK cascade. 

Gefitinib (ZD1839; IressaTM), an inhibitor of the intracellular tyrosine kinase domain of 
the epidermal growth factor receptor (EGFR), is used as a drug against non-small cell 
lung carcinoma (NSCLC) [112,113]. EGFR binds epidermal growth factor (EGF) at the 
cellular membrane. Then, through signal transduction routes, cell growth is stimulated. In 
NSCLC, the amount of EGFR is increased 4-fold as compared to non-tumour cells [174]. 
The modelling study of the EGF/ERK route showed that the amount of EGFR protein 
positively influences signalling through this MAPK pathway but would lose some of this 
control if instead of a small change, an increase of 50% of this protein was considered 
[221]. From the point of view described in section I.1.3 (i.e. that changes in the level of a 
pathway component will alter control), one would expect that the EGFR would lose control 
upon a 4-fold induction, devaluating it as the target of any drug that would just decrease 
its concentration. However, in the case of Gefitinib, a phase II-trial confirmed increased 
regression of tumours in the treatment group (although only in patients pre-treated by 
chemotherapy), with limited side-effects [175].
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Several hypotheses can explain why EGFR-inhibition is effective to halt tumour growth 
even though the target is up-regulated:

• A decrease in control does not mean it will lose control completely (cf. a change from 
point A to B in Fig. I.3), so inhibition might still have effect.

• Even if control over the pathway is largely lost in the new situation, a large enough 
decrease (cf. wild-type to be point A, diseased cell point C and the drug effectively 
lowering enzyme activity to point B in Fig. I.3) will still lower the pathway flux. 

• The dependency of growth on the signalling may not be linear and the extent of the 
effect may be different at different levels of the cellular component. If the growth 
rate of a tumour would depend on EGF/ERK signalling as depicted in Fig. I.3 (for a 
hypothetical relation between signal strength and growth rate), the strength of EGF/
ERK signalling does not have much influence on growth in point C, but at increased 
signalling (point D) it does have control.

Figure I.3 Hypothetical relation between the strength of signal transduction through the EGF/ERK route 
and the specific growth rate
Dashed lines are the tangents at the points indicated.
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• With all of the options above, the problem can still be that control of EGFR is 
larger in the healthy cell than in the tumour. Inhibition of EGFR is then expected to 
selectively hit the healthy cells. However, in many adult tissues, growth is limited 
under normal conditions and hence normal cells may not be heavily influenced by 
EGFR inhibition.

• Gefitinib binds to the ATP-binding site of the tyrosine kinase domain of the EGFR 
[113].  This implies that it will not reduce the amount of EGFR but merely the 
capability of the EGFR to phosphorylate itself (its twins really).  It does not thereby 
affect precisely the opposite of the amplification of the EGFR observed in the relevant 
tumours.  Indeed the expectation may be that Gefitinib acts as an inhibitor of the 
autokinase activity and hence leads to a reduction of the extent of phosphorylation of 
the EGFR.  If the action of the EGFR in signal transduction were not just determined 
by the concentration of EGFR-P (for phosphorylated EGF receptor), but rather by the 
difference between its phosphorylated and its non-phosphorylated form, then reduced 
phosphorylation activity caused by Gefinitib could have a small negative effect on 
normal cells and a much stronger negative effect on tumour cells.

Furthermore, one could envisage that inhibition of EGFR signalling would just restore 
normal signalling levels and tumour growth would be halted instead of resulting in 
regression. However, the phenotype of increased proliferation in the tumour may have 
resulted in additional mutations and survival may now depend on the increased proliferation, 
analogous to cancers being addicted to the expression of oncogenes [447] or relying on the 
changed metabolism [369].  Extensions of the MCA approach that take these into account 
are being developed [454]. 

Because Gefitinib binds to the ATP-binding site of the tyrosine kinase, which is conserved in 
other tyrosine kinases [113],  it probably affects multiple signalling routes simultaneously, 
while, in the hypotheses posed above we have solely considered EGF/ERK signalling. 
Aspecific effects require a more complex analysis than the one presented above.

The above shows that the implications of metabolic control analysis for tumorigenesis and 
for drug target design do not match the experimental observations unequivocally.  The effects 
of amplification of oncogene products can be more complex than the simplest possible 
systems biology would predict and the effect of inhibitors may differ from a reversion of 
the amplification.  This suggests the need for further exploration of how cellular functions 
are controlled in living organisms, how drugs affect this control, and on how organisms 
regulate these funtions in response to challenges such as drug treatments.  
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Example 2: The link between obesity and type 2 diabetes
Individuals with type 2 diabetes have an impaired glucose homeostasis, which is caused 
by impaired insulin-responsiveness. Impaired function of mitochondria is correlated to this 
insulin resistance. Obesity influences the disease onset and the severity of type 2 diabetes, 
but a mechanism linking obesity and type 2 diabetes by identifying the latter as a network 
disease has long been absent. At the beginning of the 21st century, a mechanism was 
postulated that could provide a putative role for intracellular acetyl-CoA esters of long-
chain fatty acids (long chain acyl-CoAs; LCAC) in the pathogenesis of pancreatic β-cell 
function and insulin resistance [32,33].  LCAC would inhibit the mitochondrial adenine 
nucleotide translocator (ANT) with subsequent impairment of mitochondrial oxidative 
phosphorylation. ADP deficiency in the mitochondrion then would promote oxygen-free-
radical production which would damage the cells.  

Ciapaite and coworkers [103,104] used a modular kinetic analysis to study the effects of 
long chain fatty acids on the mitochondrial respiratory chain.  In modular MCA [84], the 
system as a whole is divided into separate functional modules that only interact through 
a limited number of intermediates. The advantage of the modular analysis is that detailed 
kinetics of all the separate components of the system is not needed. In the studies of Ciapaite 
et al., mitochondrial oxidative phosphorylation was conceptually sub-divided in (i) three 
modules connected by the mitochondrial membrane potential (Δψ) or (ii) in two modules 
connected by the ATP/ADP ratio. The modular analysis of the effect of LCAC on isolated 
rat-liver mitochondria showed that, in agreement with the hypothesis, LCAC inhibited 
the ANT which resulted in lower extra-mitochondrial ATP levels and a higher Δψ. The 
proposed formation of radical species has not yet been proven experimentally. The finding 
and (partial) confirmation of a mechanism for the onset of diabetes meets the important 
first criterion in the validation of targets for intervention (see section I.1.1)

Example 3: Organ function - blood flow through the heart
The function and behaviour of a cell is dependent on numerous cellular components 
that interact and influence each other. At a more complex level, organs function through 
the combined functioning of several cell types. The human heart is a clear example of 
complexity: within the heart there are cell types with distinct functions that together ensure 
heart function: the sinoatrial node (the ‘pacemaker’ of the heart) generates an electrical 
current that spreads out over the myocardium, which effectively is a syncytium. Upon 
stimulation, the myocardium contracts and hence pumps blood through the circulation. 
First the atria are stimulated to contract. The wave then travels to the AV-node and after a 
delay is conducted further via the bundle of His and the Purkinje fibers to the apex of the 
heart leading to the contraction of the ventricles. After contraction, the parts of the heart 
must relax to refill again. This chain of events yields the typical ECG diagram of the heart. 
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Ordered contraction and hence ordered stimulation of the various parts of the heart is of 
vital importance for its functioning [51].

Models of the electrophysiological aspects of heart cells and at the organ level of the heart 
have been made (as reviewed in [313] and [314]). Cellular models were combined with 
whole organ models to simulate the spread of the activation front [313]. These models are 
expected to aid research of heart disease (and to identify the alterations that lead to the 
disease and may be influenced by drugs (criterion 1 in section I.1.1)) [315] and to assess 
the effect of drugs on heart function (which may help to limit side effects (criterion 5 in 
section I.1.1)).  

I.1.7 Systems biology in T. brucei, the model organism of this thesis

The examples of section I.1.6 show the potential of the systems biology approach in 
improving understanding of cells in health and disease, whole organs and pathogens. This 
thesis focuses on the eukaryotic parasite T. brucei that causes the human disease African 
sleeping sickness and is transmitted by tsetse flies. The disease is fatal if left untreated 
and there is a need for new and more selective drugs. To further rationalize drug target 
selection and speed up drug design, a systems biology approach has already been initiated 
for glycolysis of T. brucei. Trypanosome glycolysis meets criterion 1 of section I.1.1, as it 
is the sole source of free energy when the parasite lives in the mammalian bloodstream. To 
understand trypanosome glycolysis quantitatively, a detailed kinetic model of trypanosome 
glycolysis was constructed, which was able to describe the glycolytic flux accurately [26]. 
MCA of this model suggested that glucose transport had the highest control over the 
glycolytic flux under physiological conditions, but not all the control [28]. Subsequent 
experimentation confirmed this [27]. These studies enabled the ranking of glycolytic 
enzymes for their potential as antitrypanosomal drugs based on their flux control coefficients 
(criterion 2).

The work in this thesis aims to enhance quantitative understanding of trypanosome 
glycolysis, to elucidate the metabolic and gene expression responses to perturbation of 
glycolytic enzymes that could influence the potential of the glycolytic enzymes as drug 
targets (criterion 3), and to further develop the strategies for systems biology-based drug 
targeting. Section 2 of this Chapter introduces T. brucei, its life cycle in the two hosts 
which it invades, the organization of its free-energy metabolism and its mechanisms of 
regulation of gene expression. 



General Introduction 29

Section I.2: Towards network-based drug-target selection: the case of 
the deadly parasite Trypanosoma brucei 

The first section of this introduction provided a priority list of subjects which are to be dealt 
with when one wants to determine the potential of a drug target. This potential is strongly 
influenced by the cellular context of the target. Previous research has generated a lot of data 
on the properties of cellular components, but to understand the effect of (the sometimes 
subtle) changes of components within their complex pathways, quantitative data of the 
components themselves and of the molecules with which they interact need to be integrated. 
Systems biology, as was discussed in section 1, provides a theoretical and experimental 
framework for this integration. As a proof-of-principle, the work in this thesis will involve 
a network-based systems biology approach to understand glycolysis of the deadly parasite 
T. brucei and to identify promising drug targets.  This second section introduces T. brucei 
and its glycolysis and describes what information needs to be integrated towards network-
based drug target discovery in this parasite 

I.2.1 African sleeping sickness

T. brucei is a unicellular tropical parasite.  It is the causative agent of the deadly African 
sleeping sickness (trypanosomiasis) in humans and of a similar disease, nagana, in livestock1. 
The infection of cattle expands the threat beyond public health to the level of economics. 70 
million people live in areas where disease transmission could take place and in 2005, there 
were an estimated number of 50 000-70 000 new cases of trypanosomiasis. Good estimates 
are difficult as the many countries where the disease is endemic, lack surveillance or 
diagnostic expertise. There are two forms of Human African Trypanosomiasis, depending 
on the type of parasite involved, i.e. T. brucei gambiense or T. brucei rhodesiense (named 
after the African regions where they are mainly found).  T. brucei gambiense is involved in 
the majority of the cases and causes a chronic, but slowly developing, infection. Infection 
with T. brucei rhodesiense is more acute, with early symptoms and a fast progression 
of the disease.  The parasite is transmitted between mammals by bites of the tsetse fly 
(Glossina species). In mammals T. brucei lives extracellularly in the bloodstream where 
it proliferates. By altering the protein coat of its own plasmamembrane (for more detail 
see below), the parasite population survives the attacks of the acquired immune system. 
In this initial stage, recurring fever, headaches and pain in the joints are symptoms. As the 
disease progresses, the trypanosomes migrate to the central nervous system (CNS), where 
either molecules secreted by the trypanosomes or the reaction of the host to the infection 
cause dysfunction of the nervous system (as reviewed in [163]). This damage to the CNS 

1The text of this section is based on the online available fact sheet no 259 (August 2006) of the World 
Health Organisation – www.who.int. 
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causes disturbed sleep-wake cycle, character changes, and narcolepsy. In a late stage of 
the disease patients will irreversibly go into coma.  Without treatment, sleeping sickness 
is fatal. Limited treatment is available: two drugs (pentamidine and suramin; already 
discovered in the first decades of the 20th century)  are in use for first stage treatment and 
two drugs (melarsoprol and eflornithine) for late stage treatment [148]. Unfortunately, not 
all drugs work against both of the main forms of trypanosomes and resistance to these 
drugs is spreading, especially to melarsoprol. Furthermore, as drugs for the late stage need 
to cross the blood-brain barrier they are usually toxic, causing severe side-effects. This also 
emphasizes the urgent need for better and more selective drugs [40]. 

In 2005, the genome sequences of T. brucei and of two closely related parasites (Trypanosoma 
cruzi and Leishmania major) were published [52,162,233]. Trypanosomes contain about  
10 000 genes, roughly a third of the number of genes in humans [161]. A comparative 
analysis of the three trypanosomatid genomes [161] revealed that more than 6000 genes and 
about 1200 protein domains are present in all three genomes. This creates the perspective of 
designing drugs that can be used in infections of either one of the three. If within this group 
there are targets that are not expressed in mammals, drugs to those targets are expected to 
have hardly any side-effects in mammals [161]. Of course, one should determine whether 
such targets fulfil all the criteria for drug targets that were given in section I.1.1.

Despite increasing knowledge of trypanosome biochemistry, eflornithine is the only drug 
currently in use that has been discovered in the last 50 years. This may be attributed to 
several factors. Trypanosomiasis is ‘a disease of the poor’ and thus of limited economic 
interest to pharmaceutical companies. In addition its geographical distribution is not 
a focus of western governments. Fortunately this is changing, as recently some public-
private initiatives and public-private partneships have re-allocated attention and funding to 
trypanosomiasis and other ‘neglected diseases’ [128,319]. 

Many cellular pathways and their constituents present in other eukaryotes are also found in 
these parasites [52,162,233], which may make it difficult to selectively target the parasite 
inside the mammalian host. Because of the limited availability of research funds and because 
of the complexity of the problem it will be very important to follow the most promising 
strategy in drug design. A systems-biology approach, following the criteria listed in section 
I.1.1, will focus drug design to the most promising targets. T. brucei glycolysis is perceived 
as a good target pathway as it is the sole source of ATP for the bloodstream form of the 
parasite (see [429] and below). Furthermore, T. brucei glycolysis is especially suitable 
as a model system for network-based drug: The bloodstream form of this parasite can be 
cultivated in vitro and the kinetic parameters of the glycolytic enzymes have been well 
characterized (predominantly by the effort of the lab of Fred Opperdoes and Paul Michels 
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(e.g. [93,258,277]; more references can be found in [26])), which led to the construction of 
a mathematical computer model [26] (see section I.2.5 below). 

I.2.2 Life cycle of T. brucei

T. brucei has to survive inside two distinctly different classes of organisms: mammals 
and insects. The bloodstream form, inside the mammalian host, exists as the proliferative 
long-slender form and the non-dividing stumpy form. During proliferative growth in the 
mammalian bloodstream, the population mainly consists of long- slender trypanosomes, 
while at the peak of parasitemia stumpy forms accumulate. The stumpy form is more 
resistant to complement-mediated lysis than long-slender form cells are [286]. Yet, the 
stumpy form  does not proliferate in the bloodstream and will eventually be killed by the 
immune system or degenerate within days [405]. However, when these stumpy forms are 
ingested by tsetse flies, they complete their differentiation into the procyclic form, which 
proliferates in the insect midgut. Inside the insect, the procyclic trypanosomes migrate to 
the salivery glands where they divide as epimastigotes. At a later stage, they become non-
dividing metacyclics. When metacyclic trypanosomes are introduced into the mammalian 
bloodstream they become long-slender dividing bloodstream forms [192]. 

Inside the mammalian bloodstream, trypanosomes express on their surface a dense 
layer of variant surface glycoprotein (VSG) [129]. Synthesis of VSG is essential for 
the bloodstream form cells, both in vivo and in vitro [370]. A single bloodstream-form 
trypanosome expresses only a single VSG gene, but each cell has a repertoire of more than 
a 1000 VSG genes and pseudogenes [99]. The active VSG gene is transcribed from one of 
~20 telomeric VSG expression sites. VSG proteins, which are linked to the cell membrane 
by a glycosylphosphatidylinositol (GPI)-anchor, shield other potential antigens on the 
trypanosome membrane, such as various nutrient transporters, from recognition by the 
immune system [349]. VSG proteins themselves do evoke a lytic antibody response in the 
mammalian host, but during every antibody attack of the host, some parasites escape killing  
because they express an antigenically different VSG, thereby prolonging infection [387]. 
Different VSG expression is achieved through  the activation of  a different expression 
site or by the insertion of a different, silent VSG gene into an active VSG expression 
site by (segmental) gene conversion or telomere exchange (see [72,387] and references 
therein). Upon differentiation to the procyclic form of the parasite, VSG transcription is 
halted [348] and the VSG coat is shed after detachment by a zinc-metalloprotease activity 
and hydrolysis by GPI-specific phospholipase C (GPI-PLC)[92,188,325,348,470]. 

In the procyclic form, a class of different, invariant, coat proteins is expressed known 
as procyclins (or PARP - procyclic acidic repetitive protein [304,305]). The class of 
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procyclins contains two subclasses, called GPEET and EP [347], depending on their amino 
acid repeats. Both EP and GPEET expression is initiated after differentiation, but while 
EP expression is maintained throughout the procyclic life-stage, GPEET is repressed after 
7-9 days. The EP-protein is essential for survival in the fly, but not for survival in culture 
[358].

Besides these changes in antigen expression, also dramatic changes in metabolism 
accompany the transformation between from bloodstream form to the insect stage. In the 
long-slender bloodstream form, glucose is the sole source of free energy with pyruvate as 
the main end product, whereas in the procyclic life stage also other carbon sources can be 
utilised and pyruvate is further converted through parts of the Krebs cycle with coupled 
mitochondrial oxidative phosphorylation. Metabolism of these two proliferative life stages 
will be discussed in more detail in later sections of this introduction. 

T. brucei strains are often categorized by their ability to display the different morphological 
stages of the life cycle. In trypanosome literature, pleiomorphic strains are defined as 
strains that are able to generate both long slender and stumpy forms during the course of 
parasitaemia [282].  Batches of stumpy forms are much more efficient in differentiating 
to procyclic forms (both in tsetse flies [457] and in vitro [282,469]) than slender-enriched 

populations. After prolonged passage through rodents, 
pleiomorphic bloodstream form trypanosomes gradually 
lose their ability to change into stumpy forms [19] and 
thus become monomorphic. Most monomorphic strains 
can still differentiate into procyclic forms, but with 
a reduced efficiency and a delayed onset [404,469].  
As monomorphic bloodstream strains have a slender 
morphology, they are often thought to be incapable of 
differentiation. In contrast to this view, numerous reports 
exist of monomorphic strains that are able to differentiate 
in vivo and/or in vitro (in vitro transformation needs to 
be triggered – see below) (see e.g. [130,157,308,325]). 
It is also disputed whether stumpy forms are an essential 
intermediate in differentiation [43,268,385]. Today 
it is often recognised that the sole distinction between 

Figure I.4 Bloodstream form T. brucei
Confocal image (Biorad Radiance 2000 wih a Nikon Eclipes TE-
2000s microscope; magnification 150x) of long slender bloodstream-
form T. brucei cells of strain 427 cell line 449, fixed in 1% 
paraformaldehyde. Cells were cultivated as described in Chapter II
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monomorphic and pleiomorphic strains is too simple to predict the capability to differentiate: 
there are monomorphic strains that are closer to true slender forms (low efficiency of 
differentiation, if at all) and strains that are closer to pleiomorphism (differentiation at high 
efficiency) [210]. 

Pleiomorphic bloodstream form trypanosomes as well as many strains that been previously 
labelled as ‘monomorphic’ (see above), can be triggered to differentiate to procyclics 
in vitro. For efficient and synchronous in vitro transformation of bloodstream form 
trypanosomes both lowering of the temperature from 37 ºC to ~28 ºC and the addition of 3 
mM citrate and/or 3 mM cis-aconitate (the combination is abbreviated as CCA) are required 
[91,130,325,373]. Either of the triggers alone (temperature or addition of CCA) does not 
suffice for complete differentiation into dividing procyclics. The binding of calcium by 
citrate and cis-aconitate is not responsible for the triggering of transformation [230].

Even though with CCA alone many bloodstream cells do change their morphology, there 
is no growth of these transformed cells when the temperature is kept at 37 ºC. When, in 
addition to CCA the temperature is lowered, bloodstream form cells rapidly shed their 
VSG coat into the medium, mitochondrial enzymes of the Krebs cycle and of cytochrome-
mediated respiration become detectable, and cells show typical procyclic morphology 
with altered surface coat proteins [41,57,85,155,178,325,326]. Within hours after this 
differentiation, procyclin expression becomes detectable at the mRNA and protein levels 
[335,348] and the cells can grow at procyclic culture conditions.

There are reports of conditions that give partial differentiation when applying the lower 
temperature and CCA combination to ‘monomorphic’ strains [308,385]. Furthermore, there is 
evidence for other stimuli that promote (partial) differentiation (e.g. difluoromethylornithine 
[138], proteases [230,363], mild acid stress [352], cyclic AMP analogues [74,263] and 
glucose depletion [292]), although mostly not as efficient as the temperature change/CCA 
combination. 

The work presented in this thesis used strain 427, cell line 449 [56](Fig. I.4). This strain 
is generally assumed to be monomorphic, although in vitro partial differentiation of 
bloodstream-form trypanosomes of this strain has been observed (see e.g. [292,308]).

I.2.3 Free-energy metabolism of trypanosomes

The different life stages of T. brucei can use different substrates for the generation of ATP. 
Bloodstream form trypanosomes can utilize the substrates glucose, mannose and fructose 
[186], which are broken down to pyruvate and/or glycerol (Fig. I.5). These products are 
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secreted. Procyclic T. brucei can also use amino acids, such as proline, threonine and 
glutamate as substrates [127,165], the carbon skeletons of which feed into the Krebs cycle 
[420] (Fig. I.6). The stumpy forms that accumulate at the peak of parasitaemia, are already 
partially adapted to life in the insect vector by starting oxidative phosphorylation in the 
mitochondrion [58]. The switch to alternative energy sources seems logical as after a blood 
meal glucose is probably only available for a few minutes in the fly’s midgut [431].

In the next section, I will first discuss the general organization of glucose breakdown in 
bloodstream form T. brucei. In section I.2.3.2, I will then discuss the alterations to this 
general scheme in the procyclic life stage.

I.2.3.1 Set-up of glycolysis in bloodstream form T. brucei

In the long-slender bloodstream form of the parasite, glucose metabolism is rather simple. 
In this life stage, under aerobic conditions, glucose is converted mainly into pyruvate and a 
small amount of glycerol [159]. These products are secreted (see Fig. I.5). Pyruvate is not 
further converted in the mitochondrion, as Krebs cycle activity and cytochrome-mediated 
respiration are largely absent from the long-slender bloodstream form [402]. Net ATP 
production occurs only in the cytosol in the reaction of pyruvate kinase (PYK). Aerobic 
glycolysis yields two moles of pyruvate (and thus also 2 moles of ATP) per mole glucose. 
However, under anaerobic conditions, equimolar amounts of glycerol and pyruvate are 
produced from glucose, generating only one mole of net ATP per mole of glucose (see also 
below) (Fig. 5).

Glycolysis of bloodstream form T. brucei has some distinct features: (i) a large part of 
glycolysis is compartmentalised inside peroxisome-like organelles called glycosomes, 
(ii) glycolysis in the bloodstream form has few branches, and (iii) the initial kinases of 
glycolysis are hardly regulated by allosteric regulators. 

Compartmentation of glycolysis inside glycosomes
A large part of the conversion of glucose to pyruvate and glycerol takes places in glycosomes 
(Fig. I.5). Each trypanosome contains an average of about 65 glycosomes [395], together 
encompassing 4% of total cell volume [322]. The glycosome is an organelle that is 
highly similar to peroxisomes in other organisms.  The glycosomal membrane consists of 
proteins that are orthologs of proteins involved in peroxisomal trafficking and peroxisomal 
biogenesis (peroxins (PEX) proteins) [307]. As many peroxisomes do, glycosomes are 
believed to harbour enzymes for β-oxidation of fatty acids [331], although they were not 
found in a proteome analysis of the glycosome [114]. However, while catalase is often 
seen as a marker of peroxisomes, trypanosomes and Leishmania seem to lack this enzyme 
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[324,337]. Although resembling peroxisomes, glycosomes have obtained their special 
name, because of their high content of glycolytic proteins (constituting 90% of the proteins 
of the glycosomes of  bloodstream form T. brucei) [320]. 

The proteins of the glycosome, which are encoded in the nuclear DNA and are synthesised 
in the cytosol by ribosomes, have to be transported into the glycosomes.  The molecular 
mechanism of protein import into the glycosomes has been largely unravelled (as reviewed 
in [307,331] and [290]). Protein import into glycosomes resembles peroxisomal protein 
import, with some species-specific differences [307]. Peroxisomal (and glycosomal) matrix 
proteins are imported through the concerted action of several peroxins (PEX proteins). 
Imported proteins contain targeting sequences (peroxisome targeting sequence, PTS) at 
their C-terminus (-SKL or a related amino acid sequence, which is named PTS1[183,376]) 
or close to their N-terminus (PTS2; with the amino acid sequence -R/K-L/V/I-X

5
-H/Q-A/

L-  [61,383]). These sequences are recognised by PEX5 (PTS1 proteins) or PEX7 (PTS2 
proteins). PEX5 and PEX 7 chaperone the proteins to the glycosome. PEX5 and PEX7, 
with their bound proteins, dock at a complex in the glycosomal membrane consisting 
of PEX13 and PEX14 [290]. The chaperones PEX5 or PEX7 deliver their cargo to the 
glycosomal matrix, where the PTS1 or PTS2 proteins dissociate from their chaperones. 
PEX5 and PEX7 are transported back to the cytosol where they can bind new proteins. 
Some glycosomal proteins do not have a PTS1 or a PTS2 sequence, but have an internal 
targeting sequence (PTSI). These proteins may either bind to PEX5 or PEX7, or get co-
transported with PTS1- or PTS2-proteins (e.g. as suggested for TIM [306] and reviewed 
in [290]).

Legend Figure I.5 Glycolysis in bloodstream form T. brucei
Numbers and letters refer to the computer model that will be discussed in detail in chapter 2. Numbered 
reactions are modelled explicitly and reactions indicated with a letter are assumed to be at equilibrium in 
the bloodstream form kinetic computer model. Substrates and end-products are boxed. 1: THT1; 2: HXK, 
3: PGI; 4: PFK; 5: ALD, 6: G3PDH; 7 GK; 8: GPO; 9: TIM; 10: GAPDH; 11: PGKC; 12: PGAM; 13: 
ENO; 14: PYK 15: ATP utilization; 16: pyruvate transport over the plasma membrane; a: glucose transport 
over the glycosomal membrane; b: glycosomal AK; c: DHAP:Gly3P exchange; d: glycerol transport over 
the glycosomal membrane; f: glycerol transport over the plasma membrane; g: cytosolic AK; P

i
: inorganic 

phosphate

Legend Figure I.6 Free-energy metabolism in procyclic T. brucei
Dashed lines represent multiple reactions. Substrates and end-products are boxed. The mitochondrial 
reactions are only schematical and asterisks (*) indicate the production or consumption of reducing 
equivalents (NADH or FADH

2
). 1: THT2; 2: HXK, 3: PGI; 4: PFK; 5: ALD, 6: G3PDH; 7 GK; 8: GPO; 9: 

TIM; 10: GAPDH; 11: PGKA + PGKC; 12: PGAM; 13: ENO; 14: PYK; 17: PGKB; 18: CS; 19: PRODH; 
20: Acetyl-CoA synthetase; 21: Succinyl CoA transferase and acetate:succinate CoA-transferase; a: glucose 
transport over the glycosomal membrane; b: glycosomal AK; c: DHAP:Gly3P exchange; d: glycerol 
transport over the glycosomal membrane; g: cytosolic AK; FA: Fatty acids; P

i
: inorganic phosphate
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Figure I.5 Glycolysis in bloodstream form T. brucei. Legend on page 35
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Figure I.6 Free-energy metabolism in procyclic T. brucei. Legend on page 35
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Labelling studies and studies on purified glycosomes revealed that, intraglycosomal 
intermediates, enzymes and ATP are not accessible to enzymes outside the glycosome on 
a metabolic time scale [198,435]. Furthermore, within the glycosome, redox-reactions and 
ATP hydrolysis and synthesis reactions are balanced [198]: The NADH produced in the 
glycosome by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is reoxidized by a 
glycosomal glycerol-3-phosphate dehydrogenase (G3PDH). The redox-equivalents are then 
transferred to a short mitochondrial respiratory chain (previously referred to as glycerol 
3-phosphate oxidase) consisting of a membrane-bound mitochondrial FAD-dependent 
glycerol-phosphate dehydrogenase (mGPDH) that transfers electrons to ubiquinone and 
a plant-like alternative oxidase (AOX) [105]. AOX accepts the electrons from ubiquinol 
[105]. The DHAP that is formed by mGPDH re-enters the glycosome and, after conversion 
in the reaction catalysed by TIM, it can be further converted in the pyruvate branch. Hence, 
under aerobic conditions glycerol production is low. Under anaerobic conditions or upon 
inhibition of AOX [159,197], however, equimolar amounts of glycerol and pyruvate are 
produced, thereby maintaining the glycosomal redox balance. A glycosomal ATP balance 
is maintained under both aerobic and anaerobic conditions as the ATP that is invested in the 
phosphorylation reactions catalysed by hexokinase (HXK) and phosphofructokinase (PFK) 
is regained in the reactions catalysed by phosphoglycerate kinase (PGK) and/or glycerol 
kinase (GK). In general and also in trypansomes under aerobic conditions, the equilibrium 
of the reaction catalysed by GK is such that glycerol is phosphorylated (using ATP) rather 
than de-phosphorylated (producing ATP). However, under anaerobic conditions, the 
glycerol 3-phosphate (Gly3P) concentration rises inside the glycosome and this (with a 
glycerol-3-phosphatase being absent from trypanosomes [320]) forces the reaction towards 
glycerol (and ATP) production [252].

Active side-branches are virtually absent from the bloodstream form of the parasite
Glycolysis is usually not only used for the generation of ATP. Many organisms also use 
the carbon in glucose to make cellular components. They synthesize nucleotides, the 
precursors for DNA and RNA by the pentose phosphate pathway (PPP) and store the 
carbon in glucose as glycogen. In trypanosomes the PPP maintains a pool of NADPH, 
which amongst other roles is involved in protecting the parasite against oxidative stress, 
and it generates carbohydrate intermediates used in nucleotide and other biosynthetic 
pathways (as reviewed in [36]).  The pentose phosphate pathway is active and essential in 
trypanosomes, although its activity is low in rich media. 

For gluconeogenesis all enzymes are present in the genome and expressed in the procyclic 
stage [416], but this pathway is thought to be inactive in the bloodstream form of the 
parasite as glucose is abundant in the mammalian bloodstream [202]. The gluconeogenic 
enzymes fructose-1,6-bisphosphatase and phosphoenolpyruvate carboxykinase are hardly 
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expressed in bloodstream-form trypanosomes as determined with 2D gel electrophoresis 
and western blot [44,330], although mass spectrometry analysis did detect them [114]. 
Mass spectrometry is more sensitive but as the latter experiment yielded information on 
the presence rather than on the abundance of proteins it does not contradict the earlier 
findings.   Recent measurements show that fructose-1,6-bisphosphatase is well expressed 
in bloodstream-form cells but is inactive (Véronique Hannaert, unpublished).

Pyruvate, 3-phosphoglycerate (3PGA) and some Krebs cycle intermediates (e.g. 
oxaloacetate) are possible precursors for amino-acid metabolism. Krebs cycle activity is 
absent from bloodstream form trypanosomes (see above) and no enzymes were found in 
the T. brucei genome to convert 3-PGA into amino acids.  In the bloodstream form pyruvate 
is an end-product of glycolysis and is secreted, but this does not exclude the possibility that 
some of the pyruvate originates from amino-acids or that some pyruvate is converted into 
amino-acids and is hence used for anabolic processes. 

T. brucei cannot synthesize amino acids de novo, but is able to interconvert them. Pyruvate 
can be transaminated in one step to alanine and in multi-step reactions into leucine, isoleucine 
and valine. The protein for alanine aminotransferase was detected in bloodstream forms by 
mass spectrometry2, but knockdown by RNAi gave no phenotype in normal cultivation 
medium, which does contain alanine [382]. For leucine, isoleucine and valine no complete 
pathways for synthesis from pyruvate are present in T. brucei3. Transamination enzymes 
have been detected for methionine recycling [49]. 

Allosteric regulation of the activity of the kinases of glycolysis
Many organisms constrain the activities of the initial kinases of glycolysis by negative 
feedback. In contrast to other organisms, in T. brucei the kinases HXK and PFK are 
hardly regulated by their usual effectors: HXK activity is not influenced by glucose 6-
phosphate (Glc6P), glucose 1,6-bisphosphate, fructose 1,6-bisphosphate (Fru16BP), 
phosphoglycerates, phosphoenolpyruvate (PEP) or pyruvate [318]. PEP is an allosteric 
inhibitor of PFK, but this glycolytic intermediate is not produced within the glycosome 
and its IC

50
 for T. brucei PFK is 5 mM. Other common regulators of PFK activity, such as 

Fru16BP, fructose 2,6-bisphosphate (Fru26BP), citrate and inorganic phosphate (Pi) do not 
significantly regulate the PFK activity of trypanosomes [125].

While allosteric regulation for T. brucei HXK and PFK seems to be absent, the activity of 
the cytosolic PYK is sensitive to multiple effectors, amongst which Fru26BP [93,94,418]. 
The enzymes that produce and degrade Fru26BP (phosphofructo-2-kinase and fructose 2,6-

2As indicated in the file Tb927.1.3950 at www.genedb.org.
3The KEGG database at www.genome.jp/kegg.
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bisphosphatase) are cytosolically localised as is PYK [419] (Fig. I.5). In bloodstream form 
trypanosomes the Fru26BP concentration is largely saturating PYK [93,419]. In addition, 
ATP, ADP and AMP inhibit PYK by increasing its Michaelis constant (K

m
)

 
for PEP.

I.2.3.2 Differences between bloodstream-form and procyclic metabolism

Energy metabolism undergoes strong remodelling during the life cycle of T. brucei. (cf. 
Fig. I.5 and I.6). The pathway from glucose to pyruvate and glycerol is similar in the 
procyclic life stage, with only minor differences in isoform expression. In the insect stage, 
glucose is internalised via an alternative isoform of the glucose transporter (trypanosome 
hexose transporter 2 (THT2) instead of THT1)) and for phosphoglycerate kinase (PGK) a 
different isoform is expressed (PGKB instead of PGKC) (cf. Fig. I.5 and I.6). PGKB is not 
imported into the glycosome, but remains in the cytosol. The most marked differences are 
that in the insect form pyruvate is further metabolized, that PEP re-enters the glycosome to 
be converted to succinate (see below) and that the latter life stage can grow on alternative 
substrates. 

In the procyclic life stage, pyruvate is further metabolized in the mitochondrion through 
parts of the Krebs cycle, although a complete cycle is not present [420,421] (Fig. I.6). In 
the reactions of the Krebs cycle, reducing equivalents (NADH and FADH

2
; represented by 

asterisks (*) in Fig. I.6)) are produced, which donate their electrons via the complexes I-IV 
of the respiratory chain to oxygen. The protons that are pumped by this electorn transfer 
process to the intermembrane space of the mitochondrion drive the synthesis of ATP by a 
F

o
/F

1
 ATP synthase when they return [461] (Fig. I.6).

For a long time, the prevailing view was that in the procyclic form of the parasite, pyruvate 
was completely degraded to carbon dioxide in the Krebs cycle. This assumption was largely 
based on the detected presence of all the enzyme activities that were known to be involved 
in degradation of pyruvate to CO

2 
[155,165,168,323]. However, this could not explain why 

procyclic trypanosomes secrete acetate and succinate when growing on glucose [127,155]. 
The acetate formation could have originated from co-degradation of  threonine [127]. Later 
it was shown, however, that a large part of the acetyl-CoA that is formed from pyruvate 
by pyruvate dehydrogenase is converted inside the mitochondrion to acetate by an acetate:
succinate CoA transferase instead of going into the Krebs cycle.  This route to acetate 
production also involves a succinate/succinyl-CoA cycle, which generates ATP [415]. 
The other main end product, succinate, can be synhthesized both in the mitochondrion 
and in the glycosome (Fig. I.6). Glycosomal succinate production can be  substantial as 
RNAi against the NADH-dependent glycosomal fumarate reductase (the last enzyme in 
the formation of succinate in the glycosome) ablated succinate production from glucose by 
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more than 60% [53]. Further support for an incomplete  Krebs cycle was the finding that 
a knock-out of one of the Krebs cycle enzymes, i.e. aconitase, did not affect growth, nor 
did it alter the profile of secreted products [420], showing that not all parts of the classical 
Krebs cycle are used. 

Finally, an elaborate study of the fates of radio-labelled substrates showed that procyclics 
under standard conditions convert glucose almost exclusively into acetate and succinate. 
CO

2
 is only the main end-product when amino-acids are the sole carbon source [421]. 

This led to the recently revised scheme of procyclic metabolism which lacks a completely 
functional Krebs cycle (Fig. I.6).

I.2.4 Glycolysis as a target pathway for antitrypanosomal drugs

As glycolysis is the sole source of free energy in the bloodstream form of the parasite, 
decreasing the glycolytic flux should affect its generation of ATP in the cell. And as, in 
turn, the free energy in ATP is needed for maintenance and growth of the cells, glycolysis 
is regarded as a good target pathway for drugs [429] (criterion 1 for drug targets, see 
section I.1.1). However, a potential pitfall is the similarity of the trypanosome pathway to 
host glycolysis. Drugs against glycolytic enzymes may also harm the host. Despite this, 
structural differences exist even in enzymes that are shared by host and trypanosome, and 
these differences might be exploited to design selective drugs. An example is trypanosome 
PGAM. The trypanosome PGAM belongs to a different non-homologues protein family. 
The T. brucei PGAM is a metallo-enzyme and is, in contrast to its mammalian counterpart, 
co-factor 2,3-bisphosphoglycerate independent [101,147].

Previous results of structure based drug design have yielded inhibitors specifically 
targeting glycolytic enzymes.  Examples include inhibitors of THT [22,23], HXK [462], 
PFK [106,317], aldolase (ALD) [24,137],  GAPDH [17,18,77], PGK [76]. While the 
effective inhibitor concentrations are already in the submicromolar range, this still needs 
to be further optimised.

For some of these compounds it will be difficult to reach their target (criterion 4, section 
I.1.1). Except for THT, all the target enzymes listed above are inside the glycosome 
and hence drugs have to cross two membranes. The delivery of drugs to their targets is 
receiving increasing attention, also in the trypanosome field [24,39,393], and is a challenge 
for structure-based drug design. Interestingly, the inhibitors of ALD, GAPDH and PFK kill 
trypanosomes in culture.
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A more essential problem for some of these inhibitors is that their targets may not have 
much control over glycolytic flux in the model of trypanosome glycolysis [28] (e.g. HXK 
and PFK; see next section).  Based on this theoretical analysis, these targets do not classify 
as the best drug targets following criterion 2 of section I.1.1. 

Drug research will be accelerated when structure-based drug design focuses on the targets 
that have control over the pathway flux. Section I.2.5 will describe the previous results with 
a systems biology approach to the selection of drug targets within trypanosome glycolysis. 
Inhibitors of THT appear to be the most interesting as THT has the highest control over 
glycolytic flux.

I.2.5 Quantitative understanding of glycolysis of bloodstream form T. 
brucei

For a long-time glucose transport was seen as the ‘rate-limiting’ step in glycolysis 
[186,368,388], implying a control coefficient of 1 of the glucose transporter over glycolytic 
flux (and zero control for the rest of the pathway components; cf. eq. I.3).  However, the 
analysis of metabolic control in general has long suffered from a plethora of ill-defined 
definitions and assays of the concept of rate-limitation.  In many cases either first steps of 
biochemical pathways, first irreversible steps of such pathways, or the most irreversible steps 
of pathways were proposed to be the single rate limiting steps.  Mitochondrial oxidative 
phosphorylation was a prime example. In this cascade both cytochrome oxidase and ATP-
ADP exchange across the inner membrane had been entertained as the sole rate-limiting 
steps (as discussed in [185]).  The issue only got resolved when a set of strict definitions, 
i.e. the flux control coefficients (see section I.1.3 above) were defined operationally and the 
flux control distribution determined experimentally [185].  The assays used originally in 
the trypanosome field and their interpretation did not address the possibility of additional 
control points, nor did they attempt to determine the possibility of a distribution of flux 
control.

The proven way of determining the distribution of flux control among the enzymes 
participating in a pathway, without unleashing the complications of gene-expression 
adaptation, employs a battery of specific inhibitors, one for each enzyme [185].  However no 
such battery existed for trypanosome glycolysis.  The next best method may be to investigate 
the distribution of control in a realistic, quantitative computer model of a pathway. Here 
the trypanosome constituted an advantage:  Thanks to the meticulous investigations of the 
group of Michels and Opperdoes (e.g. [93,258,277]; more references can be found in [26]), 
the experimentally determined stoichiometry of the pathway, compartmentation, detailed 
kinetic equations and parameter values (K

m
’s, V

max
’s) for all the enzyme reactions were all 
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available.  Most of these parameter values for the enzymes had been measured in a single 
(Opperdoes/Michels) laboratory and under the same conditions. Accordingly, such an in 
silico pathway was constructed for bloodstream form glycolysis [26].   

Of course, this approach has important ramifications.  Most parameters were measured on 
purified enzymes and may not reflect in vivo reality as purified enzymes lack the complex 
cellular context.  Measurements of these parameters in lysates would be an improvement as 
all effectors are present then, although diluted. With increasing knowledge of the molecules 
and conditions (e.g. pH), enzyme parameters can be measured under even more relevant 
conditions. On the other hand, this feature can also be seen as an advantage; wherever 
the complex intracellular context would have important implications, this should become 
apparent when comparing model predictions with experimental results.  

The in silico pathway realistically described the glycolytic flux and the end-product 
formation under aerobic and anaerobic conditions [26]. In agreement with experimental 
observations glycerol inhibited anaerobic glycolysis. However, the effect was much 
stronger in the model than in the experiments.  

Applying MCA to the glycolysis model showed that control in trypanosome glycolysis in 
silico, was distributed.  Still, glucose transport had the largest control over the glycolytic 
flux at a physiological extracellular glucose concentration of 5 mM [28]. This control was 
incomplete however.  At lower external glucose concentrations, the glucose transporter 
assumed all flux control, while at higher glucose concentrations the transporter lost control 
substantially, mainly to four enzymes: ALD, GAPDH, PGK, G3PDH. It is striking that the 
initial kinases HXK and PFK, which are generally though the be the rate-limiting steps but 
merely on the basis of outdated criteria, hardly control glycolytic flux in bloodstream form 
T. brucei.  Experiments with the glucose transport inhibitor phloretin later confirmed the 
modelling result. The control of glucose transport at 5 mM extracellular glucose was high: 
40% of the total flux control [27]. This analysis showed that from a perspective of metabolic 
control the glucose transporter is a potent target when designing drugs that should lower 
glycolytic flux.  But, although glucose transport has a high control coefficient, it is not the 
only step that shares the control.

Differences in glycolysis in relative enzyme abundance and affinities for substrates and 
products between the host and the pathogen can also provide options for differential 
targeting as can be shown by a systems biology approach [30]. A comparison of a detailed 
model of erythrocyte glycolysis [366] to the trypanosome glycolysis model revealed that 
control distribution is different and that some of these differences may be exploitable to 
design drugs with differential selectivity (Bakker, Holzhutter, Kummer and Westerhoff, 
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personal communication). This analysis also showed that competitive inhibitors for HXK 
(only when competitive for glucose), GAPDH (only when competitive for NAD+) and PGK 
(only when competitive for ADP) have potential to decrease glycolytic flux specifically in 
trypanosomes without harming the erythrocyte. Whether this is also the case for other 
tissues and cell types in the host remains to be determined. 

I.2.6 Possible functions for compartmentation

Previously it has been proposed that the glycosome facilitated a high rate of glycolysis: 
the enzymes, when confined to the small volume in glycosomes, would be spatially close 
to each other and metabolites would not have to cross large distances to reach the next 
enzyme [12,295,323]. However, glycolytic rate is not extremely fast compared to other 
microorganisms that lack glycosomes and where the pathway appears to be dispersed 
throughout the cytosol and on the basis of calculations with known diffusion constants and 
enzyme concentrations, diffusion should not be expected to be limiting in the trypanosome 
[25,29]. 

Correct targeting of glycosomal proteins is essential for cell survival, as trypanosomes 
impaired in glycosomal import die in culture media [177,190,306]. This suggests that 
glycosomal compartmentation is important for glycolysis and hence the glycosome and 
its assembly are perceived as potential drug targets [289,307]. What caused the cell death 
in the above-mentioned experiments is more difficult to investigate experimentally.  Using 
the metabolic computer model of bloodstream form glycolysis (section I.2.5) a cell with a 
glycosome could be compared to a cell in which all glycolytic enzymes were dispersed over 
the cytosol [29]. This in silico analysis showed that without the glycosome, the glycolytic 
intermediates glucose 6-phosphate (Glc6P), fructose 6-phosphate (Fru6P) and fructose-
1,6-bisphosphate (Fru16BP) accumulated to extremely high levels in the presence of the 
substrate glucose. The model also provided an explanation of this metabolic ‘explosion’. 
Within the glycosome the ATP/ADP ratio was low as compared to the cytosolic pool. 
However, without a glycosome, there is only one cellular pool of ATP and the surplus of 
ATP produced in the cytosol becomes accessible to the initial kinases of glycolysis. When 
the reactions further downstream in the pathway cannot match the enhanced activity of 
the kinases upstream, the hexose phosphates accumulate. This was hypothesized to be 
detrimental to the cells [29]. 

I.2.7 Trypanosome gene expression

In section 1 we have seen that the success of a drug target is not only dependent on factors 
within the metabolic pathway itself. Trypanosomes rely heavily on glycolysis for their 
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survival as the pathway is the sole source of free energy.  Therewith glucose transport is a 
promising drug target as it has a high control over glycolytic flux.

However, this view may lose predictive power if the cell adapts to inhibition of a target via 
gene expression. It is therefore essential to expand our current knowledge of trypanosome 
glycolysis to gene expression. We will need to understand at which levels of the gene 
expression cascade, trypanosomes regulate pathways when conditions change, and the 
extent to which they change the abundance of enzymes and transporters.  The next section 
will describe the organization of the trypanosome genome, how the genome is expressed 
and what is currently known about regulation of gene expression in trypanosomes.

I.2.7.1 Genome and gene transcription of T. brucei

Gene expression in trypanosomatids differs from that in other classes of organisms in 
important aspects. In trypanosomes, transcription is largely constitutive [111] and large 
clusters of genes are co-transcribed into a single polycistronic precursor RNA molecule (see 
[327] for a recent review), which may explain why only a few promoters have been found.  
The mature mRNAs arise in the splicing of the polycystronic RNAs into the corresponding 
pieces.  Each polypeptide chain still arises in the translation of a single mRNA.

In most eukaryotes, RNA polymerase I (Pol I) only transcribes DNA encoding ribosomal 
RNA (rRNA). Pol II is involved in transcription of protein-coding genes and the third 
polymerase, Pol III, synthesizes tRNA and small RNA molecules [436]. The three canonical 
RNA polymerases have been detected in trypanosomes based on their different α-amanitin 
resistance: Transcription by RNA Pol II is highly sensitive to α-amanitin, in contrast to Pol 
I, which is α-amanitin insensitive. RNA Pol III displays only slight sensitivity [121,122]. 
In contrast to observations in other organisms, in trypanosomes, Pol I is used not only 
to synthesize rRNA, but can also synthesize transcripts of protein-encoding genes and 
is involved in transcription from the VSG expression site and of the procyclin genes 
([193,357,472] and references therein). The other protein-coding genes are transcribed by 
Pol II. Transcription by Pol II is unidirectional and is believed to initiate at random, as 
promoters have hardly been found [111].   

The protein-coding regions of trypanosomes do not contain introns.  Consequently, the 
precursor-mRNA molecule differs from that in the general picture shown in Fig. I.2. However, 
genes with a common orientation in the genome are co-transcribed. Consequently, instead 
of harbouring several exons interspersed with introns, trypanosome precursor mRNA 
consists of several internally continuous genes interrupted by intergenic regions [111]. In 
a transsplicing reaction, the intergenic regions are cleaved out of the precursor and a cap 
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is added to the 5’-end of the RNA from a spliced leader (SL) RNA. In a coupled reaction, 
the 3’-end is polyadenylated [269]. In other eukaryotes capping is Pol II-dependent, but the 
uncoupling of transcription and capping in trypanosomes enables transcription of protein-
coding genes by Pol I. [265]. The splice sites and polyadenylation sites of mRNA can be 
predicted from the trypanosome genome sequence [47].

I.2.7.2 Control and regulation of gene expression in the life cycle of T. brucei

We have seen in section I.1.5 that whether a step within a pathway has control over the 
output is a different question than the question whether a step that has control is actually 
used by the organism to regulate the output when conditions change. By consequence, the 
term regulation should only be used when systems are studied during a transition, or when 
an organism expresses one gene more strongly than another gene of equal copy number. 
As T. brucei can differentiate into a different life-stage, the life cycle of the parasite can be 
used to study how the organism regulates these changes (in e.g. concentrations of mRNAs 
and proteins). Regulation of protein expression throughout the life cycle seems crucial for 
some proteins, as erroneous expression of the cytosolic PGKB in the bloodstream-form 
stage would kill the parasite [62]. 

In order to appreciate some of the challenges the organism (evolution) meets when 
arranging for the best possible regulation, one should first ask at which levels in T. brucei 
gene expression, control (can) reside(s). Theoretically, control of gene expression could 
sit at any of the levels of the gene expression cascade (see Fig. I.2). Equally theoretically, 
this would make regulation at many levels possible.   Identifying where there is control 
identifies effective sites of regulation.

In trypanosomes the organization of transcription in terms of multiple cistrons per single 
message allows transcription control but only of differences in gene expression between 
genes residing in different transcription units (‘polycistrons’).   Transcriptional control of 
individual genes within a polycistron is impossible in these organisms.  The surface-coat 
proteins, which are transcribed by Pol I, are the only trypanosome examples for which 
transcriptional control has been described (see previous section and Fig. I.7). Transcription 
rates are technically very difficult to determine accurately and reliably, rendering the direct 
study of transcriptional regulation problematic.  However, if the change in other controlling 
processes can be accurately measured during a transition, our eq. I.9 can give information 
about the contribution of transcription to regulation of protein expression.

As within a polycistronic unit, mRNA levels cannot be controlled differentially by 
differential transcription (see above), mRNA splicing and/or degradation may play a 
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prominent role controlling the relative levels of mRNAs that are co-transcribed (Fig. I.7).  
Trypanosomes have several marked examples of polycistronically transcribed genes that 
are differently expressed at the mRNA and the protein levels (e.g. for THT [79] and PGK 
[179] isoforms), indicating control and indeed regulation (i.e. use of the control by the 
organism) beyond the level of transcription.  In trypanosomes, the usual pathways for 
mRNA degradation (see Fig. I.2) are present [111]. Stability or instability of transcripts is 
generally determined by sequences in the 3’-untranslated region (3’UTR) of the mRNA 
(e.g. [48,60]). How the 3’ UTR determines the stability is still elusive, but a 26-nucleotide 
oligomer is important [176,226]. Several reports suggest a role for a protein component, as 
chemical inhibition of protein synthesis can influence transcript stability. Most papers on 
such a protein component report a destabilising role [98,150,157,189,283,444], a single one 
reports a stabilising role [463]. This could indicate a role for translation itself in stabilizing 
transcripts. In many organisms so-called PUF-proteins have been identified.  These bind 
to mRNAs and influence their stability [378]. However, in T. brucei, RNAi knockdown of 
PUF-domain containing proteins affected neither mRNA levels nor growth [273].  

At the protein level, control can reside in translation and in protein stability. Differential 
translational efficiency of separate transcripts can be controlled by sequences in the 3’ UTR, 
as was for instance shown for PARP genes [176,365]. Protein degradation by proteasomes 
[228] as well as by lysosomes [321] has been found in T. brucei and may control the 
concentration of some proteins.

As through the life cycle of T. brucei protein concentrations change, this provides a system 
to study if levels within the gene expression on which control is possible, actually contribute 
to regulation of protein levels when the parasite differentiates. Many studies have been 
addressing changes in gene expression parameters when T. brucei differentiates from the 
bloodstream-form stage to the procyclic life-stage. Changes were found at several post-
transcriptional levels (mRNA degradation, translation, protein degradation). This is shown 
for a selection of genes in Figure I.7. Although these studies were not always quantitative, 
many changes seem large enough to imply substantial and diverse regulation of protein 
expression when the parasite differentiates.

The expression level of some targets is (at least partially) regulated at the level of mRNA 
(Fig. I.7). The isoform expression of the THTs and PGKs are marked examples of the 
contribution of posttranscriptional regulation of mRNA abundance. THT has two main 
isoforms THT1 and THT2. These isoforms are co-transcribed, but THT1 is expressed  
predominantly in the bloodstream form and THT2 is the main isoform in the procyclic 
life stage (both on the mRNA and the protein level) [79]. PGK is a similar example. PGK 
has three isoforms in a single transcription unit: PGKA, PGKB and PGKC [179]. PGKA 
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is a metabolically inactive isoform and is expressed in both life stages [111]. PGKB is 
the ‘procyclic’ isoform that is expressed in the cytosol, while PGKC is the predominant 
isoform in bloodstream trypanosomes and is then located inside glycosomes. Regulation of 
expression is especially important for the cytosolic PGKB, as activity of a cytosolic PGK 
is detrimental to bloodstream form cells [62]. Both for the THTs [37,225] and the PGKs 
[60,115] the 3’ UTR determines which isoform transcript is stable in which life stage. 

Besides regulation at the level of mRNA, several studies show regulation at the level of 
protein metabolism for some enzymes when the parasite differentiates (Fig. I.7). Some 
proteins display stability changes upon differentiation (e.g. p37, a nuclear RNA-binding 
protein [267,467], AOX [98] and cytochrome c [401,402]) in the transition from one life-
stage to the other. Interestingly, one of the proteins involved in shedding the VSG coat, 
the phospholipase GPI-PLC, seems to be regulated itself at the level of mRNA stability 
[189,444] and only present in the bloodstream form.  For some proteins (e.g. cytochrome 
c oxidase [386] and the PGK isoforms [329]), available data indicate regulation at the 
protein level, but whether this is via translation or protein stability remains elusive.

Fig. I.7 also shows that for several enzymes regulation within the life cycle is not 
restricted to a single level. Examples are the coat proteins VSG [157,189] and PARP 
[55,227,237,334,365], which is regulated by transcription, mRNA stability, translation 
(for PARP) and protein stability, and cytochrome c oxidase, which is regulated by mRNA 
degradation and at the protein level [283,386].  

For most trypanosome genes the relative importance of the different potential mechanisms 
of regulation of gene expression is not known. In several cases the strengths of the regulation 
at the known levels cannot fully explain the quantitative difference in expression. One of 
the ambitions of this thesis is to decipher at which levels actually mRNA and protein levels 
are substantially regulated when the parasite differentiates from one life stage to the other. 
I shall attempt to do this using sufficient quantitative information, and control analysis to 
determine where the organism could regulate and regulation analysis to try to establish 
where it actually regulates (see section I.1.5) 

I.2.8 Outline of this thesis

There are two main goals to the work described in this thesis. One is fundamental; it 
is to obtain the experimental foundations for and validations of a quantum increase in 
our understanding of the regulation and control of vital metabolic functions in a living 
organism, by implementing quantitative analyses.  More specifically the aim is to provide 
a proof-of-principle in one of the most suitable organisms, i.e. Trypanosoma brucei.  
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Computer simulations had already provided a hypothesis for the role of the glycosome of T. 
brucei.  This thesis aims to substantiate this theoretical work by an experimental analysis.  
It aims to verify model predictions experimentally and to remove its limitations due to 
its negligence of adaptations of gene expression. Furthermore, the work aims to assess if 
and how trypanosomes respond to enzyme inhibition through changes in the expression 
level of glycolytic enzymes. The thesis wished to develop a quantitative methodology, i.e. 
regulation analysis, further so as to include regulation through differential mRNA splicing/
cutting and stability.

Increased understanding of trypanosome glycolysis and gene expression will facilitate 
reaching the second goal of this thesis, i.e. rational, systems-based, determination of potent 
targets for drugs following the five criteria listed in section I.1.1 of this Introduction.  Again 
we aim to do this through a proof-of-principle, for anti-trypanosomal drugs.  

We started by validating the in vitro cultured trypanosomes, which are used throughout 
this thesis, as a model system to study glycolysis in the context of a growing trypanosome. 
In chapter II we analyse growth and glycolysis in in vitro cultured bloodstream-form 
trypanosomes. We added 13C labelled glucose to the culture medium and show that under 
aerobic conditions virtually all the glucose that is consumed is converted into pyruvate. 
As hardly no flux is going from glucose to biomass, we can monitor glycolytic flux by 
the consumption and production rates of metabolites. To facilitate a tight combination of 
in vitro and in silico tools, we updated the previously constructed trypanosome glycolysis 
model [26] with maximal velocities as measured in lysates of exponentially growing 
cultured trypanosomes of the strain used in this thesis.

In the subsequent chapter (chapter III), we further explore the consequences of the 
glycosomal compartmentation of trypanosome glycolysis and therewith the present-day 
function of the glycosome. Previous model simulations [29] suggested that compartmentation 
may prevent accumulation of glycolytic intermediates in the presence of glucose. In this 
chapter we confirm this for glycerol metabolism in procyclic trypanosomes.   We thereby 
provide experimental evidence for our proposal that an important function of the glycosome 
is to prevent metabolic explosions.

The next chapters deal with adaptation of glycolysis through gene expression. In Chapter 
IV we studied processes that can control gene expression in the eukaryotic gene expression 
cascade. To do this we analysed expression of two main isoforms of PGK quantitatively 
in T. brucei as a case study. We made an in silico model on the basis of experimental 
data measured ourselves or taken from previous research, which included absolute 
concentrations, splicing rates and degradation rates of the (precursor) mRNAs. These 
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measurements show that each trypanosome cell has low numbers of PGK transcripts (e.g. 
12 per cell), but many more (~1x106) PGK protein molecules. The model we constructed 
allowed us to do the first control analysis within the gene expression cascade on the basis 
of experimental data. This control analysis reveals that control of mRNA concentrations 
is distributed. We then used regulation analysis to determine which processes regulate the 
concentrations of the PGK isoform transcripts during differentiation. We found that the 
mRNA levels of the isoforms are predominantly regulated by their degradation rates. Our 
quantitative analysis further showed that, in general, splicing of a precursor mRNA can 
only regulate mature mRNA levels when it is slow compared to precursor degradation and 
cell growth. 

 At the metabolic level, the kinases of glycolysis are often believed to control glycolytic flux. 
In contrast to this view, the T. brucei computer model predicted an overcapacity of these 
kinases in trypanosome glycolysis and hence a low control of these enzymes on the flux.  
In Chapter V the updated model results are compared to the effects of RNA interference 
against HXK, PFK, PGAM, enolase (ENO) and PYK. We can conclude that additional 
regulation, not included in the model, plays a role in some cases. To investigate the effects 
on gene expression of other glycolytic enzymes, when HXK and PFK are decreased in 
activity we monitored the expression of glycolytic genes in the respective RNAi mutants. 

Based on the glycolysis computer model and experimental evidence [27,28], glucose 
transport is - from a metabolic perspective - the most promising glycolytic drug target. 
This combined experimental and modelling prediction however, is only relevant for cases 
where gene-expression adaptation is non-influential.  This gene-expression response to 
inhibition of this target (criterion 3) is the focus of chapter VI: We monitored the response 
of the trypanosome to chemical inhibition of the plasma membrane transporter. While 
high doses of glucose transport inhibitors kill bloodstream form trypanosomes, doses at 
which parasites survive but grow slowly, unexpectledly did not result in a homeostatic 
gene expression responcse and induced differentiation into the procyclic life stage. The 
consequences of this response, both at the metabolic level and at the level of the host’s 
immune response, will be discussed.

Chapter VII puts all the chapters in perspective within the field and discusses the 
implications for systems biology, and the understanding of network-based cell functioning 
and the new possibilities of network-based drug design. 





IIExperimental and theoretical 
foundations 

In this thesis glycolysis in Trypanosoma brucei is studied as a model system for network-based 

drug design. Currently, research on the biochemistry of Trypanosoma brucei is mostly done on in 

vitro cultured trypanosomes, while previous work was done on parasites isolated from rodent blood. 

In this chapter we provide an experimental and theoretical basis to study the system properties of 

glycolysis in in vitro growing bloodstream-form trypanosomes.

First, the fate of glucose in cell cultures is studied quantitatively. We show that virtually all glucose 

is converted to pyruvate, whilst fluxes from glucose to biomass are quantitatively negligible. When 

the cells consume uniformly labeled 13C-glucose, the label is completely recovered in pyruvate. This 

makes trypanosomes an ideal model system to study glycolysis in the context of a growing cell.

Second, the computer model that was previously developed for trypanosomes isolated from blood, 

was updated by including new kinetic information for phosphoglycerate mutase, enolase and glycerol 

kinase, and by incorporating the V
max

 values that were measured in lysates from in vitro grown cells.  

This new version of the model gives a more realistic description of glycolysis in in vitro growing 

cells.  The refined model is less sensitive to inhibition of anaerobic glycolysis by glycerol than 

previous versions, which brings it closer to experimental observations. While the control distribution 

within glycolysis is largely similar to that in previous model versions, a small part of the control over 

glycolytic flux has now shifted to the newly introduced enzymes and to mitochondrial glycerol-3-

phosphate oxidation.

Parts of this chapter were published in Journal of Biological Chemistry (2005) 280, 28306-28315
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II.1 Introduction

Living cells take up nutrients to obtain components for the maintenance of the cell and, in 
the case of growing cells, also for the production of new cells. While some building blocks 
may be obtained directly from the environment, others need to be synthesized de novo 
by converting available components into required compounds. In addition, many cellular 
processes require free energy in the form of ATP, which is generated by degradation of 
high-energy compounds such as sugars in catabolism.  

Metabolic routes are of scientific interest for a variety of reasons: (i) Many metabolic routes 
produce essential cellular components (e.g. ATP or nucleotides); (ii) End products of some 
micro-organisms are aimed for in industry (e.g. ethanol production by yeast [14] or flavour 
production by bacteria (such as acetoin-production [216])); and (iii) Some metabolic 
intermediates are toxic to the cell. Thus, when one interferes with such routes, this may 
lead to increased production of valuable compounds or result in detrimental effects to the 
organism. The latter is a desired outcome in combating pathogens.

For practical reasons, metabolic routes are often monitored in isolation, while they are in 
reality coupled to other routes via metabolites and coenzymes. A general example is the 
study of catabolism in cell suspensions lacking anabolic nutrients [27,396]. Such studies 
have little relevance for physiological growth conditions, as a large part of the ATP that 
is generated in catabolism is used for growth. In addition, catabolism also yields building 
blocks for anabolic routes. For instance the biosynthesis of some amino acids starts from 
glycolytic intermediates. The intertwining of anabolism and catabolism is exemplified by 
the yeast Saccharomyces cerevisiae, which, when cultured in a glucose-limited chemostat 
under aerobic conditions, has a biomass yield of 0.5 gram biomass per gram glucose 
consumed and also produces 0.5 gram ATP (CO

2
) [133,134,236,428]. Thus, a considerable 

part of the glucose consumed is not used for the production of ATP.

As described in chapter I, glycolysis is the sole source of energy for the bloodstream 
form of Trypanosoma brucei. For drug design against this parasite we are interested in 
the impact of inhibition of glycolytic enzymes on growing trypanosomes, in particular 
in effects on the glycolytic flux, the specific growth rate (μ) and on the expression of 
glycolytic enzymes. For many decades, the study of growing trypanosomes was technically 
limited as the bloodstream form of the parasite could not be cultivated ex vivo. Experiments 
in those days were done on trypanosomes that were harvested from infected rodents or 
on the infected rodents themselves. However, in recent years it has become possible to 
culture bloodstream-form trypanosomes in vitro [215], making experimentation easier 
and overcoming the need to infect rodents for much of the research. Bloodstream-form 
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trypanosomes are cultured in rich media, containing high amounts of glucose, all amino 
acids, many vitamins as well as bovine serum to supply for mammalian growth factors. 
This nutrient-rich environment bears similarity to the mammalian bloodstream, in which 
glucose and other nutrients are homeostatically regulated. In vitro, however, there are many 
more possibilities to manipulate the trypanosomes and their environment. Hence, in vitro 
cultivation is a powerful tool to study growing trypanosomes [213]. 

Besides in vitro culturing, also molecular biology techniques have become available to the 
trypanosome field (e.g. inducible expression of genes [465] and downregulation of enzymes 
by the relatively new technique of RNA interference (RNAi) (reviewed for trypanosomes 
in [303]).  In chapter V of this thesis RNAi will be used to downregulate specific glycolytic 
enzymes and study the impact on growth and on expression of other enzymes.

As indicated above, a problem of studying glycolysis in growing cells is that glycolysis 
does not solely generate ATP, but may also supply building blocks for anabolic processes. 
For instance the pentose phosphate pathway branches off from glycolysis at glucose 6-
phosphate. As indicated in chapter I (section I.2.3.1), 3PGA and pyruvate can be precursors 
for amino-acid metabolism and the extensive glycosylation of Variant Surface Glycoproteins 
(VSGs) depends on the uptake of medium glucose [288]. In theory, fatty acids can also 
be made from carbohydrates. While for a long time, bloodstream-form trypanosomes 
were thought to be unable to synthesize fatty acids de novo [144], it was recently shown 
that bloodstream-form T. brucei produces myristate de novo from malonyl-CoA [300]. 
The acetyl-CoA that is used in the formation of malonyl-CoA can be made from amino 
acids and carbohydrates [417].  To study glycolysis properly in growing trypanosomes we 
therefore need to determine how much glucose is really catabolised in glycolysis and how 
much is processed further in anabolic processes. 

In the in vitro experiments described in this chapter, we show that we can culture 
trypanosomes reproducibly in vitro and monitor growth and glycolytic flux in this set-
up. Next, we have studied the fate of labelled glucose in order to quantify how much 
of it is used for ATP generation and how much for biosynthesis. Finally, to facilitate the 
interplay between in vitro and in silico experimentation, we updated the existing glycolysis 
model which had been developed for non-growing trypanosomes (as discussed in chapter 
I, section I.2.5) with V

max
 data from in vitro cultured trypanosomes and with kinetics of 

enzymes for which previously no data were available. The new version of the model is an 
improved tool for understanding experimentally obtained results and to drive novel in vitro 
experiments.
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II.2 Material and methods 

Trypanosome strain and cultivation
Bloodstream-form T. brucei 427, cell line 449 [56], constitutively expressing the E. coli 
tetracycline (Tet) repressor gene integrated in its genome, was cultured at 37 °C under water-
saturated air with 5% CO

2
 in HMI-9 medium [215] containing 10-20% heat-inactivated 

bovine serum (Gibco), 100 units ml-1penicillin, 100 µg ml-1 streptomycin (Gibco) and 0.2 
μg⋅ml-1 phleomycin (Cayla), the selectable marker for the Tet repressor construct.  Cells 
were counted with a Burker-Türk haemocytometer.

Modeling
All numerical calculations of the T. brucei model were carried out in the program Jarnac 
[6,360,361]. The full description of the latest version of the model [6] is added as an 
appendix to this thesis. For the simulation of anaerobic glycolysis the V

max
 of glycerol 

phosphate oxidase (GPO) was set to zero.

Flux and metabolite measurements
Concentrations of glucose, pyruvate and glycerol were measured by HPLC. Preceding 
HPLC analysis, metabolism was quenched instantly by the addition of perchloric acid and 
subsequently neutralised by potassium hydroxide (PCA/KOH). 20 μl of icecold 35% (v/v) 
perchloric acid (PCA) was added to 200 μl of sample, and after incubation for 10 minutes 
on ice, 21 μl of 5 M KOH/ 0.2 M MOPS was added for neutralization. The phenol red 
in the medium was used to determine correct neutralisation (normal red medium colour 
is indicative of a pH between 6.8 and 8.4). If necessary, the pH was further adjusted.  
After a second incubation on ice for 10 minutes, the precipitated protein was removed 
by centrifugation for 10 minutes at 11000 x g. The supernatant was collected and filtered 
(Millex-HV PVDF, Millipore). Samples were either measured directly or stored for a 
maximum of 24 h at 4ºC. Pyruvate is instable in medium samples when they are frozen 
slowly. An alternative for long storage of the samples is instant freezing with N

2
(l). The 

samples were injected (Shimadzu SIL10AD VP injector) and separated on a thermostated 
(55 °C) Phenomex column (Rezex ROA Organic acid 00H-0138-KO, 300x7.8 mm). The 
different metabolites were eluted with 22.5 mM H

2
SO

4
 at a flow rate of 0.5 ml min-1 and 

detected by a RID10A refractive index detector connected to a SCL10A VP hardware 
controller (Shimadzu). For quantification, metabolite peaks were analysed and compared 
to quantitative standards of different metabolites in ‘classVP’ software (Shimadzu). The 
calculated metabolite concentrations were corrected for dilution of the sample in the PCA/
KOH precipitation.
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Mass spectrometry experiments with 13C labeled glucose.
Bloodstream-form trypanosomes of cell line 449 (see above) were inoculated in HMI-9 
supplemented with 5 mM (v/v) uniformly 13C labeled glucose (final glucose concentration 
25 mM, of which 20 % was labeled). During 24 hours of growth, samples were taken for 
cell counting, HPLC analysis (see above) and mass spectrometry (samples were processed 
as described for HPLC).

To accurately determine the percentage of labeled glucose in the medium, glucose was 
converted to glucose 6-phosphate (Glc6P) by addition of 1.1 mM ATP, 2.8 mM MgSO

4
, 

and 0.56 U ml-1 hexokinase (Sigma) in 28 mM Pipes buffer (pH 7.0; Merck)[139]. The  
percentage of labeling in pyruvate and Glc6P was determined by mass spectrometry as 
described in [422]. 

Total carbon analysis of trypanosomes
The total carbon content of the cells was measured relative to a K-phthalate standard curve 
ranging from 0-1000 ppm carbon in a Total Organic Carbon analyzer (Dohrmann DC-190, 
Rosemount Analytical). To this end two independent samples of ~ 5x107 trypanosomes 
were washed and resuspended in PBS.

II.3 Results

In vitro growth and glucose metabolism of bloodstream-form T. brucei 
Most measurements on bloodstream-form T. brucei that are described in this chapter 
and in subsequent chapters, have been done with the monomorphic cell line BF 449. 
This chapter establishes the basis for quantitative experimental and modeling studies on 
energy metabolism in in vitro cultures of this cell line. Fig. II.1A shows a growth curve. 
The trypanosomes grow exponentially as long as the culture cell density is between 0.2 
– 5x106 cells ml-1. Cells can be kept for many generations in the exponential growth phase 
by regular dilution in fresh medium before the end of exponential growth (data not shown). 
Maximal cell densities in culture are considerably lower than in rats where cell densities 
can reach 109 cells ml-l. When large numbers of cells are required for experimentation, this 
can be compensated by culturing large volumes.  In the experiments shown in Fig. II.1, BF 
449 grew at a specific growth rate (µ) of 0.13±0.0 h-1, which corresponds to a doubling time 
of about 5 hours. In most other experiments described in this thesis, we determined growth 
rates closer to 0.11 h-1. When the growth rate is used in calculations, the measured growth 
rate in the corresponding experiment is always used.

In the same cultures as shown in Fig. II.1 we also determined the medium concentration of 
glucose in time (Fig. II.1B). From a plot of the cell density against the glucose concentration 
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Figure II.1: Growth and glucose metabolism of T. brucei BF 449 in culture
(A) Growth of two independent cultures of bloodstream-form cell line BF 449. The cells were counted in a 
haemocytometer. (B) Glucose levels as determined by in the medium during growth of the two independent 
cultures shown in Fig. A. (C) Combination of the data in panels A and B. Only the measurements during 
the exponential growth phase are shown.
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during the exponential growth phase (Fig. II.1C), we could calculate the biomass yield on 
glucose (Y

sx
), which equals minus the slope of the latter curve. The specific rate of glucose 

consumption (q
glucose

) was then calculated via the formula:

 

(eq. II.1)

From the data in figure II.1, we calculated a biomass yield of 1.38±0.2 x 106 cells (µmol 
glucose)-1 and a glucose consumption flux of 160±22.9 nmol min-1 (108 cells)-1 at 37 ºC. 

Bloodstream-form trypanosomes can use glucose, fructose, mannose and glycerol as 
sources of free energy [186]. Fructose, mannose and glycerol are not added in the basic 
culture medium. However, the basic medium is supplemented with 10% foetal calf serum. 
The glycerol concentration in this serum is low (~0.7 mM leading to an end-concentration 
of ~0.07 mM in the medium; not shown), but it may contain some fructose or mannose 
(not determined). 

Glucose – and possibly glycerol - is the sole source of free energy in the bloodstream form 
of this parasite that is sufficiently available in the mammalian bloodstream. In the blood, 
glucose levels are maintained homeostatically at around 5 mM [388] through the action of 
insulin. In our medium, glucose is in excess (20 mM) and remains high in cultures through 
daily medium addition. Glycerol levels in the blood can be elevated during starvation by 
the breakdown of triglycerides. In our medium, glycerol levels are kept low as trypanosome 
glycerol production is low under our aerobic culture conditions. Furthermore, the low 
amount of glycerol that is produced, is daily diluted by the dilution in fresh medium.

To investigate the effect of glycerol, we measured the ratio of pyruvate production over 
glucose consumption. Indeed this ratio was affected by the presence of glycerol (Fig. II.2). 
At low extracellular glycerol concentrations the glucose that was consumed, was completely 
converted to pyruvate, leading to molar ratio of pyruvate produced : glucose consumed of 
2:1, as expected from the stoichiometry of glycolysis (see Fig. I.5 in Chapter I) and in 
agreement with results from non-growing cultures [159]. At glycerol concentrations above 
20 mM, more pyruvate was produced than could be explained from the consumption of 
glucose (the pyruvate : glucose ratio exceeded 2, Fig. II.2), suggesting that glycerol was 
used as a co-substrate. Glycerol is routinely added to the cells for long term storage in 
liquid nitrogen. These results show that this glycerol must be washed away in order to get 
a reproducible flux pattern. 

The 2:1 ratio of pyruvate:glucose suggests that virtually all glucose is converted to pyruvate, 
while biosynthetic fluxes derived from glucose are negligible. This result was surprising to 
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us, since glucose can also be used as a carbon source for some biosynthetic reactions (e.g. 
myristate production for glycosylphosphatidoylinositol (GPI)-anchorage [300], amino-acid 
synthesis (see chapter I) and extensive glycosylation of proteins [288]). Apparently these 
biosynthetic fluxes are extremely small as compared to the flux from glucose to pyruvate. 
Alternatively, however, some of the glucose may be directed towards biosynthesis, while 
a fraction of the pyruvate is derived from other carbon sources, such as alanine. This was 
tested by following the fate of 13C-labelled glucose.

Bloodstream-form trypanosomes were cultivated in the presence of some 16-17 % uniformly 
13C labeled glucose. The precise measurement of the labeled glucose in the medium prior 
to the experiment showed that 15.5 % of the total glucose was uniformly labelled (M+6 
in tables II.1 and II.2 means that the molecular weight equalled that of unlabelled glucose 
plus 6). Another 1.3 % was found in the M+5 fraction, which should also give rise to 
labelled pyruvate. After 24 hours of incubation 16.7% of the total pyruvate was uniformly 
labeled in both cultures (Table II.2). Based on the label distribution in the glucose that 
was measured in the incubation medium and considering that one molecule of glucose is 
broken down to two molecules of pyruvate in glycolysis, we expected to find 16.2% of 

Figure II.2: Glucose consumption/pyruvate production ratio in the presence of glycerol
The molar ratio of pyruvate produced/glucose consumed by bloodstream form T. brucei BF 449 at in-
creasing extracellular glycerol concentrations.
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uniformly labeled pyruvate (15.5 + 0.5*1.3). We thus find a little bit more label back in 
pyruvate than we expected on the basis of the measurement of label in glucose. However, 
the measured fraction of M+5 glucose was unusually high. As this was observed earlier 
with this method, we considered it possible that this was an artifact of the measurement and 
that the M+5 fraction was, in reality, also uniformly labeled. In the latter case we expect 
to find 16.8% of the pyruvate to be uniformly labeled (Table II.2; column four), which is 
in agreement with our measurements. Thus, the most likely explanation of the results is 

Table II.1 Mass distribution of carbon-13 in medium glucose

number of 
13C-atoms

mass distribution in 
medium glucose (%)

0 75.9

1 5.5

2 1.6

3 0.1

4 0.1

5 1.3

6 15.5

The mass distribution that was measured in the incubation medium (with uniformly labeled glucose added) 
by mass spectrometry. The values for glucose with 1 or 2 13C-atoms are somewhat higher than expected 
based on the natural occurrence of 1.1% of carbon-13 in nature [312]. These fractions are likely to be an 
impurity in the uniformly labeled glucose.

Table II.2 The measured and expected mass distribution in pyruvate

mass distribution in pyruvate (%)

number of 
13C-atoms

culture A culture B expected from 
glucose

expected from 
glucose M+5=M+6

0 79.9±0.4 79.6±0.4 79 79

1 3.1±0.1 3.1±0.0 3.7 3.7

2 0.5±0.0 0.5±0.0 1.0 0.4

3 16.7±0.4 16.7±0.1 16.2 16.8

The first two columns give the measured mass distribution of pyruvate in two separate cultures (A and 
B) after 24 hours of growth on labeled glucose. The numbers are averages and standard deviations of 
analytical triplicates. The third column gives the mass distribution that is expected in pyruvate based on 
the measured mass distribution of glucose in the incubation medium and considering the distribution of 
13C-atoms within the glucose molecule (cf. table II.1).  The fourth column is obtained in a similar way as 
column three, with the only modification that the fraction of glucose molecules that was measured to have 
5 13C atoms (M+5) was treated as if it was uniformly labeled (M+6).
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that all pyruvate comes from glucose. Together with the 2:1 ratio of pyruvate produced 
over glucose consumed this shows that virtually all glucose is converted to pyruvate and 
biosynthetic fluxes starting from glucose are negligibly small. 

The flux to biomass in bloodstream form Trypanosoma brucei
Since the flux of glucose to biomass was negligible as compared to the flux to pyruvate, we 
wondered which fraction of the glucose flux could maximally be directed towards biomass. 
The total organic carbon was measured in two independent batches of trypanosomes to be 
46 ± 0.9 (µmol carbon) (108 cells)-1. 

The amount of carbon consumed as glucose by 108 cells is 11 times as high as the amount 
of carbon required for biomass formation. If all carbon in the cells would be derived from 
glucose, this would probably have been measurable as a deviation in the labeled pyruvate 
fraction.  

Update and extension of the in silico model of bloodstream form glycolysis
The kinetic model of glycolysis in bloodstream-form T. brucei that was previously 
constructed [26], modified [28] and extended [208], is here further extended and updated 
based on the following new information and insights. The numbered reactions in Fig I.5 
represent the reactions that are included in the model. A complete description of the kinetic 
model is added as an appendix to this thesis. Previous model versions were based on enzyme 
concentrations and activities that had been measured in T. brucei 427 isolated from infected 
rats [295]. This laboratory-adapted strain can grow in rats to very high densities (over 109 
cells (ml blood)-1, much higher than in their natural hosts (102-103 per ml) [213]), and then 
causes acidosis of the blood or hypoglycemia.  This may have affected the expression levels 
of glycolytic enzymes in the trypanosomes.  Furthermore, most experiments described in 
this thesis are done on an in vitro cultured cell line of growing trypanosomes (BF 449), 
derived from strain 427. 

For better comparison of the computer simulations to experimental data obtained from 
in vitro cultured trypanosomes,  the specific activities of  the glycolytic enzymes were 
redetermined by the Michels-Opperdoes laboratory in lysates of growing bloodstream-
form T. brucei 427, cell line 449  [6]. The authors report that the specific activities appeared 
to be rather constant during the exponential phase of growth (cell densities between 1x106 
and 3x106). The enzyme activities measured in trypanosome lysates are reproduced in 
Table II.3, first column.  Based on these data, the V

max
 values in the model were modified 

(Table II.4, second column).  Where the model values differ from the measured values, this 
was done either because the model value holds for the forward direction of glycolysis and 
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the enzyme activity was measured in the reverse direction, or because the experimentally 
determined value was too low to support the measured flux (see below).  This is indicated 
in the Table.

At the time of the construction of earlier versions of the model, reliable kinetic data were 
not available for phosphoglycerate mutase (PGAM) and Enolase (ENO) and they were not 

Table II.3 Experimentally-determined V
max

 values and V
max

 values used in the model of enzymes in 
bloodstream-form T. brucei

enzyme experimenta model

(nmol min-1 (mg protein)-1) (n) (nmol min-1 (mg protein)-1) (n)

THT 108.9c

HXK 1929 ± 116 (3) 1929

PGI 1305b ± 115 (3) 1305 1

PFK 1708 ± 299 (3) 1708

ALD 560 ± 153 (3) 560 1.19

TIM 5696b  ± 294 (3) 999.3 5.7

G3PDH 465 ± 21(3) 465 0.28

GK 3417b ± 143 (3) 200c 60.86d

TAO 368

GAPDH 161b ± 16 (3) 720.9c 0.67

PGK 1358b ± 254 (3) 2862 0.47c

PGAM 76 ± 7 (4) 225c 2.2

ENO 598 ± 34 (4) 598 0.66

PYK 1020 ± 221(4) 1020
a The experimentally determined V

max
 values represent the specific enzyme activities determined in lysates 

and assayed as described in the text.  The activities given correspond to total cellular activities.  Previous 
research has shown that most glycolytic enzymes are almost completely confined to glycosomes.  However, 
for GAPDH also a cytosolic isoenzyme exists that may represent 40-50% of the total cellular activity 
[258,296].  0.1 M NaCl was added to the standard aldolase assay buffer; absence of salt leads to lower 
yields of activity of this enzyme [93,295].
b Measured in the reverse direction (forward direction is in the direction of pyruvate and/or glycerol 
production).
c See text.
d Ref. [252]

fVmax  is the V
max

 in the direction of pyruvate and/or glycerol production.
fr VV maxmax /  is the ratio between the reverse and the forward V

max

maxV  is the experimentally determined V
max

. The direction depends on the assay (see text).

f

r

V

V

max

maxmax
V fV

max
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included in those versions. Here PGAM and ENO were incorporated into the new version 
of the kinetic model as reversible Michaelis-Menten reactions with one substrate and one 
product.  The following general kinetic equation was used:

PS

P

r

S

f VV

v

K
[P]

K
[S]

1

K
[P]

K
[S]

maxmax

++

⋅−⋅
=   (eq. II.2)

The metabolite pool N in earlier versions, was now dissected into separate pools for 
glycosomal 3-phosphoglycerate (3PGA

g
), cytosolic 3-phosphoglycerate (3PGA

c
), cytosolic 

2-phosphoglycerate (2PGA) and cytosolic phosphoenolpyruvate (PEP).  3PGA transport 
over the glycosomal membrane is still in equilibrium.  Hence, three new differential 
equations were included:

  (eq. II.3)

 
 (eq. II.4)

 
 (eq. II.5)

Table II.4 New kinetic parameters of enzymes used in the model

enzyme K
m
S1 (mM) K

m
S2 (mM) K

m
P1 (mM) K

m
P2 (mM)

THT 1.0 (Glc)a

GKb 3.83 (Gly3P) 0.56 (ADP) 0.44 (Gly) 0.24 (ATP)

PGK 0.003 (13BPGA)c 0.1 (ADP) 1.62 (3PGA) 0.29 (ATP)

PGAMd 0.27 (3PGA) 0.11 (2PGA)

ENOe 0.054 (2PGA) 0.24 (PEP)

a Ref [27]
b Ref [252]
c We altered the K

m
 for 1,3-bisphosphoglycerate from 50 to 3 µM, based on experimental data from S. 

cerevisiae [396].
d Refs. [101,191].
e Ref. [201]
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in which:

tot

ccgg

V

VV ⋅+⋅
=

[3PGA][3PGA]
[3PGA]   (eq. II.6)

and V
tot

 is the total cellular volume, V
g
 the glycosomal volume, and V

c
 the cytosolic volume 

assumed to equal V
tot

 – V
g
. 

The aldolase (ALD) equation was corrected:

 (eq. II.7)

The equilibrium constant of the ALD reaction is now independent of the adenine nucleotide 
concentrations, so no parameter change can possibly violate it.  K

eq
 = 6.9⋅10-2 mM [26,93]. 

Other parameters of ALD were unaltered.

New values of kinetic parameters used are listed and referenced in Tables II.3 and II.4.  
For phosphoglycerate kinase (PGK) experimental data are only available for the reverse 
reaction.  In previous model versions the parameters for the forward PGK reaction were 
chosen arbitrarily, such that they were consistent with the equilibrium constant.  In the 
present version of the model we altered the K

m
 for 1,3-bisphosphoglycerate from 50 to 3 

μM (Table II.4), based on experimental data obtained in Saccharomyces cerevisiae [396]. 
Since an enzyme does not affect the equilibrium constant, this must be compensated by a 
change of another parameter, according to the Haldane equation. We have chosen to alter 
the ratio of the reverse over the forward V

max
. For glycerol kinase (GK) new parameters 

from Kralova et al. [252]  were used.

Fine-tuning and characteristics of the updated metabolic model
At 37 °C we measured a glucose consumption flux in growing trypanosomes of 160 
nmol min-1 (108 cells)-1 (see above). If 1.94x108 trypanosomes contain 1 mg protein [28], 
this equals a flux of 310 nmol min-1 (mg protein)-1. Since the enzyme activities had been 
measured at 25 °C, the model outcome should be compared to the flux at 25 °C.  Assuming 
that an increase of 10 °C gives a doubling of the flux, we expect a flux of about 155 nmol 
min-1 (mg protein)-1 at 25 °C.  However, a considerably lower glucose consumption flux 
was measured on the basis of 3H-glucose experiments [6]: 51 nmol min-1 (108 cells)-1 at 
37 ºC, corresponding to 50 nmol min-1 (mg protein)-1 at 25 ºC. In the Discussion section of 
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this chapter we will evaluate possible reasons for this discrepancy. Here we have chosen to 
adjust some enzyme activities to sustain a glucose flux of 100 nmol min-1 (mg protein)-1 at 
25 °C.  Furthermore it has been reported that the sum of the fluxes of pyruvate and glycerol 
is identical under aerobic and anaerobic conditions, implying that also the glucose flux 
must be identical under these conditions [434]. Under aerobic conditions, the enzymes 
in the pyruvate branch of glycolysis therefore need to be able to sustain a flux of about 
200 nmol min-1 (mg protein)-1 and under anaerobic conditions the glycerol branch should 
support a flux of 100 nmol min-1 (mg protein)-1  (both at 25 ºC). Altogether this led to the 
following deviations of modelled V

max
 values from the measurements.

The measured V
max

 values of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) and 
PGAM and glycerol kinase (GK) (Table II.3) were too low to support the glucose flux 
of 100 nmol min-1 (mg protein)-1 at 25 °C.  For GAPDH the measured value was tripled. 
This is in accordance with a reported inhibition of the enzyme by factors present in crude 
lysates, which may have led to an underestimation in the measurements [258,295].  The 
V

max
 of PGAM was fitted, such that it was in agreement with the flux data obtained from 

RNAi studies [6]. These results will be discussed in Chapter V.  The V
max 

of GK was kept 
at 200 nmol min-1 (mg protein)-1 as it was in the earlier versions of the model [26].  Finally, 

Figure II.3: The modeled effect of extracellular glycerol on the anaerobic steady-state 
The steady-state glucose consumption flux in the updated model as calculated under anaerobic conditions 
at different concentrations of extracellular glycerol. Anaerobiosis was simulated by setting the V

max
 of 

GPO to 0.
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the V
max

 of the glucose transporter was fitted to a value at which the glucose transporter 
assumes a flux control coefficient over the oxygen consumption flux of 0.4, as has been 
determined experimentally [27]. The new V

max
 value (108.9 nmol min-1 (mg protein)-1) is 

only slightly different from that in the earlier versions of the model (106.2 nmol min-1 (mg 
protein)-1). The new version of the model predicts a steady state glucose flux of 90.1 nmol 
min-1 (mg protein)-1 at 25 °C, close to the estimate of 100 nmol min-1 (mg protein)-1 at 25 °C  
that was made from different experiments as discussed above.

Two additional tests were done to validate this new version of the model. First, the ratio 
of (glucose consumed) : (glycerol produced) : (pyruvate produced) was calculated from 
the model to be 1 : 0.06 : 1.94 at steady state under aerobic conditions.  This is in good 
agreement with experimental data [159].  Second, the sensitivity of the anaerobic glycolytic 
flux for external glycerol under anaerobic conditions was tested.  In the computer model 
380 µM inhibited the glucose consumption flux by 50% (Fig. II.3).  This is closer to the 
experimentally measured value of 800 µM [166] than the previous model version, which 
predicted 50% inhibition already at 75 µM of glycerol [28].

The distribution of flux control over the different enzymes, as calculated with the updated 
model, is shown in Fig. II.4. In this new version of the model, the glucose transporter still 
exerts the highest control over the glycolytic flux. The control of the glucose transporter 

Figure II.4: Flux control in the updated glycolytic model
The flux control coefficients of the different glycolytic enzymes over the glucose consumption flux (black 
bars), over the oxygen consumption flux (grey bars) and over the pyruvate production flux (dark grey bars). 
‘Pyr trans’ is the pyruvate transport over the plasmamembrane.
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over the oxygen consumption flux (0.4) was obtained by fitting of the V
max

 of the glucose 
transporter and therefore it is no surprise that this value corresponds to the experimental 
value [27]. The control of the glucose transporter over the fluxes of glucose consumption 
and pyruvate production was higher (0.98 and 0.70 respectively). As the pyruvate flux 
equals that of net ATP synthesis, the model predicts that the impact of inhibition of glucose 
transport is higher that one would expect from oxygen consumption measurements. In 
previous versions, under physiological conditions, the glucose transporter shared control with 
ALD, GAPDH, phosphoglycerate kinase (PGK) and glycerol-3-phosphate dehydrogenase 
(G3PDH) [28].  In the updated model, ALD and PGK have lost some control, and GPO and 
PGAM gained some flux control.  Notably, GK has a negative flux control coefficient over 
the oxygen consumption and the pyruvate flux. This is understandable as flux directed to 
glycerol competes with the fluxes of respiration and pyruvate production.

II.4 Discussion

In contrast to much of the trypanosome research in the 20th century, which was done on 
trypanosomes isolated from infected rats or mice, current research on the bloodstream form 
of T. brucei is mostly done on in vitro cultured cells.  Procyclic cells have been cultured in 
vitro already for a longer time [89,90].

Throughout this thesis, we will use in vitro growing trypanosomes to study the effects of 
perturbations of glycolysis.  Previous quantitative studies of glycolysis of bloodstream-form 
trypanosomes were done in buffers rather than in complete growth media [27,159,433]. 
In contrast, metabolism of procyclic trypanosomes had been studied quantitatively in 
chemostat cultures already [389-391]. As glycolysis is embedded in the metabolic and 
regulatory network of the growing cell and generates ATP and carbon building blocks 
for growth, we here analysed glycolysis of the bloodstream form also quantitatively in 
growing cultures.

Catabolic fluxes in bloodstream-form trypanosomes in complete growth medium
We show that, as long as the glycerol concentration in the medium is low, trypanosomes 
convert all the consumed glucose into pyruvate in a 1:2 molar ratio (Fig II.2). We report here 
a glucose consumption flux of 160 nmol min-1 (108 cells)-1 at 37 °C. When we compare this 
to fluxes reported by others for the same strain, we observe some marked differences (Table 
II.5). Albert et al. [6] measured a glucose-consumption flux of 52 nmol min-1 (108 cells)-1 by 
monitoring the production of tritiated H

2
O from D-[3-3H] glucose at the same temperature 

[6]. This latter value is 31% of the value we measure by HPLC. In the same study their 
pyruvate flux was 80 nmol min-1 (108 cells)-1. This is slightly lower than should be expected 
from a complete conversion of glucose into pyruvate, but this might be explained by the 
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lability of pyruvate (see material and methods). Blattner et al. [62] measured a pyruvate 
flux of 100 nmol min-1 (108 cells)-1, well in agreement with the results from Albert et al. [6]. 
Strikingly, Helfert et al. [208] from the same laboratory measured an oxygen consumption 
flux of 160 nmol min-1 (108 cells)-1. As the oxygen consumption flux should equal the 
glucose consumption in bloodstream-form trypanosomes (cf. Fig I.5 and [31]), this latter 
value corresponds precisely to the glucose flux reported in this chapter.  

We wondered what could cause the differences between fluxes reported by different 
laboratories. Although the tritiated H

2
O method used by Albert et al. [6] is an indirect 

method, the results seem trustworthy as there is an acceptable correspondence between 
the glucose consumption and the (directly measured) pyruvate production in the same 
study. Furthermore, the tritiated-H

2
O method only measures glycolysis and not glucose 

consumption used for reactions of the pentose phosphate pathway or glycosylation 
reactions. The most important difference seems to be not in the analysis of the samples 
but in the conditions under which the cells were incubated. Here we measure the fluxes 
throughout the complete window of exponential growth in standard culture medium. In 
the other two studies the cells were concentrated to high densities: 2x106 cells ml-1[62] 
and 2x107 cells ml-1 [6] respectively. When comparing these values to the growth curve 
of Fig. II.1A, the latter cultures were far beyond the cell density at which they could grow 
exponentially. The former were monitored during 24 hours, a period during which they are 
also expected to grow into stationary phase. In addition the medium was different from 

Table II.5 Metabolite fluxes of bloodstream form T. brucei at 37 ºC determined in different laboratories 
with different methods

laboratory medium metabolite flux method ref

nmol min-1 

(108 cells)-1

nmol min-1 
(mg protein)-1

Bakker-Westerhoff HMI-9 glucose 160 HPLC *

Clayton RPMI pyruvate 100 enz [62]

RPMI pyruvate 208 enz [208]

HMI-9 O
2

163 oxy [208]

Michels-Opperdoes HMI-9 glucose 51.7 [3H]-H
2
O [6]

pyruvate 80.4 enz [6]

* The results from the Bakker-Westerhoff lab as described in this chapter.
Fluxes were determined at 37 ºC in bloodstream form T. brucei strain 427. Cell line 449 is derived from 
427 and they have been reported to be metabolically indistinguishable [56].
To RPMI 25 mM glucose was added. HMI-9 contains 20 mM glucose
Enz: enzymatic, oxy: oxygraph



Chapter II70

the standard culture medium for bloodstream forms (RPMI vs. HMI-9), but the authors 
report that the cells grow almost equally fast in the two media [62]. The high cell densities 
may have caused oxygen limitation, but this has been reported to have no effect on the 
glucose consumption flux [159]. Therefore, the most likely explanation for the relatively 
high fluxes reported in this chapter as compared to other reports is the fact that our cells are 
in the exponential growth phase and have a high rate of ATP utilization for growth. 

Synthesis of biomass
In this chapter we have shown that growing bloodstream-form trypanosomes convert 
glucose virtually completely to pyruvate, within the error of the measurements. However, 
as the biosynthetic carbon flux is only 9% of the glycolytic flux, this does not exclude 
that some biosynthetic building blocks are derived from glucose. Actually, it is known 
from labelling studies of procyclic trypanosomes that some of the carbon from glucose 
ends up in the biomass, specifically in fatty acids [421]. However, to our knowledge such 
labelling studies have not been done in bloodstream-form trypanosomes. Bloodstream-
form trypanosomes may not need to synthesize many building blocks themselves as the in 
vitro cultivation medium is, similar to the mammalian bloodstream, rich in nutrients and 
biomolecules.  Furthermore, one of the characteristics of parasites is that they are ‘lazy’ 
organisms in that they largely rely on the hosts they infect for the supply of nutrients and 
cellular components.

To get a more detailed picture of the origin of biosynthetic building blocks, Table II.6 
gives an overview of the biomolecules needed in the cell, their availability in the medium 
and if bloodstream-form T. brucei can synthesize them (either de novo from glucose or 
from complex molecules other than glucose). Not all biosynthetic pathways have been 
functionally characterized in trypanosomes, but the TriTryp genome (see Chapter I) 
suggests which biosynthetic enzymes are present based on sequence homologies. However, 
representation in the genome does not necessarily imply expression throughout the life-
cycle of the parasite.

From Table II.6 it becomes clear that bloodstream form T. brucei is unable to synthesize all 
the necessary cellular components from glucose and hence has to take up many compounds 
from the medium. All the amino acids and many vitamins are available from the medium or 
can be made by simple conversions from other amino acids (see section I.2.3.1) or vitamins, 
respectively. Fatty acids are partially available in the serum component of the medium, 
but to obtain the complete set, interconversions are necessary (as reviewed in [417]). In  
procyclic trypansomes the synthesis of the fatty acid myristate (containing 14 carbon 
atoms) from glucose has been demonstrated [421]. However, especially in bloodstream-
form trypanosomes a large amount of  myristate is needed for the GPI-anchors of the VSG 
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molecules, that make up 10-20% of the protein of the bloodstream-form cell [129,430]. 
Recently, it was shown that bloodstream-form T. brucei takes up part of its myristate 
from the host blood, but also synthesizes a large part de novo from malonyl-CoA [300]. 
The acetyl-CoA that is used in the formation of malonyl-CoA can be made from amino 
acids and carbohydrates [417].  However, in bloodstream-form T. brucei it is unlikely that 
glycolysis yields acetyl-CoA directly, as pyruvate dehydrogenase is absent in this life stage. 
If carbon from glucose is used in the synthesis of amino acids, the breakdown of these 
amino acids may in turn yield acetyl-CoA for fatty acid synthesis. Also nucleotides can 
be produced from glucose, via the pentose-phosphate pathway. However, the flux of this 
pathway is reported to be low when there is no oxidative stress [36]. The most likely class 
of compounds to be derived from glucose are the sugars that are required for extensive 
glycosylation of proteins. 

Table II.6 Biomolecules needed for biomass generation in bloodstream form T. brucei

Biomolecule Needed for Synthesis from 
glucose

Interconversion 
from other complex 
molecules  (main 
substrate)

In basic BF 
medium*

Nucleosides/
nucleotides

DNA/RNA via pentose 
phosphate pathway 
[36]

yes (other 
nucleotides)

no

Energy metabolism 
(ATP)

yes no no

Amino acids proteins limited, if any [52] yes (pyruvate) all

Saccharides Glycosylation of 
proteins

possibly possibly (other 
sugars)

glucose

Fatty acids Lipids/
Anchorage of 
proteins

partial [300,417] yes (other fatty 
acids)

partial

Vitamins Co-factor e.g. vitamin B 
[278], C [458] 

possibly (other 
vitamins)

several**

NAD+ Co-factor no*** yes (nicotinamine) no

* The basic medium is supplemented with 10% foetal calf serum. Its contents are largely unknown and it is 
likely that the foetal calf serum provides some compounds that are not in the basic medium
** Vitamins in the basic medium: B

1
 (thiamine), B

2
 (riboflavin), B

3
 (D-Ca penthonate), B

4
 (folic acid), B 

(i-inositol), B
6
 (as pyridoxal), B

7
 (niacinamide), B

12
, D (choline), H (biotin). Vitamins not in the basic 

medium: A
1
, C, E, F, K, P, Q. It is not known if T. brucei needs all the vitamins and there may be yet 

undiscovered vitamins.
*** Fred Opperdoes, personal communication
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The above analysis, although far from quantitative, strongly suggests that most of the 
biomass is produced from substrates other than glucose. Only a few compounds (some 
fatty acids, sugar polymers on proteins) are likely to be derived from glucose. As these 
constitute only a small fraction of the total biosynthetic flux, which in itself is not more 
than 9 % of the glucose flux, this explains why we observe a virtually complete conversion 
of glucose to pyruvate. Based on these results glycolysis will be treated throughout this 
thesis as an ‘isolated’ pathway which is coupled to growth only via ATP. We do take into 
account that ATP is not only used for growth, but also for other cellular processes such 
as flagellar beating [81]. A similar uncoupling of glycolysis and anabolism at the level of 
carbon has been experimentally imposed on yeast by anaerobic cultivation in a medium 
supplemented with yeast extract. The yeast extract contained by definition all biosynthetic 
components and it was shown that glucose was only used to produce ATP in glycolysis 
[253,351]. This enabled the authors to perform modular control analysis of the supply and 
demand of ATP in a growing yeast cell. 

In the coming chapters of this thesis glycolysis is studied quantitatively in bloodstream 
form T. brucei with the aim to identify drug targets that lower the production of ATP. As 
glucose is hardly used for biosynthesis, it is justified to use glucose and oxygen consumption 
or pyruvate production as indirect measures of ATP production. In combination with the 
updated computer model of trypanosome glycolysis which now also contains V

max
-data 

determined in in vitro grown trypanosomes, this provides a powerful set of tools for the 
intended study. Iteratively, model simulations will generate hypotheses that can be tested 
in vitro, while experimental data obtained with in vitro cultures can be used to improve 
and extend the model. In the coming chapters we will demonstrate how the combination of 
computer modeling and experimentation leads to network-based drug target identification 
in the context of the entire growing cell. 



IIICompartmentation prevents a 
lethal turbo-explosion of glycolysis 
in trypanosomes 

ATP generation by both glycolysis and glycerol catabolism is autocatalytic, since the first kinases of 

these pathways are fuelled by ATP produced downstream. Previous modeling studies predicted that 

either feedback inhibition or compartmentation of glycolysis can protect cells from accumulation of 

intermediates.  The deadly parasite Trypanosoma brucei lacks feedback regulation of early steps in 

glycolysis yet sequesters the relevant enzymes within organelles called glycosomes, leading to the 

proposal that compartmentation prevents toxic accumulation of intermediates.  Here we show that 

glucose 6-phosphate indeed accumulates upon glucose addition to PEX14 deficient trypanosomes, 

which are impaired in glycosomal protein import. With glycerol catabolism, both in silico and in 

vivo, loss of glycosomal compartmentation led to dramatic increases of glycerol 3-phosphate upon 

addition of glycerol. As predicted by the model, depletion of glycerol kinase rescued PEX14-deficient 

cells of glycerol toxicity. This provides the first experimental support for our hypothesis that pathway 

compartmentation is an alternative to allosteric regulation.

This chapter was published in Proceedings of the National Academy of Sciences USA (2008) 105, 17718-17723 
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III. 1 Introduction

Cellular pathways that require investment of an end product before net production takes 
place, necessitate tight regulation to prevent the depletion of the desired product by the 
initial reactions.  Both glucose and glycerol metabolism are examples of such auto-
catalytic pathways [344] (Fig. III.1 and supplemental data Fig. III.S1). In glycolysis, ATP 
is first invested in two phosphorylation reactions, catalysed by hexokinase (HXK) and 
phosphofructokinase (PFK). Only further downstream in the pathway the ATP is regained 
and then a surplus of ATP is generated. In glycerol metabolism, ATP is invested in the 
reaction catalysed by glycerol kinase (GK) (Fig. III.1).

In the absence of specific regulation of HXK and PFK, the ATP produced by glycolysis 
could boost the flux through these enzymes above the capacity of the enzymes downstream, 
and hexose phosphates (glucose 6-phosphate (Glc6P), fructose 6-phosphate (Fru6P) and 
fructose 1,6-phosphate (Fru16BP)) would accumulate to extreme levels. By analogy to the 

Figure III.1 The autocatalytic reaction scheme of glucose and glycerol breakdown
In both glucose and glycerol breakdown, initially ATP is invested to phosphorylate the substrates, while 
further downstream ATP is produced. The ATP produced downstream can fuel the upstream reactions, 
which may result in accumulation of phosphorylated intermediates (dashed lines). Most organisms prevent 
this accumulation by negative feedback of the hexose phosphates on HXK. This regulation is absent from 
trypanosomes (see text). For a more detailed scheme, see supplemental data Fig. III.S1
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turbo engine (which uses engine exhaust to boost performance), this property was called 
the ‘turbo design’ of glycolysis [397]. Many organisms avoid the negative side effects of 
the autocatalytic design of glycolysis by a tight feedback regulation of HXK and PFK, 
e.g. inhibition of HXK by Glc6P [116] or trehalose 6-phosphate [218]. Indeed in yeast 
deletion of trehalose-6-phosphate synthase leads to glucose toxicity, accumulation of 
hexose phosphates and rapid consumption of ATP [399]. This ‘turbo-explosion’ phenotype 
is rescued by reducing the expression of HXK [218] or glucose transporters [274]. 

Trypanosoma brucei, the tropical parasite that causes the deadly African sleeping sickness, 
lacks feedback regulation of HXK and PFK [125,126,318].  The parasite has a complex 
life cycle that alternates between insect and mammalian hosts; in the latter it lives in 
the bloodstream, supplied with a ready source of glucose.  How then are trypanosomes 
protected against a possible ‘turbo-explosion’ of glycolysis?

A key feature of trypanosome glycolysis is the compartmentation of the first seven 
enzymes of glycolysis and two involved in glycerol metabolism inside peroxisome-
like organelles called glycosomes [320]. In the glycosome, ATP and redox levels are 
balanced [197,198,323]. Net ATP synthesis coupled to glycolysis is deferred to the final 
cytosolic portion of the pathway. This ATP would not be available to HXK or PFK, since 
the glycosomal membrane is not permeable to small molecules.  Based on a detailed 
kinetic model of glycolysis of bloodstream-form trypanosomes [26], we predicted 
that the compartmentation of glycolysis provides an alternative mechanism to protect 
trypanosomes against the turbo-explosion [29]. We showed, in silico, that the glycosomal 
compartmentation prevents the accumulation of presumably toxic levels of Glc6P, Fru6P, 
and Fru16BP. We further postulated that protection against turbo-explosion is a present-day 
biological function of the compartmentation of much of trypanosome glycolysis. Although 
we have presented circumstantial experimental evidence [244] to support this hypothesis,  
the model predictions have not been tested experimentally in a direct and quantitative way 
in vivo.  Hence the postulated role of the glycosomal compartmentation has remained a 
hypothesis. 

In this chapter, we tested the hypothesis that compartmentation is an alternative mechanism 
to avoid toxic accumulation of intermediates in autocatalytic pathways. We used procyclic 
(insect-stage) PEX14-RNAi mutants in which protein import into the glycosomes is 
impaired. We measured enzyme localization, growth and metabolite concentrations upon 
addition of glucose or glycerol. We find that indeed glycosomal compartmentation can serve 
the function of protecting against the metabolic explosion associated with the autocatalytic 
nature of catabolism.
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III.2 Material and methods

Mathematical modeling
The model with the glycosome has been described in [6] and is reproduced as an appendix 
to this thesis. For the model without a glycosome, the original model was modified as 
follows:

a. There is only a single pool of ATP, ADP and AMP, rather than distinct glycosomal 
and cytosolic pools. 

b. There is no conserved sum of bound phosphates

c. The same amounts of the same enzymes are in the total cell volume rather than in the 
cytosol or in the glycosome.

This led to the following balance equations:

tot

HXK transportglucosein

Vdt

d[Glc] vv −
=

 

(eq. III.1)

tot

PGIHXK

Vdt

d[Glc6P] vv −=   (eq. III.2)

tot

PFKPGI

Vdt

d[Fru6P] vv −=   (eq. III.3)

tot

ALDPFK

Vdt

d[Fru16BP] vv −=
 

(eq. III.4)

tot

G3PDHTIMAOXALD

Vdt

d[DHAP] vvvv −−+=
 

(eq. III.5)
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tot

AOXGKG3PDH

Vdt

d[Gly3P] vvv −−=
 

(eq. III.6)

tot

PGKTIMALD

Vdt

d[GAP] vvv −+=   (eq. III.7)

tot

PGKGAPDH

Vdt

d[13BPGA] vv −=
 

(eq. III.8)

tot

ENOPGAM

Vdt

d[2PGA] vv −=
 

(eq. III.9)

tot

vv

Vdt

d[3PGA] PGAMPGK −=   (eq. III.10)

tot

PYKENO

Vdt

d[PEP] vv −=
 

(eq. III.11)

tot

 transportpyruvatePYKin

Vdt

]d[pyruvate vv −
=

 

(eq. III.12)

tot

G3PDHGAPDH

Vdt

d[NADH] vv −=
 

(eq. III.13)

tot

nutilizatio ATPPYKGKPGKPFKHXK

Vdt

d[P] vvvvvv −+++−−=
 

(eq. III.14)

In the last equation the variable P refers to the free energy accumulation in both ATP and 
ADP and is defined as:
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P ≡ 2[ATP] + [ADP]  (eq. III.15)

The concentrations of ATP, ADP and AMP were calculated as described earlier [26] , 
based on the conservation relation for adenine nucleotides and the equilibrium equation of 
adenylate kinase. The solution for ATP is:

2a

4acbb
[ATP]

2 −+−=  (eq. III.16) 

in which:

a = 1 – 4Keq, AK   

b = C2 – P(1 – 4Keq,AK)

c = – Keq,AKP
2 

   

C
2
 is the sum of cytosolic adenine nucleotides (4 mM). ADP was then calculated from P, 

ATP and equation III.15 and AMP was calculated from C
2

The concentration of NAD was calculated from the conserved sum:

C
3
 = [NAD+] + [NADH] = 4 mM

In these equations the kinetic equations of the enzymes and all parameter values were the 
same as in the original model ([6] and in the appendix to this thesis).  The enzyme rates v 
were expressed in nmol min-1 (mg protein)-1, the time t in min, the metabolite concentrations 
in mM and the total cell volume V

tot
 in µl (mg protein)-1.

All simulations applied to aerobic conditions, at zero concentrations of the products 
pyruvate and glycerol when glucose was the substrate, and at zero concentrations of glucose 
and pyruvate when glycerol was the substrate. 

For the time simulations, the substrate was elevated from 0.01 mM to 25 mM and the 
concentrations of glycolytic intermediates were followed in time. When in addition to 
glycosome removal also the V

max
 of a kinase was lowered the substrate level was elevated 

from 0.1 mM to 25 mM.

Simulations were done in Jarnac 2.0 [361,362]
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Parasite cultivation and induction of RNAi
Procyclic T. brucei cell line 29-13, stably transfected with a PEX14-RNAi construct 
[177], and/or a GK-RNAi construct (see below) was cultivated in SDM79 medium (JRH 
Biosciences) or the same medium lacking glucose and glucosamine as described in [177].  
To adapt cells to growth on proline, cells were pre-grown for at least 20 generations on 
medium lacking glucose. RNAi was induced with 1-4 μg ml-1 Tet dissolved in DMSO. 
Control cultures were given the same amount of vehicle alone.

Construction of RNAi knockdown plasmids  
RNAi constructs were based on the plasmid pZJM [441], which allows for Tet-regulated 
expression of the introduced fragments from opposing T7 promoters.  HindIII restriction 
sites were added to the 5’ (5’-AAGCTTCGTCGGATCCATTGACCAGG-3’) and 3’ (5’-
AAGCTTATGCGTCAGCAACAGCTGG-3’) primers, which were designed to amplify 
nucleotides 9-484 of GK.  Cloned fragments were ligated into the HindIII site of the vector 
pZJM-PEX14 [177] with GK in either orientation relative to PEX14.  From the tail to tail 
orientation, XhoI restriction dropped out PEX14 and 25 bp of the GK sequence, leaving 
a 442 bp fragment of GK in pZJM-GK.  The tail to head orientation of PEX14 and GK 
(pZJM-PEX14/GK) was used for RNAi studies and used to transfect procyclic 29-13 cells 
[464]

Metabolite measurements
For metabolite measurements, cultures were grown for 4-5 generations in the presence or 
absence of Tet. At time point zero 25 mM glucose or 25 mM glycerol was added to the 
cultures. Samples of 1 ml were taken just before addition of these substrates and at several 
time points after the addition. Cells were pelleted by centrifugation (7.5 min at 6000 x 
g) and pellets were resuspended in 0.1 ml of the medium and a sample was reserved for 
determining cell number. Metabolism was quenched immediately by the addition of 10 μl 
of ice-cold 35% (v/v) perchloric acid and after 10 min on ice the sample was neutralised 
with 11 μl 5 M KOH/0.2 M MOPS [355]. After a further incubation on ice for 10 min, the 
precipitated protein was removed by centrifugation for 10 min at 11000 × g. 

Glc6P, Fru6P, Fru16P and Gly3P were measured via NAD(P)-linked reactions in 96-wells 
plates in a Novostar spectrophotometer (BMG Labtech) in fluorescence mode (excitation 
wavelength 340 nm; emission wavelength 460 nm). Reaction mixtures for Glc6P, Fru6P 
and Fru16BP were essentially as previously described [139]. For Glc6P and Fru6P the 
reaction mixture contains: 63 mM triethanolamine (TEA), pH 7.6, 0.63 mM NADP+, 6.3 
mM MgSO

4 
, 1.2 U ml-1 glucose-6-phosphate dehydrogenase (G6PDH) (Sigma) and for 

Fru6P also 2.5 U ml-1 PGI. For Fru16BP: 60 mM TEA, pH 7.6, 0.14 mM NADH, 1.1 
U ml-1 glycerol-3-phosphate dehydrogenase (G3PDH) (Sigma), 4.3 U ml-1 triosphosphate 
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isomerase (TIM) (Roche) and 0.15 U ml-1 ALD (Roche). Gly3P was measured according to 
[50], in a reaction mixture with 0.13M glycine/0.63M hydrazine, 1.1 mM NAD+, 1.3 mM 
ATP and 0.95 mM MgSO

4
 and 1.1 U ml-1 G3PDH.

Intracellular concentrations were calculated based on 175 mg total cell protein corresponding 
to 1 ml total cellular volume [322] and 1.94x108 cells contain 1 mg of protein [28]. Cell 
counts included both motile and non-motile intact cells. Unless mentioned, more than 90 
% of the cells were motile. 

Fractionation by digitonin titration for enzyme activity assays
Cells were washed in STE-buffer (Tris-HCl, 25 mM; sucrose, 250 mM; EDTA, 1 mM, pH 
7.8) and resuspended in STE supplemented with 150 mM NaCl. After addition of digitonin 
(Sigma) cells were incubated for 4 min at 25 oC and immediately centrifuged for 2 min at 
12000 x g [207]. Supernatants were collected rapidly for enzyme-activity assays, and kept 
on ice before and in between measurements. Enzyme activities in samples were measured 
with a Cobas FARA or Cobas BIO analyzer (Roche Diagnostics) using assays as described 
in [294], except for ALD, which was carried out as described in [295].

Fractionation by digitonin titration for western blotting
For western blotting, fractionation with digitonin was carried out as described [306]. A 
sample treated with 0.1% Triton X-100 was taken as a reference for complete release of all 
cytosolic and glycosomal protein content. After fractionation, supernatant was collected 
for western blot analysis and stored at –80 oC in Laemmli buffer [256].

Fractions were heated for 5-10 min at 95 °C and their proteins separated by SDS-PAGE 
(12.5% acrylamide) and transferred to a methanol-activated PVDF-membrane (BioRad) 
and blocked for 1 h in 5% nonfat milk powder in TBST (Tris-HCl 20 mM, NaCl 136 mM, 
pH 7.5 with 0.05% (v/v) Tween 80). After washing in TBST, anti-TbPGK (1:150000), anti-
TbALD (1:200000) and anti-TbPGI (1:50000) were used as primary antisera. HRP-linked 
anti-rabbit IgG (DAKO A/S, Denmark) (1:2000) was used as a secondary antibody and 
HRP activity was measured after 2 min incubation with Lumi-LightPLUS western blotting 
substrate (Roche). 

Western blot on PEX14-GK double RNAi mutant
Approximately 5x106 cell equivalents were loaded per lane onto 10% polyacrylamide 
gels (Cambrex, PAGEr).  After electrophoresis, proteins were transferred to nitrocelluose 
membranes (Protran).  For immunoblots the following conditions were implemented.  Anti-
TbGK (1:1000), anti-TbPEX14 (1:100) and anti-TbNOG1 (1:5000) were used.  Bound 
antibodies were detected with horseradish peroxidase-coupled protein A (1:3000) (Bio-
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Rad) and chemiluminescent substrates (Perkin Elmer, Western Lightening).  These were 
imaged on Kodak BioMax MS film.  

Immunofluorescence analysis
2x106 parasites were washed in PBS, and approximately 2x104 parasites were placed on 
glass slides.  These were fixed with 2% paraformaldehyde, permeabilized with 0.1% 
Triton X-100, and blocked with 8% nonfat milk in PBS.  Samples were incubated for 1 h 
with rabbit anti-glycosome antiserum (1:100) in the blocking solution. For detection goat 
anti-rabbit IgG (H+L) (1:300) Texas Red was used.  Slides were mounted in Antifade 
(Molecular Probes) for fluorescence microscopy on a Nikon Eclipse E300 equipped with 
Metamorph software.

Northern Analysis
RNA was obtained by extracting 5x107 parasites with Trizol reagent (Invitrogen).  
Approximately 10 μg of RNA was loaded onto formaldehyde/agarose gels for electrophoresis.  
After transfer to Nytran nylon membranes (Schleicher & Schuell), blots were placed in 
ULTRAhyb (Ambion) and probed with the antisense RNA probe corresponding to the 
RNAi fragments described above according to the manufacturer’s recommendations.

Quantitative PCR
Amplification, data collection and data analysis were done in the ABI 7700 Prism Sequence 
Detector (2 min at 50 ºC; 10 min at 95 ºC; and 40 cycles of 15 s at 95 ºC followed by 1 
min at 59 ºC). The calculated cycles of threshold values (Ct) were exported to Microsoft 
Excel and analysed further. Cycles of threshold for the different genes were normalized by 
subtracting the Ct of hypoxanthine-guanine phosphoribosyl transferase transcript in the 
same sample (ΔCt). A different housekeeping gene (ß-tubulin) was assayed as an internal 
standard. Subsequently the normalized Ct values of the different time points were, for 
each transcript, compared to the Ct of that transcript at time point zero to calculate the fold 
changes of the mRNA concentrations according to:

mRNA(t)/mRNA(0) = 2(ΔCt(0) - ΔCt(t)).
.

III.3 Results 

Addition of glucose leads to accumulation of Glc6P if protein import into glycosomes is 
impaired 
We first tested how an updated version of the computer model of trypanosome glycolysis [6] 
responded to removal of the glycosomal membrane, dispersing all metabolites and enzymes 
throughout the cytosol. With a glycosome present, the concentrations of phosphorylated 
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intermediates of glycolysis remained low. When the glycosomal membrane was removed, 
the model predicted accumulation of Glc6P, Fru6P and Fru16BP to very high levels (Fig. 
III.2A and Fig.III.S2). These results were in qualitative agreement with the earlier study 
[29].

The PEX14 protein is required for protein import into glycosomes. To test the model 
predictions, we measured the concentrations of hexose phosphates in a tetracycline (Tet)-
inducible PEX14-RNAi mutant [177]. All the mutants used in this study were generated 
in the procyclic form of the parasite, since unlike the bloodstream forms, the procyclic 
stage does not require glucose for survival and can grow on proline (Fig. III.S1). Other key 
differences between the  procyclic form and the bloodstream form are (i) the abundance of the 
glycolytic enzymes (lower in procyclic forms) and (ii) the localization of phosphoglycerate 
kinase (PGK) which is cytosolic in procyclic forms and glycosomal in bloodstream forms 
[60]. The procyclic PEX14-RNAi cell line was pre-grown in the absence of glucose on 10 
mM proline as the main source of free energy. Tet was added 5-7 generations prior to the 
addition of 25 mM glucose to ensure depletion of PEX14 protein [177]. 

In line with the computer model, within an hour after addition of glucose Glc6P accumulated 
to 50 - 60 mM in the PEX14-depleted cells and cells started dying, while uninduced cells 
maintained a Glc6P concentration of ~10 mM (Fig. III.2B) and remained viable. However, 
unlike in the glycosome-deficient model, the concentrations of Fru6P (Fig. III.S2B) and 
Fru16BP (Fig. III.S2D) did not rise after the glucose pulse in the PEX14 knockdown cells.

Subsequently we measured the localization of the glycolytic enzymes. Previous studies on 
the role of PEX14 in protein import reported on the localization of only a few representative 
glycosomal enzymes [177,306]. They showed a shift towards cytosolic localization 
in the PEX14 mutant, but also suggested that a fraction of some enzymes may still be 
glycosomal. For the present study, however, the localization of all glycolytic enzymes 
is relevant. Enzyme-activity analysis and western blot of digitonin-treated western blot 
(supplementary text and Fig. III.S3) showed that of the glycolytic proteins normally present 
in the glycosome only glucose-6-phosphate isomerase (PGI) was severely mislocalized to 
the cytosol. HXK, PFK and aldolase (ALD) were only slightly shifted to the cytosol (less 
than 20% released at a digitonin concentration of 0.1 mg ml-1). 

We concluded that the PEX14 mutant on glucose does not provide a stringent test of the 
model, since we could not prove that there is a complete parallel glycolytic pathway in the 
cytosol. An alternative explanation for the accumulation of Glc6P would be the truncation 
of the glycosomal pathway at PGI.
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Figure III.2 Glc6P profiles upon addition of glucose – model versus experiment. 
25 mM of glucose was added at t = 0 in the models as well as in experiments. (A) Calculated concentrations 
of Glc6P in the model with (solid line) or without (dashed line) the glycosome. (B) Intracellular 
concentrations of Glc6P were measured in time in PEX14-RNAi cultures. Closed symbols: uninduced 
cultures; Open symbols: Tet-induced cultures. Squares and circles show biological replicates. Error bars 
represent standard deviations of two measurements in the same sample.

Figure III.3 Gly3P profiles upon addition of glycerol – model versus experiment
25 mM of glycerol was added at t = 0 in the model and in experiments.
(A) The concentration of Gly3P was calculated in time in a model with (solid line) and without (dashed 
line) a glycosome. The dotted lines show results from a time simulation in the model without the glycosome 
and with only 10% of the usual cellular GK activity. (B) The measured intracellular Gly3P concentration 
in cells induced or not induced for PEX14 RNAi. Open symbols: Tet-induced cultures; closed symbols: 
uninduced cultures. Squares and circles show independent biological replicates. Error bars represent 
standard deviations of two measurements of the same sample. 
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Addition of glycerol leads to accumulation of Gly3P if protein import into glycosomes is 
impaired 
Since the ‘turbo design’ and its implications are based on the autocatalytic nature of the 
pathway, glycerol catabolism, which requires ATP investment via GK, also provides an 
opportunity to test our hypothesis (Fig. III.1). Net production of ATP results from the 
reactions catalysed by PGK and pyruvate kinase (PYK) (Fig. III.S1). Like HXK, the GK-
catalyzed reaction has a highly negative Gibbs-free energy, which may lead to product 
accumulation if the activity is not tightly regulated. We wondered if the glycosomal 
localization of GK might prevent such product accumulation by shielding it from the ATP 
produced by cytosolic PGK and PYK. In agreement with this hypothesis, we have shown 
already that even low concentrations of glycerol were toxic to the PEX14-RNAi mutant but 
not to wild-type trypanosomes [244].

Indeed in the model with a glycosome, glycerol 3-phosphate (Gly3P) concentrations 
remained low after administration of 25 mM glycerol.  In contrast, in the model without 
the glycosome, Gly3P accumulated rapidly to several hundreds of millimolar (Fig. III.3A). 
Modeling a decreased GK activity (10% remaining) in the absence of a glycosome showed 
significantly less accumulation of Gly3P after addition of glycerol (Fig. III.3A).

To test the effect of glycerol on the concentration of Gly3P experimentally, PEX14-RNAi 
cultures were again pre-grown and induced with Tet. After induction of 5-7 generations with 

Figure III.4 Subcellular localization of the enzymes in the pathway from glycerol to pyruvate 
PEX14-RNAi cells were permeabilized by increasing concentrations of digitonin and the enzyme activities 
were measured in the supernatant. The upper panel shows the results for uninduced cells, the lower panel 
for Tet-induced cells. PGK was used as a cytosolic control. In each culture the enzyme activities at 1.5 
(mg digitonin) ml -1 were taken as 100%. The error bars represent standard deviations of two independent 
biological replicates. ® GK; ° G3PDH; ▼ TIM; ● PGK. 
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Figure III.5 Knockdown of GK rescues the PEX14-depletion phenotype on glycerol
(A) A Western blot of samples of PEX14-RNAi, GK-RNAi and PEX14-GK RNAi cells taken just before 
(t

0
) and four days after (t

4
) Tet-induction in standard medium. NOG1, a protein involved in ribosome 

biogenesis, was used as the loading control. (B) Cumulative cell densities of uninduced (solid line) and Tet-
induced (dashed line) cultures of PEX14-RNAi, GK-RNAi and PEX14-GK RNAi strains in glucose-free 
medium supplemented with 10 mM glycerol. (C) Light microscopy images of uninduced and Tet-induced 
PEX14-RNAi and PEX14-GK RNAi mutants grown in glucose free-medium with 10 mM glycerol.
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Tet in proline-containing medium without glucose or glycerol, the cultures were incubated 
in medium with 25 mM of glycerol (time 0, Fig. III.3B). The intracellular concentration of 
Gly3P rose in one hour to 100 mM and increased even further in the next 24 hours. Gly3P 
levels in uninduced cultures remained at 15 mM. After 24 hours, 75% of the induced cells 
became immotile, but did not lyse.  We used total cell counts to calculate the internal 
Gly3P concentration. Clearly, the estimated intracellular concentration would have been 
even higher, had we based our calculation on motile cells.

As a control we checked that at least a fraction of all the enzymes of glycerol metabolism were 
in the cytosol. The glycosomal part of the pathway consists of GK, glycerol-3-phosphate 
dehydrogenase (G3PDH), triosephosphate isomerase (TIM) as well as the glycosomal 
isoenzyme of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). In uninduced cells, 
the former three enzymes behaved as glycosomal proteins in a digitonin titration (Fig. III.4), 
being released at 0.5 mg ml-1 of digitonin. In contrast, in cells induced for PEX14 RNAi, 
20-40 % of all three activities was already released at 0.1 mg ml-1 of digitonin, consistent 
with partial mislocalization (Fig. III.4). This proves that the PEX14-RNAi mutant has a 
complete parallel glycerol pathway in the cytosol rather than a truncation in the glycosome, 
which makes PEX14 RNAi cells a valid experimental tool to test the model predictions for 
glycerol catabolism. 

Depleting GK rescues the PEX14-RNAi mutant from glycerol toxicity
Since the model predicted that the accumulation of Gly3P would be attenuated by 
downregulation of GK, we isolated stable transfectants bearing inducible single and double 
RNAi constructs of GK and PEX14. Northern blot analysis confirmed the downregulation 
of the corresponding mRNAs (Fig. III.S4). Western blots showed that after four days in Tet 
(in medium lacking glycerol), the abundance of the corresponding proteins was strongly 
reduced (Fig. III.5A). In medium lacking glucose but containing glycerol, cells induced for 
GK RNAi alone showed no morphological  or growth phenotype, while the growth defect 
of the PEX14 RNAi mutant appeared after 3 days.  Concomitant reduction of GK rescued 
the PEX14-RNAi cells from the lethal effects of glycerol, as measured by population 
growth (Fig. III.5B). Images of cells from day 4 revealed the stark difference between the 
induced and uninduced cultures of the PEX14 mutant—only 12% of the cells from the 
induced culture appeared normal (Fig. III.5C).  Most cells were rounded and dying.  In 
contrast, the PEX14-GK double knockdown cells showed normal morphology.

We attempted to investigate whether mislocalisation of GK alone was toxic, by expressing 
cytosolically localized GFP- or myc-fused GK. Unfortunately, we were not able to detect 
enzymatic activity of these fusion proteins (data not shown).



Compartmentation of glycolysis 87

Remarkably, we observed that depletion of GK also partly rescued the PEX14-RNAi 
mutant from glucose toxicity (Fig. III.S5).

III.4 Discussion

In this chapter we have given the first experimental support for our hypothesis that 
compartmentation of an autocatalytic (‘turbo’) pathway is an alternative to allosteric 
enzyme regulation in preventing the metabolic explosion otherwise predicted from the turbo 
design. This conclusion was primarily reached by analysis of glycerol catabolism, which is 
fuelled by ATP (via the action of GK) before net ATP production takes place. Since GK is 
highly active in trypanosomes and its reaction has a highly negative free-energy difference, 
the product Gly3P tends to accumulate. Our computer modeling predicted that this was 
prevented by the localization of the first enzymes of the pathway in glycosomes such that 
GK could not access the ATP produced downstream by PYK. In a PEX14 knockdown 
mutant the entire glycerol pathway was localized in the cytosol and in agreement with 
computer models this led to extreme accumulation of intracellular Gly3P. This phenotype 
was rescued in the model as well as experimentally by decreasing the GK activity.

No regulation of activity by any metabolites has been found for T. brucei GK [252]. 
Organisms with cytosolic glycerol metabolism have dealt with the turbo-problem 
differently: in Escherichia coli and Haemophilus influenzae GK is inhibited by Fru16BP 
[332,474], while also in E. coli and in Salmonella typhimurium the enzyme is regulated by 
glucose-dependent binding to protein IIAGlc of the phosphotransferase system [316,339]. 

Autocatalytic metabolic pathways are widespread in living cells. Examples are the 
activation of sugars, fatty acids, ketone bodies and some amino acids in catabolism by 
high-energy compounds such as ATP and/or acetylCoA. This may lead to special properties, 
including bistability and oscillations, and requires a tight regulation of the so-called 
‘sparking reactions’ in the beginning of the pathways [344,397]. That this tight regulation 
may not only be achieved by (allosteric) effectors or products of the reaction but also 
by compartmentation, is a relatively new concept [29] which had not yet been explicitly 
tested experimentally.  This study illuminates another critical function of organelles, in 
addition to the established functions of partitioning reactions likely to generate toxic 
compounds, preventing interference with other pathways, and exploiting transmembrane 
electrochemical gradients for energy transduction. 

After the discovery of glycosomes in T. brucei [320], the compartmentation of a large 
part of glycolysis in these organelles was perceived to facilitate a high glycolytic flux 
[323]. However, quantitative analysis suggested that trypanosome glycolysis would not be 
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diffusion-limited, even if the enzymes were dispersed in the cytosol [29], which eliminated 
the underlying argument for the high-flux hypothesis. In this study the experiments on 
glucose toxicity with the PEX14 knockdown mutant were consistent with our hypothesis: 
strong accumulation of Glc6P accompanied by growth inhibition (growth data not shown, 
see also [177]) in the mutant, but not in the wild-type, when cells were confronted with 
extracellular glucose. However, studies presented here could also support a competing 
explanation of the same results, namely truncation of the glycosomal pathway at the level of 
Glc6P, which would also lead to accumulation of intraglycosomal Glc6P. A more stringent 
test of the model predictions for glucose requires a viable mutant in which there is either 
no glycosomal glycolysis left or which has complete pathways in the glycosome as well as 
in the cytosol.  We were able to validate our hypothesis for glycerol metabolism, indirectly 
supporting the possibility that compartmentation fulfills a similar regulatory function for 
glucose metabolism in trypanosomes.  

We repeated the above experiments with another cell line (PEX14-RNAi cell line PF 449), 
which is also derived from strain 427 [56,306] (Fig. III.S6-S8). The key results corresponded 
between the two cell lines, including different degrees of mislocalisation of the enzymes 
with PGI being most severely mislocalised and the accumulation of Gly3P after a glycerol 
pulse. There were quantitative differences though. The PEX14 RNAi mutant made from 
cell line 449 was more sensitive to glycerol and less sensitive to glucose. In the 449-
derived mutant we could not detect any significant accumulation of Glc6P after addition 
of glucose (Fig. III.S7A). This correlated with a 60-fold lower activity of HXK in the latter 
cell line (PGI and PFK activities were more similar, see Table III.S1). Although these data 
do not bear on the central hypotheses being tested in this work, they point out the need for 
analysis of multiple strains when evaluating metabolic activities of the parasites.  

Although there were quantitative differences between the model and experiments, the 
qualitative agreement was sufficient to provide proof-of-principle in the case of glycerol 
catabolism. In the model the accumulation of Gly3P was more severe than in the experiment. 
This may be explained in part by the model parameters for glycerol uptake. If we were to 
incorporate the uptake rate measured in procyclic forms [459],  this would considerably 
diminish the predicted Gly3P accumulation (not shown). Last, but not least, the model was 
generated for bloodstream forms while the experiments were done on procyclic cultures, 
which have different enzyme activities (Table III.S1) and different connecting pathways (cf. 
solid versus dashed lines in Fig. III.S1).

The most enigmatic result was that GK knockdown not only rescued the PEX14 phenotype 
on glycerol, but also partially rescued growth on glucose. Since we verified that no trace 
of glycerol was present in the starting medium, our most plausible explanation for this 
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observation is that glycerol is produced from glucose through the glycosomal route, as 
far as it is functional in the mutant, and consumed via the pathological cytosolic route. 
Knockdown of GK would reduce the consumption of this glycerol and partially rescue the 
cells. It is known that even under aerobic conditions some glycerol is produced in the wild 
type trypanosomes [135,159] and if our cells happened to be oxygen-limited more glycerol 
may have been made.

The study presented in this chapter is a convincing example of the value of quantitative 
models of metabolic pathways. The model produced a testable hypothesis which was 
subsequently verified experimentally. This shows that the systems biology approach is 
successful in predicting a function of a unique cellular organization. The present study 
is, to our knowledge, one of the rare cases in biology in which a regulatory mechanism 
found by kinetic computer modeling was published before experimental verification was 
possible. We consider this as an important proof-of-principle of the bottom-up systems-
biology approach [88] that deserves to be followed by many more examples as the field 
matures.

Finally, the results further strengthen the status of the glycosomal protein import as a target 
for the design of drugs [307,331]. Even an incomplete knockdown of PEX14 expression, 
leading to a partial mislocalization of glycosomal enzymes, caused metabolic defects that 
killed the parasites. In this respect the results with glucose are as relevant as those with 
glycerol, since both are present in the blood.

Supplemental data to Chapter III

The extent of mislocalisation varies between enzymes
Previous studies on the role of PEX14 in protein import reported on the localization of 
only a few representative glycosomal enzymes [177,306]. Those data showed that for the 
proteins examined there was a shift towards cytosolic localization in the PEX14 mutant, 
but also suggested that a fraction of some enzymes may still be glycomal. For the present 
study, however, the localization of all glycolytic enzymes is relevant, particularly given the 
difference between the model predictions and the measured concentrations of Fru6P and 
Fru16BP (see Fig. III.S2). According to the model calculations of Fig. III.2 in the main text 
and Fig. III.S2, the accumulation of hexose phosphates should occur when the activities 
of all glycolytic enzymes reside in the cytosol. It also should occur when a fraction of 
each glycolytic enzyme would be relocalised to the cytosol. The persistence of a parallel 
glycosomal route that functions properly should not disturb this. However, if more of 
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aldolase (ALD) were to relocalize to the cytosol than phosphofructokinase (PFK), this 
might prevent accumulation of Fru16BP.

To study the cellular location of the glycolytic enzymes, we differentially disrupted plasma 
and organellar membranes with increasing concentrations of digitonin and monitored the 
supernatant fractions by immunoblot analysis (Fig. III.S3A). Low concentrations of digitonin 
permeabilize the plasma membrane, while higher concentrations also disrupt glycosomal 
membranes. Phosphoglycerate kinase (PGK), which is mainly cytosolic in the insect stage 
[203], was released at low digitonin concentrations (0.05 mg ml-1) in the induced (+Tet) as 
well as in the uninduced (-Tet) cells. Glucose-6-phosphate isomerase (PGI) and ALD, both 
glycosomal proteins, were only released at higher digitonin concentrations in the uninduced 
(-Tet) cells, consistent with a glycosomal localization. In agreement with earlier observations 
[306], the PEX14-depleted cells released some, but not all ALD at lower digitonin 
concentrations than uninduced cells. This suggests that only a small fraction of ALD was 
cytosolically localized in the induced mutant, with a large part still inside glycosomes. In 
contrast, substantially more mislocalisation of PGI occurred in the cells induced for PEX14 
RNAi, with most released at 0.05 mg ml-1 of digitonin and no additional PGI release at the 
higher concentrations. For a more quantitative picture of the mislocalisation of functional 
enzymes, we also measured enzyme activities (V

max
) in digitonin fractions (Fig. III.S3B). 

In the uninduced cells, as expected, activities corresponding to the first steps of glycolysis 
(from hexokinase (HXK) to ALD) were released only at high digitonin concentrations. 
In PEX14-depleted cells, PGI activity was clearly mislocalized with 80% of the activity 
released at 0.1 mg ml-1 of digitonin, similar to the western blot results (Fig. III.S3A). 
There was no large difference in the patterns observed for HXK, PFK and ALD between 
induced and uninduced cells, except that at low concentrations of digitonin there was a 
detectable release of these enzymes from the induced cells. Glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) activity was not measured since both a cytosolic and glycosomal 
isoform are normally expressed [297]. Together, the immunoblots and enzyme activities 
show that not all enzymes of the upper part of glycolysis were mislocalised to the same 
extent in PEX14-deficient cells, with PGI showing by far the most mislocalization. In the 
extreme case that a fraction of the glycosomes contains little or no PGI at all, this could 
result in a glycosomal pathway that is effectively truncated at the level of Glc6P. This 
scenario provides an alternative explanation for the accumulation of Glc6P in the induced 
cells without the accumulation of Fru6P or Fru16BP.

Northern blot analysis of the PEX14 and glycerol kinase single and double RNAi mutants
Tetracycline (Tet) was added to induce RNAi, and samples for Northern analysis were 
taken after two days to determine whether glycerol kinase (GK) and PEX14 transcript 
levels were reduced in the appropriate cell lines.  Upon induction of RNAi, both the GK 
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and PEX14-GK RNAi lines showed a significant reduction in GK mRNA levels (Fig. III.
S4A). By contrast, the levels of PEX14 mRNA are unchanged in the GK RNAi mutant.  
Similarly, both the PEX14 and PEX14/GK RNAi mutants showed significant reductions in 
the abundance of PEX14 transcripts upon induction, while the GK RNAi line did not (Fig. 
III.S4B). In the PEX14 blot, the PEX14 endogenous transcript is degraded and some double 
stranded RNA generated from the RNAi construct is visible (this is larger for the PEX14-
GK line since the RNAi construct has fragments of both genes). Degradation fragments are 
seen near the bottom of the blot.  

Comparison of two independently constructed PEX14-RNAi cell lines
The experiments described in the main text were done on the PEX14-RNAi mutant that 
was constructed in cell line PF 29-13 [177]. These experiments were repeated in a PEX14-
RNAi mutant that was constructed from cell line PF 449 [306]. The results obtained with 
the latter strain are shown here. 

Specific enzyme activities
We measured the specific enzyme activities of nine glycosomal enzymes in supernatants of 
digitonin-treated cells of both PEX14-RNAi cell lines in the absence of tetracycline (Table 
III.S1). Without induction of RNAi, the PEX14-RNAi cell line for which the results are 
described in the main text- has a markedly higher activity of HXK. 

Enzyme localisation
The localisation experiments displayed in Fig. III.S3 and III.4 of the main text (PF 29-13-
PEX14 RNAi) were also done on the PF 449-PEX14 RNAi mutant (Fig. III.S6). The results 
for both mutated cell lines are similar.

Metabolite profile 
Glucose and glycerol pulses of 25 mM were given to uninduced and induced cultures of the 
PF449-PEX14 RNAi mutant (Fig. III.S7). The results for the PF 29-13-PEX14 RNAi cell 
line are displayed in Fig III.2 (right panels) and Fig III.3B of the main text. 

In contrast to the induced PF 29-13-PEX14 RNAi cell line (main text), the PEX14 RNAi 
mutant made in PF 449 does not accumulate Glu6P, when given a glucose pulse cultures 
but moderately accumulates Gly3P upon a glycerol pulse.

mRNA levels for PEX14
Changes in mRNA levels of PEX14 were followed in time in uninduced and tetracycline-
induced cells of both cell lines by quantitative PCR (Fig. III.S8). There is no difference in 
the change in mRNA levels in the two lines.



Chapter III92

Figure III.S1 Glycolysis of T. brucei
Detailed scheme of glycolysis in T. brucei. 1: glucose transport over plasmamembrane and glycosomal 
membrane; 2: HXK; 3: PGI; 4: PFK; 5: ALD; 6: glycerol transport over plasmamembrane and the 
glycosomal membrane; 7: GK; 8: G3PDH; 9: TIM; 10: GAPDH; 11: PGKA + PGKC; 12: transport of 
3PGA over the glycosomal membrane; 13: PGAM; 14: ENO; 15: PYK; 16: pyruvate transport; 17: ATP 
utilization; 18: AOX (mitochondrial); 19: glycosomal adenylate kinase; 20: cytosolic adenylate kinase; 
21: cytosolic GAPDH; 22: PGKB. Solid lines represent reactions in bloodstream form and procyclic 
metabolism, dashed lines are exclusively procyclic. In procyclic forms, in contrast to bloodstream forms, 
there is limited glycosomal PGK activity (reaction 11) and PGK is mainly cytosolic (reaction 22). In 
the computer model, only the bloodstream form reactions are included. Reactions 6, 12 19 and 20 were 
modelled as equilibrium reactions.
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Figure III.S2 Metabolite profiles in the model and in experiments after the addition of glucose
25 mM of glucose was added at t = 0 in the models as well as in experiments. Model systems (left panels): 
Calculated concentrations of (A) Fru6P and(C) Fru16BP in time, in the model with (solid line) or without 
(dashed line) the glycosome. (E) Calculated concentration of Glc6P in the model without a glycosome at 
normal total cellular levels of HXK and PFK (dashed line), and when HXK or PFK levels were decreased 
to 10% of their original levels (dotted lines). When the activity of HXK was downregulated to 10 % 
of its wild-type level, the glycosome-deficient model did not accumulate Glc6P anymore.  In contrast 
downregulation of PFK depletion even enhanced accumulation of Glc6P, consistent with the fact that 
the latter is a substrate for PFK (panel E). Both observations are in agreement with previously published 
experiments [244]
Experiments (right panels): Intracellular concentrations of Fru6P (B) and Fru16BP (D) were measured 
in time in PEX14-RNAi cultures. Closed symbols: uninduced cultures; Open symbols: Tet-induced 
cultures. Squares and circles show biological replicates. Error bars represent standard deviations of two 
measurements in the same sample.
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Figure III.S3 Subcellular localization of the enzymes in upper trunk of the glycolytic pathway
Pex14-RNAi cells were permeabilized by different concentrations of digitonin and enzyme concentrations 
and activities were assessed in the supernatant. PGK was used as a cytosolic control (A) Western blot of 
supernatants from permeabilized cells uninduced (-Tet) or induced (+Tet) for RNAi.  The specific antisera 
used are indicated at left.  0.1% Triton was used as a control for complete release of protein. (B) Enzyme 
activities in the supernatants. The upper panel shows the results for uninduced cells (-Tet), the lower panel 
for induced cells (+Tet). In each culture the enzyme activities released at 1.5 (mg digitonin) ml-1 were taken 
as 100%. Error bars represent standard deviations of two independent biological replicates. ® HK; ° PGI; 
▼ PFK; n ALD; ● PGK.
See accompanying supplemental text above 
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Figure III.S4 - Northern blot analysis of the PEX14-, GK- and PEX14-GK RNAi mutants (background PF 
cell line 29-13) that are described in the main text
(A) GK-probe (B) PEX14-probe.  The cells were induced with Tet for 2 days and compared to control 
uninduced cells.  RNA was obtained by extracting 5x107 parasites with Trizol reagent (Invitrogen).  
Approximately 10 μg of RNA was loaded onto formaldehyde/agarose gels for electrophoresis.  After 
transfer to Nytran nylon membranes (Schleicher & Schuell), blots were placed in ULTRAhyb (Ambion) 
and probed with the antisense RNA probe corresponding to the RNAi fragments described in the text 
according to the manufacturer’s recommendations.
See accompanying supplemental text above
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Figure III.S5 Knockdown of GK partially rescues the PEX14-depletion phenotype on glucose
(A) Cumulative growth of inducible RNAi cells on standard medium (containing 10 mM glucose but no 
glycerol). Solid lines show uninduced cells and dashed lines show Tet-induced cells (B) Immunofluorescence 
with anti-glycosomal antibody on PEX14-RNAi, GK-RNAi and Pex14-GK RNAi cells in the presence 
(+Tet) or absence (-Tet) of tetracycline in standard medium.
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Figure III.S8 - PEX14 mRNA in PF 29-13-PEX14 and PF 449-PEX14 RNAi mutant
At t = 0, vehicle alone (0.05% DMSO, closed symbols) or 1.0 μg ml-1 tetracycline (open symbols) were 
added to the cultures. PEX14 mRNA levels were compared to levels just before addition of tetracycline 
or DMSO. Squares: PF 29-13-PEX14 [177], circles: PF 449-PEX14 [306]. Similar results were obtained 
when 5 μg ml-1 tetracycline was used.
See accompanying supplemental text above
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Table III.S1 Specific enzyme activities in the procyclic form PF 29-13-PEX14 RNAi mutant (results 
in main text of Chapter III) and the PF 449-PEX14 RNAi mutant (results in Supplemental text) and 

the bloodstream form cell line BF 449 (the values that are used in the model)

Enzyme Enzyme activity (mU/mg protein) (n)

PF 29-13-PEX14b PF 449-PEX14b ratio PF 29-13: 
PF 449

measured in BF 449c 

HXK 12539 ± 1928 (2) 207 ± 139 (2) 61 1929 ± 116 (3)

PGIa 4345 ± 377 (4) 532 ± 89 (4) 8.2 1305 ± 115 (3)

PFK 1363 ± 164 (2) 513 ± 67 (2) 2.7 1708 ± 299 (3)

ALD 19.8 ± 3.8 (2) 7.2 ± 2.9 (2) 2.8 560 ± 153 (3)

TIMa 7485 ± 1947(2) 6369 ± 1494 (2) 1.2 5696 ± 294 (3)

G3PDH 252 ± 49 (2) 644 ± 247 (2) 0.39 465 ± 21 (3)

GKa 7927 ± 1101 (2) 5926 ± 1042 (2) 1.3 3417 ± 143 (3)

PGKa 581 ± 81 (4) 570 ± 22 (4) 1.0 1358 ± 254 (3)

PYK 5.66 ± 0.32 (2) 17.6 ± 0.2 (2) 0.32 1020 ± 221 (3)

a measured in the reverse reaction (forward direction is in the direction of glycerol or pyruvate production; 
for TIM the forward reaction is from dihydroxyacetone phosphate to glyceraldehyde 3-phosphate)
b measured in cell extracts from uninduced cells, grown on proline and lysed with 1.5 mg ml-1 digitonin
c Taken from the supplemental data to [6]
PF values were measured at 28 ºC, BF values at 25 ºC



IVControl and regulation in 
the gene expression cascade: 
the case of phosphoglycerate 
kinase in bloodstream form 
Trypanosoma brucei

Iso-enzymes of phosphoglycerate kinase in Trypanosoma brucei are differentially expressed in its two 

main life stages. This chapter addresses how the organism manages to make sufficient amounts of the 

isoenzyme with the correct localization, which processes (transcription, splicing, RNA degradation) 

control the levels of mRNAs, and how the organism regulates the switch in isoform expression. For 

this, we combined new quantitative measurements of phosphoglycerate kinase mRNA abundance, 

RNA precursor stability, trans splicing and ribosome loading with published data and made a 

kinetic computer model.  For the analysis of regulation we extended Regulation analysis.  While 

phosphoglycerate kinase mRNAs are present at surprisingly low concentrations (e.g. 12 molecules 

per cell), its protein is highly abundant. Substantial control of mRNA and protein levels was exerted 

by both mRNA synthesis and degradation, whereas splicing and precursor degradation had little 

control on mRNA and protein concentrations.  Yet, regulation of mRNA levels does not occur by 

transcription, but by adjusting mRNA degradation. The contribution of splicing to regulation is 

negligible, as for all cases where splicing is faster than RNA precursor degradation.

This chapter was published in Journal of Biological Chemistry (2008) 283, 2495-2507
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IV.1 Introduction

The flux through a metabolic pathway depends on the kinetic characteristics and 
concentrations of the constituent enzymes, at the levels of coenzymes and on their 
compartmentation. The concentrations of the enzymes in turn depend on the rates of 
transcription, of processing, nuclear export, translation, and degradation of the mRNA, 
and of protein processing and degradation (see Fig. I.2). Since each of these levels can in 
principle be regulated, the challenge is how to analyse the behaviour of such a complex 
system in terms of the underlying processes. 

Metabolic Control Analysis (MCA) - and extensions that include gene expression - is a 
powerful approach for the analysis of complex biochemical networks (see section I.1.3 
and [205,206,240,455]). In MCA, the control exerted by an enzyme on a concentration 
of any substance X [451] is quantified by its Concentration Control Coefficient, which is 
defined as the percentage increase of the steady state concentration of X that results from a 
1% activation of the enzyme of interest. The sum of the concentration-control coefficients 
of all the enzymes in the network is 0. This reflects that (i) activation of some enzymes 
increases the concentration of X, whereas activation of other enzymes should reduce the 
concentration of X (these enzymes have negative concentration control coefficients), and 
(ii) the positive controls together are equal to the negative controls. The principles of MCA 
do not only apply to metabolic pathways: they can also be used and extended to dissect 
the control distribution in regulatory pathways beyond steady state (see e.g. [222,241]) or 
gene-expression cascades (see e.g. [374]).  Earlier MCA, also that applied to trypanosomes, 
has looked more at the control of fluxes, showing that usually flux control coefficients are 
smaller than 1, because several enzymes partially control the flux (e.g. [6,26,396]). In this 
chapter we shall focus on the control of mRNA and protein concentrations.  

Questions about control (used strictly in the MCA sense) may be considered as what-
if questions. If the cell were to increase the concentration of a controlling enzyme or if 
a scientist were to add an inhibitor of this enzyme, the control coefficient indicates the 
extent to which a flux or concentration should change. Control coefficients may be viewed 
as the potential to regulate. In order to understand how a flux is actually regulated when 
the cell copes with a certain challenge, a complementary concept is required.  To this aim 
Regulation Analysis has been developed. In its original form [355,392], it dissects to what 
extent a metabolic flux is regulated by metabolism and to what extent by gene expression. 
An enzyme rate v is usually the mathematical product of the enzyme capacity V

max
, which 

depends on the enzyme concentration e, and a metabolic function, which depends on 
metabolite concentrations M and affinity constants K:
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KM,feVv ⋅=                          (eq. IV.1)

Taking the logarithm of both sides of this equation and comparing two different conditions, 
one obtains:

),(log)(loglog max KMfeVv ∆+∆=∆         (eq. IV.2)

Dividing by Δ log v yields:
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in which ρ
hierarchical 

and ρ
metabolic

 are the hierarchical (i.e. gene-expression) and metabolic 
regulation coefficients. The hierarchy of gene expression can be further dissected to 
analyze regulation at the levels of transcription, precursor splicing and degradation, mRNA 
degradation, translation and protein degradation [134]

In this chapter, we use a “bottom-up” systems biology approach [88] and the principles 
of MCA and Regulation Analysis to elucidate the control and regulation of the 
phosphoglycerate kinase (PGK) gene-expression cascade in Trypanosoma brucei, a 
flagellated unicellular parasite. T. brucei multiplies as ‘bloodstream form’ in the blood 
and tissue fluids of mammals, and as ‘procyclic form’ in the midgut of tsetse flies. Both 
forms can be maintained indefinitely in culture. In bloodstream trypanosomes, glycolysis 
is simple but has unique features: pyruvate is excreted as the dominant end product; 9 
enzymes of the glycolytic pathway and glycerol metabolism are compartmentalised in a 
microbody (the glycosome); and gluconeogenesis is absent (see Fig. I.5). In the procyclic 
form, energy metabolism is more diverse, with major contributions from the mitochondrion 
(see Fig. I.6 and [421]). 

T. brucei bloodstream-form glycolysis is an attractive model to initiate quantitative studies 
of control and regulation, because both the glycolytic pathway and the mechanisms 
available for regulating gene expression are simpler than in other eukaryotes, including 
yeasts. The kinetic characteristics and activities of all of the (known) enzymes, and the 
concentrations of all the (known) metabolites, have been determined. We have previously 
used this information to develop a robust model of bloodstream trypanosome glycolysis 
which not only explained known pathway characteristics, but also predicted consequences 
of perturbations of the system that have since been verified experimentally [6,26,27,177,
208,244,291]. 

∆
∆

∆
∆

ρ ρ
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Similarly, the T. brucei gene-expression cascade is simpler than that of other organisms, 
because transcription by RNA polymerase II appears to be constant for all genes 
during exponential growth. The protein-encoding genes are organized in polycistronic 
transcription units which may contain 100 or more open reading frames; promoters for 
these have hitherto proven elusive [279,280,284]. Mature mRNAs are formed through 
co-transcriptional 5’ trans splicing of a capped 39-nucleotide spliced leader (SL), and 
coupled 3’-polyadenylation [269]. Thus - in contrast to nearly all other organisms from 
prokaryotes to man - trypanosome gene organisation precludes the differential regulation 
of expression of individual protein-coding genes at the level of transcription initiation. 
Alternative regulation points are RNA processing, export from the nucleus, translation, and 
degradation. So far, there is strong evidence only for regulation of mRNA degradation and 
translation [111], but the strength of this regulation is unclear.

There are three PGK genes in the trypanosome genome, i.e. PGKA, PGKB and PGKC. They 
are adjacent to each other in a single transcriptional unit [179]. Although the three PGK 
genes are co-transcribed, they have different expression patterns [179]. The PGKA protein 
and mRNA are present at low levels in the glycosomes of all life stages of the parasite 
[8,9]. PGKB and PGKC have distinct expression patterns: the cytosolic PGKB protein 
and its mRNA are predominantly expressed in the procyclic form, and the glycosomally 
localized PGKC isoenzyme (and the PGKC mRNA) in the bloodstream form [179,297]. 
The total cellular PGK activity does not differ much between bloodstream- and insect-
form trypanosomes. However, correct localization of PGK activity, and hence regulation 
of PGKB and PGKC expression, are vital, since cytosolic PGK activity causes growth 
arrest of bloodstream-form trypanosomes [62]. Qualitatively, the expression patterns of the 
isoenzymes can be explained by the different stabilities of their mature mRNAs, depending 
on their 3’-untranslated regions (UTRs) [60,115,196,266,341]. There might be additional 
regulation at the levels of splicing [243,372], translation [329] and variations in protein 
stability, but the quantitative importance of these processes is unknown, and there has 
previously not been a methodology even to establish this.

In this study we developed this methodology and applied it to the PGK isoenzyme 
expression in T. brucei. We measured accessible properties of the expression of the PGKB 
and PGKC genes and analysed the distribution of control and regulation of the expression 
of the PGK locus. We built a quantitative computer model of the bloodstream form to help 
us do this. We found that in bloodstream form trypanosomes the control of the PGK mRNA 
concentrations is distributed between transcription, splicing and mRNA degradation, while 
T. brucei only uses mRNA degradation to regulate the PGK mRNA concentrations when it 
differentiates from the bloodstream to the insect form.
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IV.2 Material and Methods

Cell culture
Bloodstream form cell line BF 449 [56] was cultivated as described in Chapter II. Procyclic 
PF 449 was cultivated in SDM-79 medium with 10% Foetal Calf Serum (Invitrogen) and 
0.2 µg/ml phleomycin in closed culture flasks at 30 ºC [413]

RNA isolation and quantification of mature TUBA and PGK mRNA
Total RNA was isolated in the exponential phase of growth (bloodstream forms max. 2 x 
106 cells ml-1, procyclic cells max. 5 x 106 cells ml-1), using peqGOLDTrifast (peqLab) or 
Trizol (Invitrogen) according to manufacturer’s instructions. Tracer RNAs were made from 
a 983 bp fragment of the α-tubulin (TUBA) gene (positions 3-986) cloned into pGEMTeasy 
(pHD 1792), and gPGK44-1 which contains the PGKC coding region plus 33 bp of its 5’-
UTR [152]. Nothern blot analysis confirmed the presence of a single length product. The 
plasmid DNAs were linearised with Spe I or Xho I respectively, and transcribed by T7 
polymerase or, alternatively linearised with BamHI and transcribed with T3 polymerase. 
To measure the yield of mRNA, the tubulin tracer was added to either the Trifast solution 
or the purified RNA; the relative intensities of the tubulin signals were measured after 
Northern blotting. The average yield of this RNA was 55%.

Total RNA was denatured in formamide at 95 °C, and separated by electrophoresis on 
formaldehyde/formamide agarose gels. The RNA was blotted onto neutral nylon membranes 
(Nytran), stained with methylene blue to check for even transfer, then hybridised with the 
PGK or TUBA probe tracer fragments which had been labeled by random-priming or PCR 
with 32P-labelled nucleotides.  SRP RNA [271] was used as a loading control. Signals were 
detected and measured by phosphor-imaging. 

To quantify the absolute amounts of PGK or TUBA mRNA in trypanosomes, various 
known amounts of the pure tracer mRNAs (see above) were added to the lysate before 
mRNA isolation. 

To calculate the amounts back into molecule numbers, we used mature and precursor RNA 
lengths and assumed a mean nucleotide monophosphate mass of 339 grams per mole.  

Ribonuclease protection assay (RPA)
To quantify kinetics of precursor splicing and degradation exponentially growing cell 
cultures with a density of 1-2x106 cells ml-1 were incubated either with Sinefungin (1 or 2 
µg ml-1) for 30’ with subsequent incubation with Actinomycin D (10 µg ml-1) for 0-25’ or 
with Actinomycin D alone. Cells were pelleted by centrifugation, after which supernatant 
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was removed and pellet was taken up in Trizol (Invitrogen) for total RNA isolation. The 
RNase protection probe for measurement of PGKB/C processing was a Bam HI - Spe I 
fragment subcloned from pHD1417 [196] into pBluescript KS (pHD1402). The fragment 
contains the regions from the PGKB stop codon to the PGKC start codon, without the 
regulatory U-rich element. As a control for product identification, a similar construct with 
the U-rich element present was also used (pHD1402). RNase protection assays with the 
full-length probe yielded multiple products, presumably because of “breathing” of A-
U rich hybrids. The full length probe therefore could not be used for quantification of 
precursor. The plasmids were cut with Sal I and probes were transcribed by T7 polymerase 
(MAXIscript, Ambion) in the presence of ATP, CTP, GTP and α-32P UTP. RNase protection 
analysis (RPA) was performed using Ambion’s RPA-III kit. Each RNase protection reaction 
included 10 µg of trypanosome RNA and 8 x 104 cpm of probe (Cerenkov counts). If twice 
as much probe was used, the signals were similar indicating that probe was in excess. A 
32P-labelled 10 bp Invitrogen DNA ladder served as a size marker. Products were run on 5% 
denaturing polyacrylamide/urea gels for 4-6 hours, removed from the glass plates, put onto 
a piece of Whatman paper and vacuum dried overnight. Controls contained only 1x104 cpm 
of probe. Signals were detected and measured by phosphorimaging. Degradation curves 
were analysed using the Kaleidograph programme. To check the precursor status of band 
“a” we used RNA prepared from trypanosome with inducible RNA interference against 
SMD1 [276] or cleavage and polyadenylation factor CPSF30 [211]. The identities of bands 
were confirmed by using shorter probes specific for the 5’ end of the PGKC mRNA and the 
spacer region, and by assessing stage specificity (not shown).

Polysome analysis
Polysomes were isolated as described in [146]. RNA was purified as described above and 
the distribution of different RNAs analysed by Northern blotting.

Purification of TbPGKC
E. coli BL21(DE3)pLysS cells (a kind gift of Prof. P. Michels) containing the plasmid 
TbPGKC [471] were grown, treated with IPTG to induce TbPGKC expression, and 
harvested according to the published protocol. In short, cells were harvested and lysed, 
nucleic acids were digested and lysates were treated with protamine sulphate. The 
supernatant was then concentrated with a YM-10 filter and applied to a Resource S column 
(Amersham Bioscience) connected to an Akta Explorer FPLC (Amersham Bioscience). 
Proteins were eluted with a linear gradient of 50-400 mM NaCl in the loading buffer. Peak 
fractions from column purification were tested enzymatically for PGK activity and the 
samples with activity were evaluated on a silver-stained SDS-PAGE gel. All fractions that 
had PGK activity were > 90% pure (as judged from coomassie blue and silver staining of 
SDS-PAGE gels; data not shown). This was pure enough to enable us to use the fractions 
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as standards on western blots. Protein concentration was determined with a BCA (Pierce) 
assay using BSA (Pierce) as a standard.

Quantitative immunoblotting
For each sample 3x106 cells were harvested by centrifugation, washed in phosphate-
buffered saline (PBS) and finally resuspended in 15 μl PBS and 15 μl Lämmli buffer. 
Samples were stored at -80 °C before analysis. 

Protein samples and purified TbPGKC were boiled for 5-10' at 95 °C and run on a SDS 
PAGE gel (12%). As gel and transfer inhomogeneities are the major source of correlated 
errors in immunoblotting [364], we randomized samples on every blot. Proteins were 
transferred to a methanol-activated PVDF-membrane (Biorad) by blotting overnight at 
4 °C and 20V. Membranes were subsequently placed for 1 hr in block buffer, containing 
5% (w/v) skim milk powder in TBST (Tris Buffered Saline with 0.05% (v/v) Tween 80)). 
After 5 wash steps in TBST the blot was submerged in block buffer with PGKC antibody 
Do425 (kind gift from Prof. Paul Michels; raised against recombinant PGKC [471]) 
(1:10000) for 1hr. After washing, blots were put in block buffer with HRP-linked anti-
rabbit IgG (DAKO A/S, Denmark) (1:2000) for 1 hr, washed in TBST and HRP activity 
was measured after 2 minutes incubation with LumilightPLUS western blotting substrate 
(Roche). Quantitation was done with Quantity One software (Biorad) by total surface scan, 
which was corrected for differences in spot width. With different dilutions of cell lysate 
and standard it was checked if the appearing bands were in the linear range of the blot. 
Background was subtracted from the PGKC bands and for each separate blot, the PGKC 
band was compared to the standards so as to obtain the mass of the PGKC in the cell lysate 
lanes. From the number of cells in the lysate (determined by cell count), the molecular 
weight of the protein (47 kDa) and Avogadro’s number we calculated the number of PGKC 
molecules per cell.

Calculations and graphs
Steady state calculations were done in Excel (Microsoft). Data were plotted with 
Sigmaplot or Kaleidograph. The transcription model for PGK was constructed in Jarnac 
2.0 [360,361].

Jarnac calculates the control coefficient of any process i on any steady-state concentration 
X numerically by varying a parameter p

i
 that linearly affects a rate v

i
, by a small percentage, 

from:
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The parameters that were varied were: v
transcription

, µ, k
degrP

, k
splicing

, k
degrB

, k
degrC

 and k
transl 

(see 
model description or table IV.1 for the meaning of these parameters).

IV.3 Results

In order to construct a quantitative model of the dynamics of PGK expression, we started 
by collecting quantitative data about the concentrations and turnover rates of the most 
important molecular players.

Amount of RNA in trypanosomes
The total amount of RNA was measured in lysates from cultured trypanosomes to which 
different amounts of tracer RNA were added prior or subsequent to the isolation procedure. 
More than ten measurements of each form showed that bloodstream-form trypanosomes 
contain 0.5 ± 0.1 (standard error of the mean (SEM)) pg of total RNA per cell, while 
procyclic trypanosomes had 2.2 fold more RNA per cell. A previous estimate reporting 0.8 
pg per procyclic trypanosome [335]. Depending on the growth conditions, S. cerevisiae has 
0.5-1.6 pg RNA per cell, of which 85% is rRNA and 10% is tRNA and other small RNAs 
[440]. 

If 85 % of the trypanosome RNA is ribosomal, 0.5 pg of RNA should correspond to 1.2 x 
105 ribosomes. Results from purification with oligo d(T) or poly(U) affinity resins, or from 
Northern blots suggested that trypanosome mRNA represents 5% of the total RNA or 0.025 
pg per cell [109,302,333]. Assuming an average mRNA size of 2.2 kb (see Supplementary 
data), there are approximately 20,000 mRNA molecules per bloodstream trypanosome, and 
6 ribosomes per mRNA molecule.

Amounts and turnover of PGK and TUBA mRNAs
Northern blotting with PGK standards (Fig. IV.1A) showed that bloodstream form 
trypanosomes contained 12.1 ± 7.7 (s.d., n=5) molecules of PGKC mRNA (this study) and 
15 times less PGKB mRNA per cell [115]. In procyclic trypanosomes, there were 18 ± 2 

∆
∆

∆
∆
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Figure IV.1 Quantitation of steady-state levels
(A) Quantitation of PGKC and PGKB mRNA levels. Northern blot analysis of PGKB (lower band) and 
PGKC (upper band) transcripts in 4x107 bloodstream (BS) or procyclic (PC) cells. In vitro transcribed 
PGK mRNA (0.25 ng) was added to the BS+ lysate prior to RNA preparation. SRP was used as a loading 
control.
(B) Quantitation of PGKC protein levels. Recombinant TbPGKC and bloodstream form lysates were 
separated by SDS-PAGE and blotted onto a PVDF-membrane. The band around 50 kDa is shown. The 
numbers beneath indicate protein amount (for standards) or the number of cells.
(C) Association of PGK mRNA with polysomes in bloodstream trypanosomes. Sucrose gradient fractions 
from bloodstream-form (left) or procyclic (right) trypanosomes were analysed by spectrophotometry 
(OD280), then RNA was extracted and PGK mRNA detected by Northern blotting. On the upper panel 
showing the OD280 trace, with downward fraction markers, the approximate ribosome numbers are 
indicated. The fraction numbers are indicated below the trace. RNA corresponding to the fractions is shown 
below. The ethidium bromide stain shows the three ribosomal RNAs, and the Northern blot was probed 
with a PGK probe. Pure bloodstream (B) and procyclic (P) total RNAs are included as controls.
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(s.d., n=5) PGKB mRNAs per cell and PGKC mRNA was not detectable, as expected from 
previous reports [115,179].With quantitative PCR we do detect PGKC mRNA in procyclics, 
but 12 times less abundant than in bloodstream forms when compared to the housekeeping 
gene hypoxanthine-guanine phosphoribosyl-transferase (HPRT). HPRT mRNA levels 
are similar in bloodstream and insect stages of T. brucei [10]. For comparison we also 
measured the number of α-tubulin (TUBA) transcripts, using TUBA standards (Fig. IV.1A). 
Bloodstream-form trypanosomes contained 72±12 molecules of TUBA mRNA per cell. 

Half-lives of mRNAs were measured previously. In order to measure mRNA decay 
kinetics in trypanosomes, it is necessary to inhibit mRNA processing and transcription. 
Using Actinomycin D and Sinefungin, the half-life of PGKC mRNA in bloodstream 
trypanosomes was 45 min [115]. In procyclic trypanosomes, a reporter (chloramphenicol 
acetyltransferase, CAT) mRNA bearing a PGKC 3’-UTR, produced by T7 RNA polymerase, 
had a half-life of about 5 min [115]; the low abundance of the endogenous PGKC mRNA 
in this T. brucei form renders direct measurement of its half-life problematic. For PGKB, 
measurements have been made using Actinomycin D inhibition alone, which can result in 
over-estimates of stability [115]. A CAT reporter with a PGKB 3’-UTR (produced by T7 
polymerase) had an average half-life of about 7.5 min in bloodstream form trypanosomes 
[196], and the PGKB mRNA showed negligible decay in procyclic trypanosomes over 90 
min; here we assumed a half-life of 120 min and when using this estimate we discuss its 
implications for our analysis of regulation (see below).

Steady state PGK protein levels and stability
We next measured the PGK protein level in bloodstream form trypanosomes. As a standard 
we used TbPGKC [471] (Fig. IV.1B). Comparing the PGKC amount in bloodstream-form 
lysates to known amounts of standard on three separate western blots in 5 independent 
samples and using a molecular weight of 47 kDa, we found 1x106 ± 0.5 molecules per 
cell (n=3; SEM, including errors between lanes of standard). PGKB could only be seen in 
bloodstream forms after grossly overloading the gel.

To check the stability of PGKC, we pulse-labelled bloodstream-form trypanosomes 
for 30 min with [35S]-methionine, then diluted them into normal medium. PGK was 
immunoprecipitated, the immunoprecipitates separated by gel electrophoresis and the 
proteins detected by autoradiography. As was previously seen for aldolase in procyclic 
forms [107] no degradation of PGKC was detected over the 8h chase period (not shown).

Ribosome density on PGK mRNA 
To find out how many ribosomes transcribed PGK mRNAs simultaneously, we analysed 
their distribution after sucrose gradient centrifugation. The upper panels of Fig. IV.1C show 
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the overall protein levels as judged by the optical density at 280nm, and the lower panels 
show the ethidium-bromide-stained ribosomal RNA and hybridisation of a Northern blot 
with a PGK probe. Both in procyclic and bloodstream trypanosomes, the PGK hybridisation 
was concentrated at the bottom of the gradient. We extrapolated (using a logarithmic 
function) from the portion of the gradient in which individual ribosomes were visible and 
concluded that there were 11-14 ribosomes per PGKC mRNA molecule in bloodstream 
forms. Estimates for PGKB in procyclics are less accurate, but the results are consistent 
with a comparable ribosome density. PGKC mRNA was undetectable in procyclic forms. 
In bloodstream forms, PGKB mRNA appeared to be polysomal but the interpretation was 
complicated by artifacts due to comigration of the rRNA at the same position in the blot.

The kinetics of splicing and precursor degradation 
To estimate the rate at which the PGK precursor RNA is trans spliced in bloodstream-
form trypanosomes, we measured the rate at which the PGK polycistronic precursor 
disappeared under two conditions.  In one we inhibited transcription. In the second we 
inhibited both transcription and splicing.  An RNase protection assay with an antisense 
probe spanning the region between the PGKC start codon and the PGKB stop codon, but 
excluding the U-rich regulatory region (Fig. IV.2A), resulted in bands indicated as “a”, “b” 
and “c” in Fig. IV.2B. The cluster of prominent bands around 80 nucleotides corresponded 
to the 5’-untranslated region of the PGKC mRNA and was undetectable if procyclic RNA 
was used (not shown), consistent with the low abundance of PGKC mRNA in procyclics  
(Fig. IV.2A,B, labelled as “c”). Just above these bands was a faint band migrating around 
85 nucleotides, which was the only species observed if procyclic mRNA was used. This 
corresponded to the 3’-UTR of the mature PGKB mRNA (without the U-rich element) 
(Fig. IV.2A,B, labelled as “b”). Above these bands was a product which spanned from 
the PGKC initiation codon to the end of the U-rich element, which is approximately the 
position of the PGKB polyadenylation site (Fig. IV.2A,B, labelled as “a”). We took this 
band to correspond to the PGKB-PGKC precursor. It was more prominent in trypanosomes 
in which splicing was inhibited by addition of Sinefungin (Fig. IV.2B, lanes 1 and 2). In our 
calculations we assumed that it all represents precursor RNA, although some contribution 
from aberrantly-processed mRNAs cannot be ruled out. 

Actinomycin D inhibits all transcription of DNA, including that into mRNAs and spliced 
leader RNA [375]. After addition of Actinomycin D, the precursor band disappeared with a 
half-life of 1.4 min, (k

splicing+ degradation
 of 0.50 min-1, Fig. IV.2C and Table IV.1); greater precision 

was precluded by the mechanics of the assay, which requires diffusion of Actinomycin D 
into the cells and a centrifugation step. To correct for degradation of precursor RNA, the 
cells were pretreated with Sinefungin, an inhibitor of splicing in trypanosomes [287,406]. 
When Actinomycin D was added to these cells, the precursor decayed with a half-life of 
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Figure IV.2 RNase protection assays for measurement of PGK RNA processing. 
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8.2 minutes (k
precursor degradation

 of 0.085 min-1, Fig. IV.2B, C and Table IV.1). Assuming that the 
Sinefungin incubation had not affected the precursor degradation rate constant, we estimated 
k

splicing
 at 0.41 min-1. This result indicated that in the absence of Sinefungin, approximately 

80 % of precursor disappearance was due to splicing. Preliminary measurements of PGKC 
splicing by real-time PCR have been consistent with these RNase protection assays, but 
attempts to measure PGKC polyadenylation kinetics have been frustrated by the appearance 
of what seemed to be stable RNA species spanning the downstream intergenic region (M. 
Stewart, unpublished results).

Quantitative computer model of PGK expression 
Based on the data collected above and some additional information from the literature, 
a kinetic model of PGK expression in bloodstream-form trypanosomes was constructed. 
Transcription rate was taken to be constant. Precursor degradation, splicing, degradation 
of the mature mRNAs, translation and protein degradation were all described by linear 
kinetics (Fig. IV.3). Such linear kinetics should be obtained if the substrate or activator 
concentration is below the effective Michaelis-Menten or binding constant.  This occurs 
when substrate or activator is a minority among all substrates or factors competing for the 
same site on the enzyme complex catalyzing the process considered. This is the situation 
that should be expected in this case, as the PGK RNAs and proteins are just one of many 
substrates for enzymes catalyzing splicing, degradation and synthesis. In the expressions 

Legend Figure IV.2 RNase protection assays for measurement of PGK RNA processing. 
(A) (1) Before processing, the primary transcript extends between the PGKB and PGKC open reading frames. 
The precursor and PGKB 3’-UTR contain a U-rich instability element (shaded) and the precursor also has 
a U-rich polypyrimidine tract which signals trans splicing (UU). The 135-140 nt spliced leader precursor 
RNA (black) carries the 39 nt spliced leader (hexagon). The 330 nt RNase protection probe includes all of 
the region between the open reading frames, apart from the instability element, and also extends at both 
ends through polylinker sequence. (2) After RNase digestion, any probe which was hybridised with the 
precursor would be cut into 2 pieces - fragment “b” corresponds to the 3’-UTR of PGKB, while fragment 
“a” is diagnostic of the unspliced PGKC precursor. During splicing. a branch is formed upstream of the 
polypyrimidine tract. (3) RNase protection product “b” is diagnostic of both precursor RNA and mature 
PGKB. Fragment “c” corresponds to trans spliced PGKC RNA.
(B) A typical RNase protection result. Trypanosomes were incubated either with Sinefungin (1 or 2 µg/ml) 
plus Actinomycin D (10 µg/ml), indicated with ‘degradation’ in lanes 2-6, or with Actinomycin D alone, 
indicated with ‘splicing & degradation’ in lanes 7-9. The time of incubation in minutes is shown above the 
lanes. M: marker; -R: no trypanosome RNA added; P: probe alone. 
(C) Quantitation of ‘band a’ (diagnostic for precursor) in four independent experiments done on different 
batches of cells. Each experiment is represented by a different symbol, with solid symbols/solid line for 
precursor degradation (Actinomycin D + Sinefungin), and open symbols/ dashed line for splicing plus 
degradation (Actinomycin D alone). The curves were fitted to an exponential decay function using 
Kaleidograph. Half-lives measured from the curves are shown.
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used, the concentration of the enzyme complex is implicit in the rate constants, with the 
exception of the equation for the rate of protein synthesis where the number of ribosomes 
that are actually translating the mRNA is explicit. The dilution of all compounds due 
to population growth was taken into account based on the specific growth rate µ of the 
cultures. Polyadenylation was not modelled as a separate process, but implicitly included 
in the splicing equation. This yielded the following set of differential equations:

][precursorµ)k(kv
dt

r]d[precurso
degrPsplicingiontranscript ⋅++−=               (eq. IV.5)

mRNA][)k(ì][precursork
dt

mRNA] d[
degrBsplicing PGKB 

PGKB ⋅+−⋅=      (eq. IV.6)

Figure IV.3 General representation of factors affecting a metabolic process in trypanosomes. Reactions 
used in our quantitative model for PGK expression are shown with rate equations. Parameters for these 
equations are described and listed in table IV.1. Export of the mRNA from the nucleus is not included in the 
diagram. Solid arrows show mass flow; dashed arrows show an information flow. For brevity ‘degradation’ 
is written for degradation plus dilution due to population growth.

µ
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mRNA] [)k(ì][precursork
dt

mRNA]d[
degrCsplicing

 
PGKC

PGKC ⋅+−⋅=      (eq. IV.7)

protein] [PGKB)k(ìmRNA] [nk
dt

protein] PGKBd
degrPGKBribosometransl

[ ⋅+−⋅⋅= PGKB      

 (eq. IV.8)

protein] [PGKC)k(ìmRNA] [nk
dt

protein] d[PGKC
degrPGKCribosometransl ⋅+−⋅⋅= PGKC      

 (eq. IV.9)

The parameters used are described in Table IV.1, as are the values we used for them. The 
steady state of the system was calculated by setting all time derivatives equal to zero.  The 
calculated steady-state magnitudes of the variables are given in the column marked ‘model 
A’ of Table IV.2. The steady state should be obtained experimentally when the trypanosomes 
have been in constant external conditions for a time much longer than the slowest relaxation 
time in the system.  Here this should be a multiple of the inverse of the specific growth 
rate.  The rate of transcription and the rate constant of translation were fitted to match the 
measured PGKC mRNA and PGKC protein, respectively with that of the model. With 
the resulting parameter set also the model’s PGKB mRNA concentration, which was not 
fitted, was close to the value determined experimentally. The calculated concentration 
of PGKB protein of slightly under 0.2 million per cell is probably an overestimate. We 
could not detect PGKB protein on western blot without grossly overloading the gel, and 
our detection limit was about 1x105 molecules per cell.  This suggests that there is some 
negative translation regulation. This would make sense, since active PGKB protein in the 
cytosol would be detrimental to bloodstream form cells [62].

Based on the measured kinetics of precursor processing and RNA degradation, the 
model predicted that the precursor concentration would be 25 times lower than that of 
the mature PGKC mRNA, whereas a 300-fold lower concentration was measured (Table 
IV.2). According to the model the precursor RNA concentration is approximated by the 
transcription rate divided by the splicing rate constant, given that the precursor degradation 
and dilution due to growth are slow compared to splicing (cf. Eq. IV.5).  

Given the technical limitations in our experiments, we considered the possibility that the 
actual splicing rate was faster than we had measured. A particular issue is that fact that 
actinomycin D may not have penetrated the cells instantaneously.  Increasing k

splicing
 in 

µ

µ

µ
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Table IV.1 Parameters characterizing PGK synthesis in bloodstream form T. brucei.To obtain the rate 
constants, half-lives reported in this study and elsewhere were recalculated to rate constants by using 
that k = ln2 / t

½
. in which t

½
 is the half- life in minutes and k the rate constant in min-1.  

parameter value unit description origin of numbers

v
transcription

0.24 molecules 
cell-1 min-1

transcription rate fitted to match measured 
levels of PGKC mRNA

k
splicing

0.41 min-1 kinetic constant of 
splicing

this chaptera,

k
degrP

0.08 min-1 kinetic constant of 
precursor degradation

this chapter 

µ 0.0019 min-1 Specific growth rate Measured in cultures used 
in this study

k
degrB

0.092 min-1 kinetic constant of PGKB 
mRNA degradation

observations with reporter 
constructs [196]

k
degrC

0.015 min-1 kinetic constant of PGKC 
mRNA degradation

Half- life of 45 minutes 
[115] 

k
transl

13.4 proteins 
ribosome-1 
min-1

kinetic constant of 
translation

fitted to match measured 
levels of PGKC protein

nribosome 12 ribosomes 
transcript-1

number of ribosomes per 
transcript

this chapter

k
degrPGKB

0 min-1 kinetic constant of PGKB 
degradation

This chapter, and as 
observed for other 
enzymes [6,107,110]k

degrPGKC
0 min-1 kinetic constant of PGKC  

degradation

ak
splicing

 = k
processing

 - k
degrP

; k
processing

 was measured by inhibition of transcription by actinomycin D (see also 
figure IV.2c)

Table IV.2 Steady state concentration of precursor and PGK mRNA and PGK protein in bloodstream 
form T. brucei (experimental data versus model values). Model values in italics were the result of a 
fit to the experimental value, hence identical to that value. 

 Measured Model A Model B Units

Precursor 0.03±0.01a 0.5 0.05 Molecules cell-1

PGKB mRNA 0.8a 2 2.5 Molecules cell-1

PGKC mRNA 12±8 12 14 Molecules cell-1

PGKB  protein n.d. 1.8x105 2.1x105 Molecules cell-1

PGKC  protein 1±0.5 x106 1x106 1.2x106 Molecules cell-1

a Bloodstream T. brucei have about 15x less PGKB mRNA than PGKC mRNA [115,341] 
n.d. is not detectable
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Table IV.3A Concentration control coefficients calculated using Model A, i.e. k
splicing

 = 0.41 min-1, as 
was measured.  

control on control by Suma

T
ranscription

grow
th

Precursor 
degradation

Precursor 
splicing

D
egradation 

P
G

K
B

 m
R

N
A

D
egradation 

PG
K

C
 m

R
N

A

T
ranslation

 

[precursor] 1.00 0.00 -0.16 -0.83 0.00 0.00 0.00 0.00

[PGKB mRNA] 1.00 -0.02 -0.16 0.17 -0.98 0.00 0.00 0.00

[PGKC mRNA] 1.00 -0.12 -0.16 0.17 0.00 -0.89 0.00 0.00

[PGKB mRNA]/ 
[PGKC mRNA]

0.00 0.09 0.00 0.00 -0.98 0.89 0.00 0.00

[PGKB protein] 1.00 -1.02 -0.16 0.17 -0.98 0.00 1.00 0.00

[PGKC protein] 1.00 -1.12 -0.16 0.17 0.00 -0.89 1.00 0.00

[PGKB/PGKC 
protein]

0.00 0.09 0.00 0.00 -0.98 0.89 0.00 0.00

a The sum was calculated before rounding off the numbers.
[] refers to number of molecules per cell.

Table IV.3B Concentration control coefficients using model B, i.e. k
splicing

 = 5 min-1

control on control of Suma

T
ranscription

grow
th

Precursor 
degradation

Precursor 
splicing

D
egradation 

P
G

K
B

 m
R

N
A

D
egradation 

PG
K

C
 m

R
N

A

T
ranslation

 

[precursor] 1.00 0.00 -0.02 -0.98 0.00 0.00 0.00 0.00

[PGKB mRNA] 1.00 -0.02 -0.02 0.02 -0.98 0.00 0.00 0.00

[PGKC mRNA] 1.00 -0.11 -0.02 0.02 0.00 -0.89 0.00 0.00

[PGKB mRNA]/
[PGKC mRNA]

0.00 0.09 0.00 0.00 -0.98 0.89 0.00 0.00

[PGKB protein] 1.00 -1.02 -0.02 0.02 -0.98 0.00 1.00 0.00

[PGKC protein] 1.00 -1.11 -0.02 0.02 0.00 -0.89 1.00 0.00

[PGKB protein]/
[PGKC protein]

0.00 0.09 0.00 0.00 -0.98 0.89 0.00 0.00

a The sum was calculated before rounding off the numbers.
[] refers to number of molecules per cell.
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the model substantially lowered the concentration of the precursor with little effect on the 
mature messenger levels (Fig. IV.4). At a k

splicing
 of 5 min-1 the precursor level did correspond 

to the value determined experimentally.   Decreasing the transcription rate in the model also 
decreased the precursor level.  However, this also decreased the level of mature mRNAs to 
far below what was observed.  This led us to formulate a model B which was identical to 
Model A, except that the k

splicing
 had been increased to 5 min-1. 

Control Analysis 
Subsequently both models were used to calculate what controlled the concentrations of 
precursor RNA, PGKB mRNA and PGKC mRNA in bloodstream forms, according to the 
concepts of Metabolic Control Analysis. For model A this was done at the measured rate 
constant of splicing (Table IV.3A), for Model B at the fitted splicing rate constant that led 
to the more realistic precursor concentration (Table IV.3B). 

Transcription was fully limiting for the concentrations of all mRNA’s, i.e. the corresponding 
control coefficients were all 1.00 (Table IV.3).  In addition the steady-state concentrations 
of the two mature PGK mRNAs were controlled by processing of the precursor, by 

Figure IV.4 Modelled relationship between k
splicing

 and precursor and mRNA concentrations
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degradation of the mature and the precursor transcripts, and by cell growth.  The control by 
the splicing process was positive, but control by all the others was negative, reflecting that 
activation of the latter three processes should decrease the mRNA concentrations (Table 
IV.3).  In fact the control by mRNA degradation was almost as strong as that by transcription, 
with, surprising to us, a much smaller control by the splicing process.  Indeed, most of the 
negative control was exerted by degradation of the mature messengers.

The negative control by the growth process is something one could readily overlook in 
intuition-based analyses; mathematical calculations have the advantage that they tend to 
be comprehensive.  This negative control is due to the halving of the number of mature 
mRNAs per cell at each cell division and can be particularly strong for the control of stable 
compounds in rapidly growing organisms.  In our model the PGKC transcript concentration 
was more strongly controlled by the growth rate of the parasites than the PGKB transcript 
concentration was. By in silico experimentation with the model, we verified this difference 
was because the rate constant of PGKB mRNA degradation was 2 orders of magnitude 
higher than the specific growth rate, while that of PGKC mRNA degradation was closer 
to the specific growth rate. Somewhat more surprisingly, for both messengers the absolute 
control of mature transcript concentrations by the degradation of the precursor almost 
equalled that by the splicing (-0.16 and +0.17 respectively), while there is an 8-fold 
difference between their half-lives.

When the splicing rate constant k
splicing

 was increased to 5 min-1 to match the measured 
precursor concentration (Model B, see above), the control of precursor processing at 
the levels of mature messenger became even lower, i.e. -0.02 for control of precursor 
degradation and +0.02 for control of splicing on PGKB and PGKC mRNA levels.  Most 
control was again exerted by transcription and mRNA degradation (see Table IV.3B). In 
the model the control exerted by transcription, precursor degradation, precursor splicing 
and mature mRNA degradation on the concentrations of the PGKB and PGKC protein 
concentrations equalled that exerted on the corresponding mRNA concentrations. This was 
due to the model assumption that translation and protein degradation are unregulated and 
linearly dependent on the concentrations of mRNA and protein respectively. This makes 
the steady-state protein concentrations linearly dependent on the corresponding steady-
state mRNA concentrations (cf. Eq. IV.8 and IV.9). However, not only transcription but also 
translation has strong positive control (1.00) on the level of PGK proteins. Since the sum 
of the concentration control coefficients should be zero again, there must be a negative 
contribution to compensate for this. Indeed the negative control coefficients by the growth 
rate are higher for the proteins than for the corresponding mRNAs and the difference is 
precisely 1.00.  In theory this extra negative control of -1.00 compared to the control of 
growth on mRNA levels could have resided in growth and protein degradation. However, 
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since PGKC was shown to be stable in bloodstream forms, growth is the only factor which 
accounts for the extra negative control needed on the protein level. 

In reality regulation of translation and/or protein degradation may modify the dependency 
of the protein concentrations on the mRNA concentrations, and this should then influence 
the control exerted by transcription and RNA processing on the protein concentrations. 
However, even in the latter case, the relative contributions of the processes at the RNA 
level to the control of protein concentrations should remain unaltered.

Regulation Analysis 
To find out at which levels the cell regulates the mRNA levels when shifting from 
bloodstream form to procyclic form, we extended and applied Regulation Analysis (see 
Introduction). At steady state, the concentrations of each transcript i and of its precursor 
are constant (cf. Eq. IV.5 and IV.6): 

0][mRNA)k(ì][precursork
dt

]d[mRNA
idegr_isplicing

i =⋅+−⋅=    (eq. IV.10)

0][precursor)k(kv
dt

r]d[precurso
degrPsplicingiontranscript =⋅++−= µ       (eq. IV.11)

Combination of equations IV.10 and IV.11 yields:
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In logarithmic space:
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If we consider a transition from one state to another, e.g. from one life stage to the other:
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Division through ]Älog[mRNA i yields:
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 (eq. IV.15)

This can be written as

ndegradatioprocessingprecursor iontranscript ñññ1 ++=    (eq. IV.16)

Here the ‘transcription regulation coefficient of mRNA
i
’, i.e ρ

transcription 
, quantifies the 

extent to which a specific steady-state mRNA concentration is regulated by the organism 

tuning the transcription of the corresponding gene.  It equals 
]Älog[mRNA

Älogv

i

iontranscript . ρ
precursor processing 

quantifies the regulation of the steady state mRNA concentration by the organism altering 

the precursor degradation and the splicing processes. 

 (eq. IV.17)1 

ρ
degradation

 quantifies the regulation by the organism tuning the processes degradation of the 
mature mRNA or its growth rate.  It equals minus 

]Älog[mRNA

)kÄlog(ì

i

degr_i+ .

It follows from these equations that regulation of mature mRNAs through changing 
precursor prosessing is negligible as long as trans splicing is fast compared to precursor 
degradation and cell growth.  Then splicingdegrP kk <<+ µ  and ρ

precursor processing
 is very small. In 

particular, an increase in precursor processing could have no stronger effect than an increase 
in PGKB mRNA by 25% (which is also reflected in Fig. IV.4), while a ~23-fold increase 
is needed in the transition from bloodstream form to procyclics. Of course a very strong 
decrease in k

splicing
 could reduce the PGKC mRNA level, but to get 50% of the observed 

level in bloodstream forms, k
splicing

 should be lowered more than 85% (to 0.058 min-1) (see 
Fig. IV.4). 
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1 Eq. IV.17 was corrected from the version in Journal of Biological Chemistry (2008) 283, 2495-2507. This 
correction does not affect any calculations in the paper.
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Although regulation of transcription of specific transcripts is believed to be absent in 
trypanosomes because of the polycistronic nature of transcription, ρ

transcription 
may still be 

substantial when the overall rate of transcription changes between two different conditions. 
From the known and measured changes in specific growth rate, mRNA degradation rates 
and mRNA concentrations, ρ

degradation
 was calculated.  The sum ρ

transcription 
+ ρ

precursor processing 
was 

then calculated from the summation theorem (eq. IV.16). Table IV.4 shows the results.  The 
concentrations of PGKB and PGKC mRNA were predominantly regulated by their own 
degradation (ρ

degradation
 values of 0.85 and 0.84 respectively) and hardly by transcription 

or splicing. Since all values were prone to experimental errors we calculated the effect 
of 2-fold changes in each individual degradation rate constant and we found that mRNA 
degradation remained dominant in all cases. This is especially important in view of the 
uncertainty in the half-life of PGKB in procyclics (see above). A further increase of this 
half-life to 240 minutes did not substantially change the results; the ρ

degradation
 would become 

1 and the contribution by transcription and splicing would be completely abolished. 

IV.4 Discussion

In this chapter we report a comprehensive analysis of PGK gene expression in trypanosomes.  
The interesting issues are how the synthetic and coding capabilities of the organism are 
able to produce sufficient protein molecules, whether there are any bottle-necks, which 
processes control the overall process of mRNA and protein synthesis, and how the organism 
regulates expression levels when it undergoes the major switch from its bloodstream form 
to its procyclic form.  Below we will discuss first our results in relation to previous results 
in the literature, and second their implications for our understanding of trypanosome gene 
expression. 

Table IV.4 How T. brucei regulates PGK mRNA concentrations when it changes from its bloodstream 
form to its procyclic form.  

PGKB mRNA PGKC mRNA

µ concentration k
degr

concentration k
degr

BF 0.0019 0.8 0.092 12 0.015

PF 0.0010 18 0.0058 1.0 0.14

ρ
degradation

0.85 0.84

ρ
transcription+splicing

0.15 0.16

The degradation rate constants were calculated from the half-lives reported in the text, using the formula 
k

degr
 = ln2 / t

½ 
; the mRNA concentrations were as reported in the text and Table IV.2. Concentrations in 

molecules/cell; µ (specific growth rate) and k
degr

 (degradation constant) in min-1.
BF = bloodstream form, PF = procyclic form
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Table IV.5 Statistics for bloodstream-form trypanosome gene expression

model rRNA VSG total 
mRNA

SLRNA PGKC α-tubulin

1 Mature transcript 
length (nucleotides)

6100 2710 2200 35 2140 1545

2 Transcript length 
(nucleotides)

8550 (a) 2710 (b) 2800 (c) 140 (c) 2340 (c) 1745 (c)

3 No genes/haploid 
genome (c)

4 (d) 0.5 7400 75 (e) 1 19 (f)

4 Number of genes/
average cell (g)

11.2 1.4 25390 210 2.8 53

5 Number of molecules 
per cell (h)

125 000 1 000 (i) 20 000 20 000 12 72

6 Half-life 12 h (j) 45 min (j) 30 min (j) 30 min (j) 45 min (k) 30 min  (l)

7 Transcript elongation 
rate nt/sec (m)

40 40 20 20 20 20

8 Time to make one 
RNA (min)

3.6 1.2 2.25 0.12 2.0 1.4

9 Molecules cell-1 h-1 100% 
processing 
efficiency 
(n)

21470 1038 3.0 x 104 3.0 x 104 12.5 108

10 RNAs per h per gene 1917 742 1.2 143 4.4 2.0

11 Distance between 
polymerases

75bp 194 bp 61 kb 504 bp 16 kb 35 kb

12 Distance between 
polymerases

85% 
processing 
efficiency

64 bp 165 bp 52 kb 428 bp 14 kb 30 kb

(a) Primary transcript, deduced from genome sequence [52]
(b) VSG117 mRNA
(c) From genome or EMBL database, and see Methods and Supplementary Material. (d) There are six annotated 
small subunit rRNA genes[52], but only 4 promoters as judged by Blast searching and 4 loci as judged by 
chromosome blotting [473]. 
(e) 100 gene copies per diploid genome by Southern blotting [140]; at least 60 by genome annotation [52]
(f) From fibre-FISH hybridisation [164]
(g) Calculated assuming 55% G1, 30% S-phase, and 15% G2/M [403], and on G2 starting after 3.6 h [285].
(h) Measured values from this chapter, except for VSG.
(i) Assumes that 5% of mRNAs encoded VSG.
(j) From transcription inhibition experiments and the literature, see Supplementary Material for details. The value 
for total mRNA is based on half-lives varying from 12 min for actin to about 60 min for histone H4 ([266] and A. 
Schwede, ZMBH, unpublished results).
(k) [115]. 
(l) From transcription inhibition experiments, see text.
(m) Assumed value inserted into the calculations.  The rate of yeast polymerase I has been estimated at 60 nt/sec 
[173]; results for mammalian cells are up to 95 nt/sec [153,187]. The elongation rate for polymerase II is derived 
from measurements in yeast [46]; for mammalian cells the average is about 30 nt/sec, although if pausing is 
eliminated the rate is 70 bases/sec [136].
(n) Calculated on a population basis, assuming continuous transcription and mRNA degradation and a constant 
ploidy of 2.8. 100% splicing efficiency, with a doubling of the RNA quantity once every cell cycle of 6h, was also 

assumed. Values for 85% processing efficiency are in line 12.
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Abundance of PGK mRNA and protein
The number of PGK mRNA molecules per cell was quite low and we wondered whether 
this was representative of mRNA more in general. We found that there were, on average, 
12 PGKC and 72 TUBA mRNAs per cell. Among the 4632 Expressed Sequence Tags 
(ESTs) from MVAT4 T. brucei rhodesiense bloodstream forms [145] we found 28 α-
tubulin ESTs (0.6%) and 3 PGK ESTs (0.065%). For a total of 20,000 mRNAs per cell, the 
EST abundances would predict 121 TUBA and 13 PGKC mRNAs per cell. This suggests 
that representation in the EST database is a reasonable indication of abundance. The EST 
frequencies for other glycolytic enzymes were between 1 and 4, suggesting that the mRNA 
abundances are likely to be similar to those of PGKC. For comparison, yeast cultivated in 
rich medium was estimated, by microarray analysis, to contain 60 PGK transcripts per cell. 
However, 80% of transcripts were present only at 0.1-2 molecules/cell [219]. Estimates 
from solution hybridisation for various mRNAs yielded estimates of  <0.1 - 77 molecules 
per yeast cell [234].

According to our study a small number of mRNA molecules gave rise to approximately 
one million PGKC protein molecules per cell. The number of protein molecules per mRNA 
impressed us.  We wondered whether this could be achieved with realistic translation rates.  
Our mathematical model enabled us to calculate the translation rate corresponding to these 
measurements. Assuming 12 ribosomes per mRNA, and 12 mRNAs per cell, it revealed that 
a translation rate of about 13 protein molecules per active ribosome per mRNA molecule 
per minute should be needed (Table IV.1), and with a PGKC length of 440 amino acids this 
corresponds to 97 residues per active ribosome per second. The elongation rate for hen 
ovalbumin was estimated at 5 residues per second [328]; in yeast at 30°C with glucose, 
the average rate was 9 residues per second [66]. Considering this, our calculation of the 
translation rate of PGK protein is rather high. Our ribosomal density estimate of up to 11-
14 per mRNA seems reasonable: in a previous  analysis of ribosome occupancy in yeast, 
the average number of ribosomes for a 2kb mRNA was 10, and no RNA had more than 15 
ribosomes, irrespective of length [16].

Cumulative errors in mRNA or protein estimates could provide an explanation for the 
high translation rate that we find. In multiple experiments we never found more than 20 
PGKC mRNAs per trypanosome. Regarding protein, Misset et al. [295] determined that 
PGKC represented 0.16% of the total cellular protein in bloodstream form trypanosomes 
purified from rats. If 1 mg corresponds to 1.94⋅108 cells [27], this leads to an estimate of 
1⋅105 molecules per cell, which should give a catalytic activity of 640 nmol min-1 (mg cell 
protein)-1 [26]. In the in vitro cultured trypanosomes that we use, PGK activity was 4.5 
fold higher than this [6] while the protein estimate was 10-fold higher. Thus, our protein 
measurement is unlikely to be more than two-fold too high. If, however, we assume 5⋅105 
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proteins per parasite, and 20 mRNAs, we arrive at a translation rate of 25 residues per 
second, which is only twice the yeast value. Since ribosomes could well elongate faster at 
37°C than at 30°C, this does not seem unreasonable.

The actual rate of translation does not influence the control analysis described in this 
chapter, but will result in a change in the steady-state concentration of PGKB and PGKC 
protein in the model predictions (Table IV.2).

The rate of transcription
We did not measure transcription rate directly in nuclear run-on experiments, since these 
are done on isolated nuclei and do not measure the in vivo rate. However, aided by the 
model we could calculate the rate of PGK transcription from our data (0.24 molecules per 
cell per minute).  Table IV.5 shows the results of a more detailed analysis, as explicited 
in the supplemental data to this chapter. The inter-polymerase spacings for both RNA 
polymerase I and RNA polymerase II genes that we calculated, were based on the number 
of mRNAs that have to made in certain amount of time and they were consistent with 
values previously reported for other eukaryotes [65,102,173,234,245]. Given the rate of 
RNA polymerases and the number of genes to be transcribed, the required average RNA 
polymerase II spacing of around 50 kb on protein-coding genes means that at any given 
time, as in other eukaryotes [235,248], many open reading frames are not being transcribed. 
As expected, the RNA polymerase I density for Variiant Surface Glycoproteins (VSG) 
and rRNA loci was predicted to be much higher than 1/50 kb. For PGKC and TUBA the 
average polymerase spacings were predicted to be 14 and 30 kb respectively in bloodstream 
forms.

The kinetics of splicing
When we treated trypanosomes with Actinomycin D, the precursor mRNA was spliced with 
a half-life of about 1 minute. This result is similar to earlier observations of permeabilised 
procyclic trypanosomes, showing trans-splicing of α-tubulin, ß-tubulin, and actin pre-
mRNAs within 1 to 2 min of synthesis of the 3’ splice site [407]. Since Actinomycin D 
also inhibits SLRNA synthesis, it could potentially interfere with splicing.  This is however 
probably not significant in our experiments since (in procyclic forms) the SLRNA has a 
half-life of 8 minutes [59]. If the measured half-time for splicing is typical, RNAs will be 
spliced when polymerase II has progressed 1200 nt downstream, based on a polymerase 
II rate of 20 nucleotides per second (Table IV.5). Yeast mRNAs also are spliced within one 
minute of formation of the 3’-splice site [182,254,384], and selected mammalian introns 
had half-lives ranging from 0.4 to 7.5 minutes [21]. The similarity of trypanosome trans 
splicing kinetics with those for cis splicing in other organisms is quite surprising given that 
trans splicing is a two-substrate reaction. Therefore first-order decay of the precursor pool 
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suggests that in T. brucei, the steady-state SLRNA pool is high enough to remain saturating 
throughout the experiment. Interestingly, this may not be true for all kinetoplastids: the 
steady-state level of SLRNA varies over a four-fold range in different Leishmania species, 
and an increase in the number of SLRNA genes in Leishmania major resulted in an increase 
in virulence [468]. 

Transcription and trans-splicing does not regulate mature PGK mRNA levels
A central question of this study was how mRNA concentrations were regulated in 
trypanosomes. It was known already that changes in the mRNA degradation pathway can 
have a major effect on mRNA levels. For instance, depletion of the exonuclease XRNA 
increased the stability of PGKB mRNA in bloodstream forms, with a concomitant increase 
in mRNA abundance. It also increased the PGKC mRNA half-life and level in procyclics, 
consistent with a major control by mRNA degradation [266]. However, these results do not 
necessarily imply that the cell uses degradation to regulate mRNA levels. This study now 
quantitatively shows that the cells do use messenger degradation for regulation and that 
regulation of other processes makes a very minor contribution and we will summarize and 
discuss the basis for this conclusion.

In Metabolic Control Analysis concentration control coefficients always sum up to zero 
[451]. In the particular example studied here this implied that the negative control exerted 
by mRNA degradation on mRNA concentrations was balanced by a positive control 
exerted at the mRNA production side.  This could then have been splicing or transcription.  
Our model calculations showed that in reality the lion’s share of the positive control was 
in transcription, with very little positive control in splicing.  This means that there is a 
potential to regulate mRNA levels via transcription: if the transcription rate were to change, 
this should strongly affect the concentrations of the mature mRNA.

The derivation of the regulation coefficients showed that even in trypanosomes transcription 
could contribute to the regulation of mRNA concentrations, for example if the overall 
transcription rate were to differ between procyclic and bloodstream forms (eq. IV.15 and 
IV.16). This somewhat counterintuitive result is due to the fact that we considered the 
absolute concentrations of mRNAs rather than their concentrations relative to each other. 
When we considered the control of the ratio of the two mRNAs (see Table IV.3) we found 
that that this ratio was not controlled by transcription but was virtually only controlled by 
the specific degradation processes of the two mRNAs. Indeed it follows from eq. IV.12 
that all mRNAs that are derived from the same precursor are equally sensitive to changes 
in the transcription rate, implying that the transcription rate cannot regulate their relative 
concentrations.  
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The fact that transcription strongly controlled the PGK mRNA concentrations in 
exponentially growing bloodstream-form trypanosomes could suggest that the organism 
also used this to regulate its mRNA concentrations when it transforms to the procyclic 
form.  We found that this is not the case at all: the regulation coefficients of absolute 
concentrations of PGKB and PGKC mRNA by transcription and precursor processing 
together were close to zero, demonstrating that the absolute mRNA concentrations were 
hardly regulated by these processes. These results illustrate the difference between control 
and regulation coefficients: even though the control exerted by transcription was high, it 
did not regulate the mRNA levels.

The second striking result that we obtained was that the regulation by splicing was negligible. 
Previously, two groups have investigated trypanosome splicing efficiency by measuring 
the expression of luciferase protein from reporter genes with different 5’-untranslated 
regions (5’-UTRs) and splicing signals. There were several differences in reporter protein 
expression depending on the sequences used but the groups came to diametrically opposite 
conclusions [243,372]. One group, which changed the splicing signal but not the 5’-UTR, 
concluded that the PGKC signal functioned poorly in procyclic trypanosomes [372]. The 
other group used splicing signals with the 5’-UTR and found no difference between the 
PGKB and PGKC signals [243]. Here we used a different type of analysis. We did not 
just ask the question whether sequence differences could give rise to different splicing 
efficiencies, but to what extent changes of the splicing rate constant could have affected 
(control) and were varied to affect (regulation) the mature mRNA concentrations during 
differentiation.

The regulation coefficients that we obtained were consistent with a predominant regulation 
by mRNA degradation, without any substantial contribution by precursor processing. Even 
though the experimental data, from which the regulation coefficients were calculated, were 
highly error-prone, we checked that a two-fold uncertainty in the mRNA half-lives changed 
the regulation coefficients only marginally.

The most convincing argument, however, against a role for trans splicing in the regulation 
of mature PGK mRNA concentration is that the potential to regulate is limited. This is seen 
from the control coefficients as well as from the response to larger changes in splicing 
rate constant. The control coefficients by splicing were very small (0.17 only), requiring 
phenomenal changes in splicing activity for a strong change in mRNA abundance to result. 
Moreover, the mature mRNA concentrations depended hyperbolically on the splicing 
rate constant (eq. IV.12). In the bloodstream trypanosomes the splicing rate constant was 
close to saturating and no increase in the splicing activity could increase the level of 
mature mRNA by more than 25 % (Fig. IV.4). The basis for this is that transcription is an 
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irreversible process and whether spliced rapidly or not, precursor will end up as mature 
mRNA.  The only processes detracting from this are (i) growth, i.e. if growth were rapid 
enough then splicing rates might not be fast enough to supply daughter cells with sufficient 
mature mRNA, or (ii) precursor degradation. However, precursor degradation was five 
times slower than splicing and could therefore not have much effect and growth was even 
2 orders of magnitude slower than splicing. Even though the precise rate constants are 
difficult to determine, the difference between splicing and precursor degradation kinetics 
was quite convincing (Fig. IV.2), which corroborates our conclusion that the splicing 
rate constant hardly controlled the mature mRNA concentrations in this case. A further 
decrease of the splicing rate constant, however, would start to affect the mature mRNA 
concentrations, demonstrating that in the case of the PGK genes splicing was only just 
fast enough compared to precursor degradation to loose control (Fig. IV.4). The interplay 
between splicing and precursor degradation also becomes apparent in the fact that their 
(small) concentration control coefficients were virtually equal but of opposite sign (Table 
IV.3), demonstrating that the potential to regulate mRNA concentrations via precursor 
degradation is as high as via splicing.

In the above analysis it is assumed that splicing and precursor degradation compete. It 
could be, however, that precursors are only degraded if splicing is inhibited, in which case 
precursor degradation would be irrelevant in healthy exponentially-growing cells. In the 
latter case the rate constant for precursor degradation becomes zero and changes in the 
splicing rate constant do not affect mRNA pools at all (eq. IV.12). When the 5’-3’ exonuclease 
XRNA (which is in both nucleus and cytoplasm) was depleted in bloodstream trypanosomes, 
the results obtained were however consistent with a role for XRNA in precursor degradation, 
and with competition between precursor degradation and splicing [266].

We emphasize that the control analysis was only carried out in the bloodstream form. It 
is conceivable that the distribution of control shifts during differentiation to the insect 
form. Furthermore, our study was limited to the PGK genes and it remains to be seen how 
other mRNAs are controlled and regulated. However, the conclusion that splicing can only 
regulate mRNA concentrations if it is slow compared to precursor degradation is general 
and holds for all mRNAs. Finally, this study yields a theoretical framework, which can be 
used to dissect regulation of other genes and in other organisms, including organisms in 
which transcription is regulated.
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Supplemental data to chapter IV

Estimated of gene numbers and transcript length
The published genome sequence has 9068 open reading frames, but annotated ESAGs 
and VSGs (which are probably mostly not transcribed) have been subtracted giving a total 
polymerase -II-transcribed gene number of 7400. The average open reading frame is 1592 
nt and the average inter-gene distance is 1279 nt. Given an average distance of about 120 nt 
from the polyadenylation site to the next downstream splicing site[47], the average mRNA is 
predicted to be about 2.8kb including a 100-200 nt poly(A) tail and the 39 nt spliced leader. 
This is however too high, since only 70% of characterised mRNAs are polyadenylated 
200nt upstream of the next ORF [47]. A previous 1kb estimate of the average mRNA length 
based on Northern blotting [141] may in contrast have been technically compromised by 
poor transfer of longer species. We have used a value of 2.2.kb per mature mRNA in our 
calculations.

Half-lives of VSG and tubulin mRNA
The half-life of tubulin mRNA was initially measured by pulse chase, using [3H] adenine 
as tracer, at 1.4h [157], but after Actinomycin D treatment the half-life  was much shorter 
[423]. Our most recent measurements using transcription and splicing inhibition give a 
half-life of 23 min (Angela Schwede, ZMBH, personal communication). In our calculations 
we have used a figure of 30 min.

The amount of VSG mRNA and its turnover were taken from the literature. The following 
numbers are available for the proportion of mRNA that encodes VSG: from EST libraries, 
1% [145] or 4% [413] from the frequencies of cDNAs hybridising with labeled cDNA in 
a variant-specific fashion, 8% [217], from immunoprecipitation of polysomal RNA  3% 
[120], and from scanning of a Northern blot hybridised with a spliced leader probe 10% 
[141]. Given the various likely possible sources of error we took a value of 5%.  From 
pulse-chase experiments the half-life of VSG was 4.5 h [157]; after Actinomycin D the 
half-life was approximately 40 min in one set of experiments, [423] and rather longer in 
another [232]. We used a value of 45 min in our calculations. If the half-life were less than 
this, the inter-polymerase distance would be shorter.

The rate of transcription
Table IV.5 shows the estimates of rates of transcription for various polymerase I and 
polymerase II loci, either assuming 100% processing efficiency, or assuming that all mRNA 
splicing has the same kinetics as were measured for PGKB-C intergenic region (85% 
processing efficiency). Both sets of calculations assume that all parameters remain constant 
throughout the cell cycle, with an average gene ploidy of 2.8. Reality must however be 
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more complicated. Simple models show that if transcription were to continue constantly 
throughout the cell cycle, also with a constant degradation rate, synthesis of a given RNA 
would suddenly double after genome duplication. In order to maintain the average mRNA 
level, the abundance would have to decrease during G1 and S phase to compensate for more 
rapid synthesis increase when gene copy number had doubled. Alternatively if transcription 
were restricted to G1 and S, the rate would be higher than calculated here.

First, we considered genes transcribed by RNA polymerase I, using an assumption of 40 nt/
sec for the elongation rate [153,173,187]. The inter-polymerase spacing on the rRNA genes 
is estimated at  minimally 75nt; in S. cerevisiae the minimum distance was 41 nt. [173].  
Assuming that the RNA polymerase I elongation rate on VSG genes is the same as for the 
rRNA genes, the polymerase density was found to be three times lower. This is surprising 
since such differences between VSG and rRNA promoters have not been seen using reporter 
genes [55]. The efficiency of the VSG promoters has, however, been measured using reporter 
genes placed immediately downstream of the promoter; since VSG genes are usually 60kb 
downstream some attenuation may occur. If VSG mRNAs were less efficiently spliced, or 
more unstable, than PGKC mRNA the transcription rate would need to be higher.

We next looked at selected polymerase II genes, assuming an elongation rate of 20 nt/
sec [46,156]. The average spacing between RNA polymerase II holoenzymes on the 
chromosomes was 50-60 kb; for PGKC and TUBA the average polymerase spacings were 
predicted to be 14 and 30 kb respectively (Table IV.5). A reporter gene transcribed from 
an RNA polymerase I promoter, integrated into a silent region of the chromosome (the 
rRNA spacer) yields 10-15 times more RNA than the same construct transcribed by RNA 
polymerase II at the tubulin locus ([55]; M. Stewart, S. Haile and C. Clayton, ZMBH, 
manuscript in preparation). Our calculations predict, in contrast, that RNA polymerase 
I transcription should yield 100 times more RNA. The most likely explanation for the 
discrepancy is that integration into the rRNA spacer suppresses promoter activity; it is 
known that different spacers have different effects on transcription [11]. Evidence so far 
indicates that RNA polymerase I reporter transcripts made in the nucleolus are spliced 
as efficiently as polymerase II transcripts (M. Stewart, S. Haile and C. Clayton, ZMBH, 
personal communication). 

Each mRNA bears a spliced leader. The SLRNA genes are present in many copies, and are 
transcribed by RNA polymerase II [327]. To make enough SLRNA, transcription must be 
10 times faster, or initiation 10 times more frequent, than the rate for protein-coding genes 
(Table IV.5). As a consequence, 5% of all polymerase II transcription must be devoted 
to the SLRNA. This is consistent with the observation that RNA polymerase II activity 
is concentrated at the SLRNA locus [151]. The minimum possible density for eukaryotic 
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polymerase II is one per 41nt [245]; the polymerase density for SLRNA, in contrast, implies 
that at any one time half of the gene copies are being transcribed.

Procyclic trypanosomes are larger than bloodstream-form trypanosomes (2.2-fold more 
RNA) and divide only once every 10-12 h. mRNA half-lives are longer than in bloodstream 
forms (see e.g. [226]). Assuming that the rates of transcription in bloodstream and procyclic 
forms are the same, an mRNA with a half-life of 30 min in bloodstream forms would 
maintain a constant concentration if it had a half-life of 68 min in procyclic forms. In fact 
results so far suggest that for constitutively expressed mRNAs increases in half-lives can 
be 4-fold or more [226], suggesting that transcription may be slower in procyclics than in 
bloodstream forms. 

In yeast, the maximal polymerase II initiation rate was found to be one every 6-8 sec 
[234] but on average there are 0.13 polymerases per essential open reading frame and 
0.094 per ORF overall [65], which means that many genes are expressed only once per 
cell cycle. For a developmentally regulated mRNA in Dictyostelium, the minimal interval 
between polymerase II molecules was 120 bp [102]. The Drosophila HSP70 gene can be 
initiated once every 6-8 sec, but mammalian tubulin B1 and glyceraldehyde phosphate 
dehydrogenase genes associate with only 1 polymerase at a time, and, at any given time, 
many genes are not being transcribed at all [235,248]. Finally, from Table IV.5 it can be 
calculated that the numbers of actively transcribing RNA polymerase I and polymerase 
II molecules are about 1250 and 1050 repectively and that polymerase I transcriptional 
activity should be roughly double that of RNA polymerase II. We have searched the raw 
data from previously reported nuclear run-on experiments [108,432] and found that, using 
α-amanitin resistance as a criterion, transcription by polymerase I contributed 35% of all 
elongation, polymerase II 48%, and polymerase III 17%.





VHow large changes in glycolytic 
enzyme activities affect glycolytic flux 
and gene expression in bloodstream 
form Trypanosoma brucei

Modelling and metabolic control analysis of glycolysis in bloodstream-form Trypanosoma brucei 

suggested that the kinases of glycolysis hardly control the glycolytic flux in this organism. This is in 

contrast to the general view on control of glycolysis and data for mammalian cells.  Albert et al. [6] 

measured the effects of large downregulation of five glycolytic enzymes and indeed found an excess 

of hexokinase (HXK), phosphofructokinase (PFK) and pyruvate kinase (PYK), albeit less than had 

been predicted previously.

Here we compare the updated and extended version of the trypanosome glycolysis model that 

has been presented in Chapter II to the dataset of Albert et al. The model reproduced the effect of 

downregulation of enolase (ENO) and phosphoglycerate mutase (PGAM) quantitatively. For HXK 

and PYK a qualitative agreement between model and experiment was found: the enzymes were 

in excess, but the model predicted a larger overcapacity than had been found experimentally. In 

contrast, the model predicted that a 50 % downregulation of PFK had no effect on flux, while the 

experiments demonstrated a 75 % decrease of the flux. In the latter case a direct comparison of the 

model with the experiment was precluded by the finding of Albert et al. that downregulation of PFK 

evoked a decrease in some other enzyme activities that had been tested. To study this phenomenon in 

more depth we measured the mRNA levels of many glycolytic enzymes in the HXK and PFK RNAi 

mutants and showed that downregulation of either enzyme triggered an altered gene-expression 

pattern as compared to the wild-type situation and to each other.

Parts of this chapter were published in Journal of Biological Chemistry (2005) 280, 28306-28315
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V.1 Introduction

Metabolic Control analysis on the first trypanosome glycolysis model [26,28] suggested that 
most control over glycolysis resides in the glucose transporter and that other enzymes exert 
only limited flux control. Bakker and co-workers [27] also provided experimental support 
for the predicted control distribution by measuring the control of the glucose transporter 
in non-growing trypanosomes by titration with the inhibitor phloretin. At physiological 
glucose levels of 5 mM the glucose transporter had considerable control over the glycolytic 
flux (a flux control coefficient between 0.3 and 0.5) and at lower glucose concentrations it 
even assumed all flux control.

One of the most striking features of the in silico control distribution in trypanosome 
glycolysis was the predicted overcapacity and accompanying low flux control of the 
enzymes hexokinase (HXK), phosphofructokinase (PFK) and pyruvate kinase (PYK). These 
kinases are often thought to control glycolysis, at least in mammalian cells [64,343,381]. 
This discrepancy between the model outcome and the popular view of these kinases being 
in control made the in silico prediction an appealing hypothesis to test in in vitro cultured 
trypanosomes.

Unfortunately control coefficients are not always easy to determine experimentally. To 
really determine control coefficients of enzymes in a laboratory set-up, one would need 
to make small changes to the wild-type situation and monitor the effects (see definition of 
control coefficients in section I.1.3). The most straightforward way to determine control is 
to titrate with a specific inhibitor and monitor rapidly both enzyme activity and flux. With 
this method the high control of the glucose transporter was verified upon inhibition with 
phloretin [27].

In contrast to the control exerted by the glucose transporter, which is a membrane protein, 
that of cytosolic and glycosomal enzymes is more difficult to determine. Specific inhibitors 
of several glycolytic enzymes have been synthesized (e.g. for HXK [462], PFK [106], 
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) [77] and phosphoglycerate kinase 
(PGK) [76]). Yet, these inhibitors have to cross the plasmamembrane and the glycosomal 
membrane. To determine the control coefficients it is essential to know the inhibitor 
concentrations in the glycosomes and this is difficult to assess experimentally.

Another method to determine control coefficients is by modulating the enzyme capacities 
(V

max
) by inducible gene expression. At the end of the previous century new tools became 

available to modify enzyme concentrations – and thereby capacities - in trypanosomes. 
In 1995 Clayton and Wirtz [465] designed a tetracycline-inducible expression system for 
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trypanosomes. The discovery of RNA interference (RNAi; originally in plants as post-
transcriptional gene silencing [310,412] and later also demonstrated and unravelled in C. 
elegans [171]) made it possible to downregulate targets by introducing double-stranded 
RNA (dsRNA) into cells, which, on the basis of sequence homology, leads to specific 
destruction of the target mRNA.  The combination of these methods (i.e. inducible 
expression of dsRNA) allows for the induction of mRNA degradation of a target upon the 
addition of tetracycline.  

Albert and coworkers [6] constructed tetracycline-inducible RNAi mutants of bloodstream-
form trypanosomes for the glycolytic enzymes HXK, PFK, phosphoglycerate mutase 
(PGAM), enolase (ENO) and PYK. They tested the effect of changes in the targeted 
enzymes by monitoring the enzyme activity levels, the growth rates and the glycolytic 
fluxes of the RNAi cell lines after induction with tetracycline. The tetracycline-inducible 
system should yield different expression levels depending on the amount of tetracycline 
present [465]. However, when used for RNAi, already small amounts of dsRNA produced 
upon tetracycline-induction efficiently destroy the vast majority of corresponding mRNA. 
Yet, the target mRNA is usually not completely destroyed, leading to a knockdown of 
enzyme levels rather than a knock-out. Hence, the RNAi system is not tuneable. The 
changes in enzyme level that are inflicted by RNAi are too large to really determine the 
control of an enzyme in the wild-type organism. However, with the model also the effect 
of larger changes in enzyme activities can be evaluated and RNAi mutants that are specific 
for their targets can be used to compare with model predictions. 

Figures V.1 and V.2 show the results of Albert et al. [6]. Fig. V.1 shows that the activities 
(left-hand panels) and the concentrations (right-hand panels) of the target enzymes 
decreased in the RNAi mutants upon induction. In the PFK RNAi mutant (panel V.1B) 
the decrease of PFK activity was accompanied by a decrease of the activities of some 
other enzymes (HXK, ENO and PYK). Changes in the concentration of PYK could not be 
detected. The activities of phosphoglucoisomerase (PGI) and triose phosphate isomerase 
(TIM), were unaffected [6]. In the PGAM and ENO mutants also other enzyme activities 
decreased upon RNAi induction. However, in contrast to the PFK mutant, it took 48 hours 
before other enzyme display activity changes. Thus the 24 h timepoints can still be used to 
evaluate the effect of only PGAM or ENO downregulation.

Induction of RNAi by tetracycline also caused different effects on the population growth 
rates of the different RNAi mutants (Fig. V.2; a reproduction from [6]). RNAi against 
HXK initially slowed down growth (Fig. V.2A), but the cell population survived. After 
four days the HXK-RNAi culture resumed growth at its original rate due to the occurrence 
of revertants that escaped RNAi control. This is a phenomenon frequently seen in 
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Figure V.1 Changes in enzyme activities and enzyme levels in bloodstream-form T. brucei upon induction 
of RNAi.  
The mRNAs targeted were respectively for HXK (panel A), PFK (B), PGAM (C), ENO (D), and PYK (E).  
Panels at the left side show the time-dependent changes in enzyme activities in T. brucei lysates, panels at 
the right side the protein levels as determined by Western blot analysis in samples taken 24 h after RNAi 
induction.  Tetracycline was added to the cultures at a concentration of 1 μg·ml-1, to induce the formation 
of specific double-stranded RNAs, and thus RNAi, from t = 0 onwards.  Enzyme activities are expressed 
relative to the specific activities as measured in lysates of trypanosomes without induction.
Note: This figure is reproduced from [6]
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Figure V.2 Effect of intracellular depletion of specific glycolytic enzymes by RNAi on the growth of 
bloodstream-form T. brucei.  
The mRNAs targeted by RNAi were respectively for the enzymes HXK (panel A), PFK (B), (C) PGAM, 
(D), ENO and (E) PYK. Shown are cumulative cell numbers.  The growth of cells transfected with a 
plasmid producing double-stranded RNA to decrease specific enzyme levels was determined by growing 
the cells in the absence (solid line) or the presence (dashed line) of the RNAi-inducer tetracycline (1 µg 
ml-1) from t = 0 onwards.
Note: This figure is reproduced from the original data used for Fig 3 of [6]. However, in the paper figure 3D 
and 3E were labeled as PGAM and ENO respectively, but the data for ENO are in figure 3D and for PGAM 
in figure 3E. In this figure labeling was corrected.  
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trypanosomes, particularly in bloodstream-forms [100,154]. RNAi against the other targets 
also slowed down growth, but eventually led to cell death. However after 24 h no cell death 
was seen in any of the mutants (Fig. V.2). For this reason all comparisons between the 
model and the experiments will be made for the 24 h timepoints.

In Chapter I we have discussed the potential importance of gene-expression adaptation for 
the selection of drug targets. The above described results of Albert et al. already hint that 
downregulation of some glycolytic targets has an impact on glycolytic gene expression. The 
aim of this study is to further evaluate the metabolic and the gene-expression responses of 
bloodstream-form trypanosomes towards downregulation of the targets studies by Albert et 
al. To this end we will first compare the dataset of Albert et al. to the effect of large changes 
in enzyme activities in the updated model that was described in chapter II. Second, we will 
study changes of the expression of almost all glycolytic genes. Notably, we will include the 
expression of the glucose transporters, which are known to have a high flux control.

V.2 Material and methods

Growth of T. brucei
The RNAi mutant cell lines for HXK (R9) and PFK (RP1) [6] were cultivated as described 
for bloodstream-form T. brucei 427, cell line 449 in Chapter II. Cell line R9 was cultivated 
in the presence of 5 µg ml-1 of hygromycin B (Sigma) and cell line RP1 was cultivated in 
the presence of 5 µg ml-1 of blasticidin (Invitrogen). RNAi was induced by the addition of 
0.25-1 µg ml-1 of tetracycline. The RP3’ strain used in [6] is from a later transfection with 
the same plasmid as used for the construction of the RP1 strain used in this chapter.

Oxygen consumption
The rate of oxygen consumption was monitored in a thermostated vessel at 37 ºC with 
a Clark electrode (oxygraph). Measurements were done in a buffer containing 96.9 mM 
NaCl, 3.1 mM KCl, 5 mM MgCl

2
, 2 mM Na

2
HPO

4
 , 90 mM Tris and 5 mM glucose at pH 

7.5. Batches of 1x107 cells were used in a volume of 1 ml. For each measurement an aliquot 
of cells was taken from culture, washed twice by centrifugation at room temperature and 
then added to the assay buffer at the desired temperature. At the end of the measurement 
an aliquot of sample was taken out of the vessel and cells were counted in a Bürker-Türk 
haemocytometer.

Metabolic Modeling
Metabolic modeling was done as described in Chapter II. V

max
 values of the target 

enzymes were varied and the glucose-consumption and pyruvate-production fluxes were 
calculated.
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Quantitative PCR  
Total RNA was isolated from 1-4x107 cells by adding 1 ml Trizol (Invitrogen) to cell 
pellets and isolating RNA according to the manufacturer’s protocol. Isolated RNA was 
treated with DNase-I (Finnzymes), cleaned by phenol/chloroform extraction and 1 μg of 
RNA was used in a cDNA synthesis reaction with random hexamer primers (Finnzymes). 
Amplification, data collection and data analysis were done in an ABI 7700 Prism Sequence 
Detector (once 2 min at 50 ºC; once 10 min at 95 ºC; and 40 cycles of 15s at 95 ºC followed 
by 1 min at 59 ºC). Cycles of threshold (Ct) for the different genes were normalized to the 
Ct of Hypoxanthine-Guanine Phosphoribosyl Transferase (HPRT) transcript in the same 
sample (ΔCt). A different housekeeping gene (60S and/or ß-tubulin), was always assayed 
as an internal standard. Subsequently the normalized Ct values of samples taken from 
the culture at the different time points were compared for each transcript to the Ct of 
the same transcript in a sample taken at time point zero. The fold-changes of the mRNA 
concentrations were calculated according to: mRNA(t)/mRNA(0) = 2(ΔCt(0) - ΔCt(t)).

Primers used in quantitative PCR are listed in Table V.1.

Table V.1. Primers used for quantitative PCR

gene Database no Forward primer Reverse primer
THT1 Tb10.6k15.2040 AAATGGAGCGGCACGACA CTCGTTTTTGCAAGAATCGGA
THT2 Tb10.6k15.2020 TGGATGTGAGTGGAAGGATACG TTCGCATGGATTGACACCAT
HXK Tb10.70.5820 TGCAGGACAACATCAACCGT CACCAATTCCACTGCCATCC
PGI Tb927.1.3830 ACCGCCCAGTCCTTCACAT CAGCCGGCATTACATCCTTT
PFK Tb927.3.3270 GCTGATTGACATCGGCGTTA TGTCGAGTCAGGGTAGCGAGA
ALD Tb10.70.1370 TGGAATGCGAAGGTTTCGA CGCCGGTCTTAGCTTTCTGA
TIM Tb11.02.3210 CGCGCATACTATGGTGAGACA CGATGCAAGCAATAACCATGA
G3PDH Tb927.8.3530 CCGCTTCCAGCTAACCTTACC CGGGATGACGAAGAGGACAAT
GK Tb09.211.3560 CTTTGTGCCCGCCTTCTCT CTTGAGTGTCATGCCCACGAT
AOX Tb10.6k15.3640 CCTGGAGCCTTCCCGATATT TGCGGTAGGCGAGTGTATCA
GAPDH Tb927.6.4280 CCTGAACATCATCCCAAGCA ACCCGTAAGCTTGCCCTGA
PGKB Tb927.1.710 TCCAGCCGTCCAAAAAGTTC GCCTTCAGCCATAGAAACGC
PGKC Tb927.1.700 TGGTGGTGCGTCTTTGGAA GACACAACCGCCGACTTTTC
PGAM Tb927.5.3580 CGGTGGCTGATATCCGAAAG GCACCCTCCACCTCAAGAAA
ENO Tb10.70.4740 AAGTTCACGGTCGCGAAGTC ACCGGAACACACCCCTCTCT
PYK Tb10.61.2680 GCTGAAGTGCCACGTGAACA GGCAGATCCACCTCACAACCT
CS Tb10.05.0150  AAGGTGGCAACGTGTCTGC CGAGACCTGCAACAAGGGAT
PRODH Tb927.7.210 CACCGAAGACCGTGTTTTCAA GGCACCTCGAACAATTTTCC
PPDK Tb11.02.4150 GGTGCCAGGAGATGAAACGA CACCAAAACTGCGAGCCTTT
EP Tb10.6k15.0020 CTTCTGTTCAGCGCGAACC GTTCCCTTCTCGCCTTTGC
HPRT Tb10.70.6540 TCATACCGTGAGGTGCGTGAT CTTCCTCCGCTCAAGTTCCTT
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V.3 Results

The effect of decreased enzyme activities on glycolytic flux; comparison between 
experimental data and model predictions
To quantitatively explore the correspondence between model predictions and experiments, 
the activities of the five enzymes studied in [6] were decreased one by one from their 100% 
V

max
 value to 0% in the updated model (Chapter II), and the fluxes of glucose consumption 

and pyruvate production were calculated over the whole range of enzyme activities.  The 
results have been plotted as relative fluxes (% J) as a function of the relative enzyme 
activities (% maxV ) in Fig. V.3.  The experimentally determined relationship between 
decreased enzyme activities and flux, 24 h after induction of RNAi, are also indicated in 
these plots [6]. 

The predicted and experimentally determined data for both PGAM and ENO correspond 
well (Fig. V.3, panels C and D). The agreement between experiment and model for PGAM 
can be attributed to fitting. Since the specific activity of this enzyme is underestimated in 
crude lysates [191], the experimental value was not reliable. Therefore, when constructing 
the model we fitted the V

max
 value of PGAM such that the predicted flux was in agreement 

with the measured flux in the wild type and the mutant (see also Chapter II). For ENO, 
however, the good fit between model and experiment was not forced and therefore we 
conclude that the model based on in vitro kinetics gives a good impression of the in vivo 
role of ENO. 

Panels A, B and E of Fig. V.3 show that according to the model HXK, PFK and PYK have 
a considerable overcapacity. Experimentally, a moderate decrease of the V

max
 of PFK until 

65% had no effect on the flux, in agreement with the model. Upon further reduction of 
the V

max 
of PFK, however, the discrepancy between model and experiment was large. The 

experiments suggested that the enzyme acquired control much more readily than predicted 
(observed: 26% flux at 47% activity; predicted: 100% flux at activities > 15%). A direct 
comparison between model and experiment is precluded in this case, however, by the 
changes observed also in activities of some other enzymes (Fig. V.1) (see further discussion 
below). Also in the case of HXK and PYK the overcapacity of the kinases was much more 
pronounced in the model than in the experiments. For instance, the model predicts that a 
decrease of the PYK activity until 20% of its wild-type V

max
 value would not result in flux 

reduction, but that a further activity decrease would be associated with a rapid drop of the 
flux.  In contrast, the experiment showed that reduction of PYK activity to 24% led already 
to 50% decrease of the glucose consumption rate. A similar discrepancy was seen for HXK. 
For comparison we then measured the oxygen-consumption flux in uninduced and induced 
HXK-RNAi mutants after 24 h of induction in a buffer with 5 mM glucose (Fig. V.4). In 
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Figure V.3 Relative rates of glucose consumption and pyruvate production as function of enzyme activities 
in bloodstream-form T. brucei. 
The glucose and pyruvate fluxes (J) and enzyme activities (V

max
) are expressed relative to values found in 

non-induced trypanosomes: %J and %V
max

.  Panels A - E present the results by titrating the HXK, PFK, 
PGAM, ENO and PYK activities, respectively.  Curves represent results determined in silico, dots are in 
vivo results obtained by RNAi – and for PFK also by RNAi + overexpression (as determined 24 h after 
induction by Tet addition to the culture).  Grey curves/dots are J

glucose
 and black curves/dots are J

pyruvate
.  

Error bars represent the standard errors of the mean (SEM).
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trypanosomes the oxygen-consumption flux is a direct measure of glycolytic flux (Fig. I.5). 
While we observe a similar degree of HXK depletion as Albert et al. (an 80% reduction 
after 24 h), we consistently do not observe any decrease in oxygen consumption flux (n = 
7). This is in good agreement with the model. In the discussion we will come back to the 
discrepancy between the different flux measurements.

To determine by how much the model overestimated the V
max

 values of the enzymes, we 
calculated for each enzyme the V

max
 that was required to give the flux reduction measured 

by Albert et al. (% mod
maxV ) and compared these to the experimentally determined activities 

(% exp
maxV ) (Table V.2).  For both PGAM and ENO the ratio %

exp
maxV  / %

mod
maxV  was 1.3, when 

calculated for the glucose-consumption flux, reflecting the good agreement between model 
and experiment. For the pyruvate flux the agreement was even better for PGAM, as can be 
concluded from a % exp

maxV  / % mod
maxV ratio of 0.9. 

Figure V.4 Oxygen consumption flux in uninduced and induced HXK RNAi mutant 24 h after induction
Specific oxygen consumption flux as measured in an oxygraph in an assay buffer with 5 mM of glucose. 
Error bars are standard error of the mean (SEM) for 7 (uninduced) or 8 (induced) separate batches from 
different cultures. The V

max
 of HXK in induced cultures was 20% of uninduced cultures.
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For PYK a ratio % exp
maxV  / % mod

maxV  of 2.79 was obtained (Table V.2). A possible interpretation 
is that the true in vivo V

max
 is more than twofold lower than the in vitro determined V

max
 that 

was implemented in the model. For HXK the % exp
maxV  / % mod

maxV  ratio was even larger. For 
PFK it could not be calculated as the model became unstable at low PFK activities. 

RNAi against HXK and PFK evokes changes in mRNA levels of other glycolytic enzymes.
Albert et al. already studied the effect of downregulation of the five targets on the protein 
and activity levels of some other glycolytic enzymes (see also Fig. V.1). They observed 
activity changes in response to RNAi against PFK, PGAM and ENO. For the latter two 
changes were only observed after 24 h and therefore do not affect the comparison between 
model and experiment at 24 h. However, not all glycolytic enzymes were tested. An 
important target that was not included in the analysis of any of these mutants, was the 
glucose transporter, which has been previously shown to have considerable flux control 
[27]. In this study we therefore tested the effects of RNAi against HXK and PFK also on 
the transcript level and included many additional targets, among which the two glucose 
transporter isoforms.

In the HXK mutant we observed an 8-fold reduction of the target RNA in the first 24 h after 
RNAi induction and this level remained constant up to 48 h (Fig. V.5A). This is a somewhat 

Table V.2 Comparison of experimentally determined and modelled enzyme V
max

 values at which 
experimentally measured glycolytic flux reductions were achieved

%J is the relative flux (compared to that of non-induced cells), either of the glucose consumption or the 
pyruvate production.  %

exp
maxV  and %

mod
maxV are respectively the % maxV measured 24 h after induction 

(compared to that in non-induced cells) or the % maxV in the model (relative to non-inhibited values) 
giving a flux corresponding to the experimentally measured one.  The values given (average ± SEM; n = 3) 
for the glucose consumption and pyruvate production fluxes were determined 24 h after induction of RNAi 
(+Tet), targeted to the glycolytic enzyme indicated, and are expressed relative to the values measured in 
the same cell lines without induction (-Tet).  The absolute values for glucose consumption and pyruvate 
production fluxes measured (at 37 °C) in wild-type cells were 51.71 ± 0.97 and 80.38 ± 5.47 nmol min-1 
(108 cells)-1, respectively.

enzyme glucose consumption pyruvate production

        

HXK 67.6 ± 8.7 22 ± 2.5 4.1 5.37 ± 0.61 61 ± 3.3 22 ± 2.5 3.4 6.47 ± 0.73

PFK 26 ± 4.0 47 ± 3.3 <5 27 ± 1.4 47 ± 3.3 <5

PYK 49.7 ± 3.3 24 ± 6.5 8.6 2.79 ± 0.76 66 ± 3.6 24 ± 6.5 12.5 1.92 ± 0.52

PGAM 53.9 ± 3.3 51 ± 1.8 38.8 1.31 ± 0.05 74.3 ± 5.0 51 ± 1.8 57.8 0.88 ± 0.03

ENO 46 ± 2.9 16 ± 2.3 12.6 1.27 ± 0.18 59.1 ± 5.3 16 ± 2.3 17.3 0.92  ± 0.13
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Figure V.5 Changes in mRNA levels after RNAi against HXK and PFK
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stronger downregulation than Albert et al. [6] and we observed at the level of HXK activity 
(5-fold). The difference may reflect the delay in protein response due to the stability of 
existing protein. In the first 24 h after HXK-RNAi induction hardly any other transcripts 
changed more than a factor of 2. In view of the analytical errors we consider changes less 
than a factor of 2 negligible. Only the ‘bloodstream-form isoform’ of the glucose transporter 
(THT1) (see also section I.2.3.2) and proline dehydrogenase (PRODH) showed a larger 
increase of transcript levels.  After 48 hours, more transcript levels changed: the mRNA 
levels of THT2 (trypanosome hexose transporter 2), phosphoglycerate kinase B (PGKB), 
citrate synthase (CS) and the coat protein procyclin EP are all upregulated. These enzymes 
are usually only expressed in the procyclic form of the parasite.  As the glucose transporter 
has substantial control over the glycolytic flux under wild-type conditions, the upregulation 
of THT1 and THT2 may (partly) compensate for the downregulation of HXK.

Also in the PFK RNAi mutant, the target mRNA was decreased approximately 8-fold after 
24 h (Fig V.5B). Again the decrease of the mRNA level was larger than the decrease of the 
V

max
 that was observed by Albert et al. (2-fold) [6]. Although our qPCR analysis was done 

on a different cell line (transfected with the same construct), the activity decrease for PFK 
in our strain was similar to that reported by Albert et al. (data not shown) and can thus not 
explain the differences between mRNA levels and enzyme activity. In the case of PFK 
RNAi, transcripts of both glucose transporter isoforms and the transcripts for HXK and 
PGKB were upregulated already after the first 24 h. Again the upregulation of THT1 and 
THT2 is expected to compensate partially for the knockdown of PFK. The upregulation of 
HXK transcript was unexpected, as the HXK activity dropped upon induction of PFK-RNAi 
(Fig. V.1B). The expression of PFK in the PFK-RNAi mutant returned to pre-induction 
levels 48 hours after induction. This may well be due to the selection of revertants and 
hence makes the transcript levels of the 48 hours timepoint in the PFK mutant irrelevant. 

To further study the discrepancy between the mRNA and the protein concentrations, we 
calculated how we would expect the protein concentrations to change upon induction of 

Legend Figure V.5 Changes in mRNA levels after RNAi against HXK and PFK
mRNA levels measured by qPCR as compared to expression prior to induction (t=0). The averages of 
two independent cultures are shown; error bars represent standard deviations. ALD: aldolase; AOX: 
alternative oxidase; CS; citrate synthase; EP: EP-procyclin; G3PDH; glycerol-3-phosphate dehydrogenase; 
GAPDH: glyceraldehyde-3-phosphate dehydrogenase; GK: glycerol kinase; HXK: hexokinase; PFK: 
phosphofructokinase; PGK: phosphoglycerate kinase; PRODH: proline dehydrogenase; PYK: pyruvate 
kinase; THT: trypanosome hexose transporter; TIM: triosephosphate isomerase. Panel A shows expression 
levels in the HXK-RNAi mutant 24 h (black bars) and 48 h (grey bars) after induction of RNAi. Panel 
B shows the expression levels in the PFK-RNAi mutant, again 24 (black) and 48 (grey) hours after 
induction.
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Figure V.6 Dilution of pre-existing enzymes in RNAi mutants 
Relative enzyme activities in the different RNAi mutants as measured after induction of RNAi (white bars) 
and as calculated on the basis of the growth rate, assuming stable enzymes and a 2-fold activity decrease 
after every doubling of the cell population (black bars, see text for details). Experimental data were taken 
from figures V.1 and V.2.  (A) HXK, (B) PFK, (C) PGAM (D) ENO (E) PYK activities in the corresponding 
RNAi mutants respectively. n.d. = not determined
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RNAi if they were stable and only affected by dilution. For the five mutants from the 
Albert-study, enzyme activities (Fig V.1) and growth (Fig. V.2) were monitored. When cells 
duplicate, every doubling of the cells will dilute the pool of existing proteins by a factor 
of 2 if the cells do not make any new proteins. Under normal conditions, protein synthesis 
will occur, but in the RNAi mutants, the mRNA coding for the targeted proteins is largely 
destroyed and synthesis should be largely decreased. In a first approximation we therefore 
neglected new protein synthesis. We calculated the enzyme activities from the data in Fig. 
V.2 according to the formula:

iheitit µ⋅−⋅−=== 24

max_max )2424(%V)24(%V for i∈1,2  (eq. V.1)

in which t is time after induction in hours,  i =1 is the interval from start of induction t=0 
till t=24 and i=2 is the interval t=24 and t=48. μ

I
 is the average specific growth rate (h-1) in 

the interval i and %Vmax (t=0) =100.

In Fig. V.6 the experimental data from Fig. V.1 and the theoretical values based on eq. V.1 
are plotted together. The HXK activity measured in the RNAi mutant closely follows the 
pattern of a stable protein without any new synthesis (Fig. V.6A). The measured decrease 
of PFK (Fig V.6B), PGAM (Fig. V.6C) and PYK (Fig. V.6E) is slower than expected from 
dilution only, suggesting that translation partially counteracts the loss by dilution. This is 
possible, as RNAi does not completely remove all the transcripts from the induced cells. 
Indeed we still detect PFK mRNA upon induction of PFK-RNAi (Fig. V.4). Finally, the 
ENO activity decreased faster than predicted based on dilution alone. This suggests that the 
enzyme is unstable under the conditions studied (Fig. V.6D)

V.4 Discussion

In this study we explored the effects of large changes in glycolytic enzymes on the 
glycolytic flux and on the expression of other glycolytic enzymes. We started by comparing 
a previously published dataset [6] to simulations with our model of glycolysis of in vitro 
growing trypanosomes. Subsequently, we measured the effects of downregulation of two 
of the targets (HXK and PFK) on the expression of other glycolytic enzymes at the mRNA 
level.

The comparison of the dataset of Albert et al. [6] with the computer model of in vitro 
cultivated trypanosomes, showed that for ENO and PGAM, the results of Albert et al. 
were in good agreement with the simulations with the updated model from chapter II. As 
the PGAM results were used in the construction of the model (see chapter II), this fit is 

ih
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not informative, but the good agreement between experiment and model for ENO was not 
fitted and may reflect that in vitro kinetics give a good description of the in vivo role of 
ENO. 

In the HXK and PYK mutant the effect of downregulation of the target enzyme had a 
larger effect on the glucose flux measured in vitro than we found in our simulations. This 
discrepancy may be attributed to several factors.  First, the excess may be due to either an 
overestimation of the activities of the target enzymes in crude cell lysates, compared to 
those in intact cells, or to an underestimation of other enzymes.  Indeed, enzymes in crude 
lysates may be inhibited by compounds used in lysis buffers or (macro)molecules (such as 
nucleic acids) coming from other cell compartments.  Where possible, such effects have 
been taken into account [26].  Secondly, the activity of some enzymes may be regulated by 
mechanisms that have not yet been identified and therefore, were not included in the model.  
When cells and cell compartments are broken, and/or lysates diluted in the cuvette, such 
physiological regulatory mechanisms may get lost, consequently causing the discrepancy 
observed.  Research so far has shown a surprising apparent lack of mechanisms to regulate 
the activity of glycolytic enzymes in trypanosomatids.  Mechanisms operating in other 
organisms to stimulate or inhibit the activities of HXK and PFK are virtually absent in 
trypanosomes.  For example, only AMP has been identified so far as an allosteric activator 
of T. brucei and Leishmania donovani PFK [125,272,318].  This paucity of regulation has 
been attributed to the compartmentation of these enzymes inside glycosomes [29,200,291].  
Important activity regulation has only been observed for the cytosolic PYK.  However, as 
argued elsewhere [200], it is likely that regulation mechanisms have been overlooked.

For the HXK mutant, our own oxygen consumption measurements displayed no difference 
between trypanosomes with normal HXK levels (uninduced) or HXK levels that were 
reduced by 80% (induced). In bloodstream-form trypanosomes the oxygen flux corresponds 
virtually completely with the oxygen flux as oxygen is only used to reoxidize glycolytic 
NADH. Our finding is therefore in contrast to the glucose fluxes of Albert et al. [6], but 
in agreement with the model prediction. In chapter II we already discussed the differences 
between flux measurements in different laboratories and with different methods. We 
concluded that it is important to measure fluxes at cell densities that are within exponential 
growth phase (between 0.2-5x106 cells ml-1). In our oxygraph measurements we measure 
in samples taken from exponentially growing cultures. Our oxygen consumption flux was 
lower than our glucose flux reported in chapter II. This may be the result of centrifugation 
of the sample prior to the measurements, the high cell density in the oxygraph (~1x107 
cells ml-1 in order to get reproducible traces) and the buffer with only 5 mM of glucose 
that is used (in contrast to the 20 mM in culture). However, our oxygen flux is still 2-
fold higher than the glucose fluxes reported by Albert et al. (100 versus 50 nmol  
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min-1 mg protein-1). This may suggest that adverse effects due to the high cell densities are 
still limited in our experiments. Taken together the results from Albert et al. [6]  and our 
oxygraph measurements results confirm the model prediction that HXK is in excess in the 
bloodstream form trypanosome. It remains unclear how much in excess HXK actually is, 
but the overcapacity of HXK in bloodstream form trypanosomes renders it a less favourable 
drug target from a purely metabolic perspective.

Experimentally, a 35% downregulation of PFK had no effect on the flux, in agreement with 
the model. A further downregulation of PFK, however, had a much more dramatic effect 
on the flux than was predicted by the model (Fig. V.3). Direct comparison of mutant and 
model is impossible in this case, since the data from [6] showed that a decreased activity 
or expression of PFK caused a decrease in several other glycolytic enzymes (HXK, ENO, 
PYK), but not all (PGI, TIM). When we use the enzyme activities as measured 24 h post-
induction in the PFK RNAi mutant as an input for the model (i.e V

max
 levels for PFK, 

HXK, ENO and PYK respectively 47%, 75%, 70% and 60% of wild-type levels (see Fig. 
V.1B)) this hardly effects the glucose consumption (99.6% of wild type) or the pyruvate 
production (98.5% of wild-type) fluxes. The concomitant decrease of these other enzymes 
will thus not explain the discrepancy between the simulations and the measurements. One 
might speculate that the strong decrease of the flux in the PFK-RNAi mutant is due to 
the downregulation of other enzymes that were not measured in [6]. However, our own 
qPCR results showed no substantial downregulation of other glycolytic mRNAs. The 
most conspicuous change was the upregulation of the glucose transporter mRNAs, but 
these should lead to an increase rather than a decrease of the flux, if translated to active 
transporter: if we make a mutant model with only 26% of normal PFK activity (see Fig. 
V.3B), the flux decreased a bit from 90.14 (wild type) to 89.98 nmol min-1 (mg protein)-1. 
When, in this mutant model, we subsequently multiply the V

max
 of the glucose transporter 

by 7 (as suggested by the 7-fold increase of THT1 mRNA level, see Fig. V.5), the flux 
increased to 107.2 nmol min-1 (mg protein)-1. Interestingly, after the decrease in PFK and 
the increase in the V

max
 of the glucose transporter, the flux control of THT had become 

slightly negative (-4x10-3).

Albert et al. [6] concluded that the downregulation of other enzymes in the PFK-RNAi 
mutant took place at the level of the activities of these enzymes rather than at the level of 
their concentrations. They measured the concentrations of PYK and GAPDH by Western 
blotting and observed no changes (Fig V.1B, right panel).  For PYK this is in agreement 
with our qPCR measurements (Fig. V.5B), as we observe no significant (more than 2-fold) 
change of PYK mRNA within the first 24 h. Strikingly, HXK mRNA levels increased (Fig 
V.5B), while activity levels have dropped (Fig. V.1B, right panel). This could be attributed 
to the different strains that were used in the Albert-paper and in this study respectively. 
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An alternative explanation may be that a HXK activity decrease stimulates increased 
transcription of its gene. 

When other enzymes were targeted by RNAi no or limited effects were seen on the 
expression of other enzymes in the first 24 h. After 24 h, however, several mutants showed 
a downregulation of some other enzymes. In the case of ENO-RNAi there was a slight 
downregulation of other enzymes already at 24 h. In none of these mutants the mechanism 
that triggers this downregulation, is known.

In Chapter I, I discussed the importance of adaptations of gene expression on the validity 
of drug targets. In this perspective it will be important to test whether specific inhibitors 
(rather than RNAi) evoke similar effects. Especially the PFK mutant is promising in 
this respect as a downregulation of other enzymes was observed rapidly after the onset 
of RNAi. However, the upregulation of the glucose transporters may be a compensatory 
response which, in view of the high control exerted by glucose transport, could counteract 
the effect of potential inhibitiors. In the next chapter we will further investigate the effect 
of gene-expresssion adaptations to drug-target validation.



VIA domino effect in drug action: 
From metabolic assault towards 
parasite differentiation 

The awareness is growing that drug-target validation should involve systems analysis of cellular 

networks. There is less appreciation though, that the composition of these networks may change 

in response to drugs. If the response is homeostatic (e.g. through upregulation of the expression of 

the target protein), this may neutralize the initial inhibitory effect. In this scenario the required drug 

dosage would be higher than anticipated based on the affinity of the drug for its target.

Glycolysis is the sole source of free energy for the deadly parasite Trypanosoma brucei and is therefore 

a promising target pathway for anti-trypanosomal drugs. Plasma membrane glucose transport exerts 

high control over trypanosome glycolysis and hence the transporter is a promising drug target. Here 

we show that inhibition of trypanosome glucose transport at high inhibitor concentrations causes cell 

death, while sublethal concentrations initiate a domino effect in which network adaptations enhance 

the primary inhibition via (i) metabolic control exerted by the target protein, (ii) downregulation 

of the expression of the target protein and other proteins in the same metabolic pathway and (iii) 

differentiation of the cells leading to expression of an immunogenic insect-stage coat protein.  These 

‘anti-homeostatic’ responses together should lower the required drug dosage.

This study may open a new avenue in systems-biology based drug target discovery, aiming at tricking 

parasites into lethal adaptation strategies. Importantly, our results exemplify the importance of 

monitoring the adaptations of cellular networks in drug target validation, as they may either potentiate 

or counteract the primary inhibition. 
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VI.1 Introduction

Living organisms are robust against various external perturbations because they have 
homeostatic response mechanisms. For a new drug target to be promising therefore, it must 
not only control pathogen survival at short timescales, but it must also be an exception to 
the rule of homeostatic adaptation: it is important that the pathogen does not adapt to the 
inhibition by enhancing the expression level of the target. Because adaptation may involve 
various aspects of regulation, target validation requires a systems biology approach which 
integrates metabolic, signaling and gene-expression networks [5]. Of the few successful 
network-based studies that exist [314], none addresses the potential adaptation of the 
network.

Trypanosoma brucei causes the deadly African sleeping sickness in humans and the 
related disease ‘nagana’ in cattle. As currently available drugs are inadequate and toxic 
while drug resistance is increasing rapidly, new and more selective medication is needed 
[38]. The parasite is transmitted by the tse-tse fly and undergoes a complex life cycle. 
After growing to a certain density in the mammalian bloodstream, the proliferating ‘long-
slender’ bloodstream forms differentiate into non-dividing ‘short-stumpy’ trypanosomes. 
The short stumpies differentiate further into the ‘procyclic’ (insect) cells in the midgut of 
the tse-tse fly after the latter has taken a bloodmeal [281].

As the sole source of free energy in bloodstream-form T. brucei,  glycolysis is a prominent 
drug target [429].  Previously, we combined Metabolic Control Analysis [205,240], 
a theoretical framework to analyze the relative importance of each protein for cellular 
fluxes, with computer modeling and experimentation [6,27,28] to study which enzyme(s) 
control(s) glycolytic flux in trypanosomes. We demonstrated that glucose transport through 
the plasma membrane is the dominant factor controlling the free-energy metabolism (the 
ATP synthesis flux) of African trypanosomes.  The amino-acid sequence of the trypanosome 
glucose transporter is only ~19% identical and 42% similar to that of the human erythrocyte 
glucose transporter GLUT1 [78], implying that the network specificity might be enhanced 
by molecular specificity of drugs. This made the glucose transporter a promising drug 
target from the perspective of a non-adaptive network.  

However, the possibility of homeostatic adaptation via gene expression had not been 
addressed. Trypanosomes hardly regulate transcription. Yet they do regulate mRNA 
processing and translation [111,195]. The aim of the present study was to link the metabolic 
response of the parasite to adaptations via gene expression, growth and differentiation. 
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In this chapter, we show that while high concentrations of glucose transport inhibitors kill 
trypanosomes, sublethal concentrations evoke a multilayered adaptation of the network. 
Unexpectedly, this adaptation is not homeostatic, but rather potentiates the effect of the 
primary inhibition.

VI.2 Material and methods 

Strains and cultivation
Monomorphic bloodstream-form T. brucei of cell line 449 (a derivative of strain 427 [56]) 
were cultivated as described in chapter II.

Monomorphic procyclic T. brucei of 449 cells were cultivated in SOGG-medium (a non-
glucose formulation of SDM-79 [177]), supplemented with 10 mM glucose (V/V), 10% 
FCS and 0.5 μg/ml phleomycin at 5% CO

2
 and 28ºC.

Inhibition
Phloretin, 2-deoxy-D-glucose (2-DOG) and Concanavalin A (ConA) were purchased from 
Sigma.

Phloretin was dissolved in 70% ethanol; 2-DOG and ConA in demineralised water. Final 
concentrations of ethanol were always below 0.7% and the highest concentration was used 
in the control cultures.

Increasing cell densities decreased the sensitivity of the cells to phloretin. At constant cell 
density (8⋅105 cells/ml in our experiments), phloretin treatment gave reproducible effects 
for a given concentration. We used similar cell densities in 2-DOG experiments.

Quantitative PCR
qPCR was done as described in chapter V.

Metabolite assays
Glucose and pyruvate were measured by HPLC [355] as described in chapter II. We found 
only small amounts of glycerol produced and no production of succinate or acetate. ATP 
and ADP levels were measured with a luciferase assay as described previously [350].

Citrate synthase activity assay
~3x108 cells were washed twice in ice cold PBS (140 mM NaCl, 2.7 mM KCl, 10.1 mM 
Na

2
HPO

4
, 1.8 mM KH

2
PO

4
) and resuspended in 0.5 ml PBS. Cells were lysed using 0.6 g 

ml-1 of acid-washed glass beads (425-600 µm, Sigma) in a Thermo Savant FastPrep FP120 
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Homogenizer (4 cycles of 5 s, speed 6.0, with cooling on ice between cycles for at least 1 
min). Cell lysate was transferred to a new tube, centrifuged (maximum speed, at 4 ºC) and 
supernatant was used to measure citrate synthase activity. Citrate synthase (E.C. 2.3.3.1) 
was measured in an automated spectrophotometer (Cobas FARA, Roche) at 412 nm, with 
an assay modified from [299]. Final concentrations in the assay mixture were 100 mM 
Tris-HCl (pH 8.0), 0.1 mM oxaloacetic acid; 0.1 mM 5,5’-dithio-bis(2-nitrobenzoic acid 
(DTNB) and 40 mM KCl. The reaction was started by addition of 0.5 mM acetyl-CoA 
and the increase in A

412nm
 (due to conversion of DTNB to TNB) was followed in time. 

Activities were determined from the linear part of the A
412nm

-curves, based on an extinction 
coefficient for DTNB at 412 nm of 13.6 mM-1 cm-1. Enzyme activities were normalized to 
the protein contents of the cell extracts, based on a BCA protein assay (Pierce)

VI.3 Results

Chemical inhibition of glucose transport leads to a decrease of glycolytic flux and growth 
rate of trypanosomes
To study the effects of glucose-transport inhibition beyond metabolism, we inhibited 
glucose transport with either phloretin [27] or 2-deoxy-D-glucose (2-DOG) [394], two 
chemically non-related inhibitors. We used inhibitors rather than more specific techniques 
such as RNA interference (RNAi), to prevent suppression of the anticipated homeostatic 
adaptation at the glucose-transporter level.

Figure VI.1 Glycolytic flux upon inhibition by phloretin
Glycolytic flux (measured as the specific pyruvate production flux) in bloodstream form trypanosomes 
after 24 h exposure to various phloretin concentrations. 
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Phloretin reduced the glycolytic flux (Fig. VI.1) and the specific growth rate (Fig. VI.2A) 
of bloodstream-form trypanosomes. 2-DOG gave similar results (Fig. VI.2B).  Above 100 
μM phloretin the cells started dying within the first 24 h, although the glycolytic flux 
was only inhibited by 50% (Fig. VI.1). The latter result was not specific for inhibition of 
glucose transport, but was also found for various glycolytic enzymes. A compilation of 
results obtained with RNAi of various glycolytic targets and those of the phloretin and 2-
DOG experiments shows that a partial (30-50%) inhibition of the glycolytic flux sufficed to 

Figure VI.2 Effect of inhibition of glucose transport on the specific growth rate of trypanosomes
Specific growth rate (µ) as determined in the first 24 h after inhibition by various concentrations of phloretin 
(A) or 2-DOG (B). The negative growth rates should be interpreted as death rates. Further experiments 
were all done at 100 µM phloretin or 12.5 mM 2-DOG, doses at which the cells remain alive but hardly 
grow. 
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Figure VI.3 Relation between growth rate and glycolytic flux in trypanosomes with impaired activities of 
glycolytic enzymes or glucose transport.
Specific growth rates plotted against specific pyruvate production flux (= glycolytic flux) after 24 h 
inhibition with various concentrations of phloretin (▼) or 2-DOG (  ) (this chapter), RNAi against several 
glycolytic enzymes (°) ([6] and unpublished data P. Michels) and a knock-out of the alternative oxidase 
(●) [208]. Percentages were calculated relative to control cultures in the same experiment. For phloretin, 
data of Fig. VI.1 and VI.2A were combined.

Legend Figure VI.4 Effect of phloretin and 2-DOG on gene expression
(A) mRNA levels in bloodstream-form trypanosomes after 48 h inhibition by 100 µM phloretin or 12.5 
mM 2-DOG as compared to expression before inhibition. For phloretin the error bars indicate the SEM 
of three independent experiments.  For PRODH, the error was not SEM, but a standard deviation of two 
experiments. EP was only measured in the 2-DOG-treated cultures.
(B) mRNA fold-changes for cultures treated with 100 µM phloretin or 12.5 mM 2-DOG compared to 
uninhibited cultures after 24 h after 48 h. Colour-coding: green = two-fold or more upregulated; red = two-
fold or more down-regulated; yellow = less than two-fold change. n.d. = not determined
The standard error of the mean (SEM) was calculated for three independent experiments
For PRODH, the error was not SEM, but a standard deviation of two experiments. 2-DOG: 2-deoxy-
d-glucose; ALD: aldolase; AOX: alternative oxidase; CS: citrate synthase; ENO: enolase; EP: EP-
procyclin; HXK: hexokinase; G3PDH: glycerol-3-phosphate dehydrogenase; GAPDH: glyceraldehyde-
3-phosphate dehydrogenase; PGAM: phosphoglycerate mutase; PGK: phosphoglycerate kinase; 
PFK: phosphofructokinase; PGI: phosphoglucoisomerase; PYK: pyruvate kinase; PPDK: pyruvate 
orthophosphate dikinase; PRODH: proline dehydrogenase; THT: trypanosome hexose transporter; TIM 
triosephosphate isomerase.
(C) Citrate synthase activity was measured in procyclic cultures (PF ; n = 2), in ethanol-treated (control) 
bloodstream-form cultures (BF ; n = 4) and in bloodstream forms exposed for 48 h to a (sublethal) dose of 
either 100 µM phloretin (n = 2) or 12.5 mM 2-DOG (n=4). 
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Figure VI.4 Effect of phloretin and 2-DOG on gene expression
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block growth (Fig. VI.3). A further inhibition of the pathway caused cell death. The growth 
inhibition by phloretin was reversible during the first 24 h (Supplemental data Fig. VI.S1).

Inhibition by phloretin or 2-DOG evokes a gene expression response in bloodstream-form 
T. brucei 
Subsequently, we studied the expression levels of glycolytic enzymes in cells treated 
with sublethal concentrations of phloretin or 2-DOG by qPCR. Unexpectedly, the THT1 
mRNA, encoding the major glucose transporter in the bloodstream form, was down rather 
than upregulated after inhibition of glucose transport (Fig. VI.4A). Hence, the parasites 
did adapt, albeit not homeostatically, but in a way that aggravated their situation. Further 
analysis revealed a general downregulation of mRNAs encoding glycolytic enzymes that 
are expressed in bloodstream-form trypanosomes (see e.g. pyruvate kinase (PYK) in Fig 
VI.4A and the complete dataset in Fig VI.4B).  However, typical procyclic isoforms of the 
glucose transporter (THT2) and of phosphoglycerate kinase (PGKB) were up-regulated 
in contrast to their bloodstream-form counterparts THT1 and PGKC, respectively. The 
expression of PGKB was surprising, since this isoform has another subcellular localization 
than PGKC and its expression is normally toxic in bloodstream-form trypanosomes [62]. 

Figure VI.5 Expression of procyclic features upon inhibition of glucose transport
(A) Cell numbers of bloodstream-form cells under procyclic culture conditions. Closed symbols show two 
independent cultures of untreated trypanosomes; open symbols represent two independent cultures pre-
treated with 100 µM of phloretin for 48 h. After two washes in inhibitor-free procyclic medium cells were 
inoculated in procyclic medium at 28 ºC at t = 0 h.  
(B) The percentages of cells that survived a 24 h treatment with ConA are expressed relative to the survival 
in identical cultures without ConA. Numbers below the graph denote the duration of the pre-treatment with 
phloretin. In the inhibited cultures phloretin remained present throughout the experiment.  BF: bloodstream 
form; PF: procyclic form. 
Error bars reflect standard error of the mean (SEM; n=3). For PF, n=1.
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It is unlikely that the increased mRNA levels of THT2 can compensate for the decreased 
expression of THT1: the absolute change is much larger for THT1 since its initial level 
is 40-fold as high as that of THT2 [79]. Moreover, growth of procyclic trypanosomes 
was inhibited by phloretin (data not shown), suggesting that also the procyclic glucose 
transporter THT2 is sensitive to the inhibitor.

Glucose transport inhibition evokes (partial) differentiation
The above results hinted that the phloretin- or 2-DOG-treated cells had entered into a 
differentiation program towards the procyclic stage. Indeed, mRNAs encoding typical 
procyclic enzymes displayed increased levels in the phloretin or 2-DOG treated 
bloodstream-form cells. These included the Krebs cycle enzyme citrate synthase (CS), 
pyruvate orthophosphate dikinase (PPDK) and proline dehydrogenase (PRODH) (Fig. 
VI.4A and B). 

To test whether the mRNA changes were reflected by changes at the level of functional 
proteins, we measured citrate synthase activity. Indeed, the citrate synthase activity was 
low in untreated bloodstream forms. However, after 48 h inhibition of glucose transport 
the citrate synthase activity was 3.5 times as high as in control cultures and even higher 
than in procyclic T. brucei (Fig. VI.4C). Furthermore, phloretin-treated bloodstream-form 
cells survived incubation under procyclic culture conditions (i.e. in a procyclic culture 

Figure VI.6 [ATP]/[ADP] ratio in untreated and phloretin-inhibited bloodstream-form trypanosomes
Symbols denote: (●) untreated; (°) 50 µM phloretin; (  ) 100 µM phloretin. Values represent averages ± 
standard deviations of two independent cultures.
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medium at 28 ºC), while untreated bloodstream-form cells died (Fig. VI.5A). As a control 
we subjected the untreated bloodstream-form cells to a temperature downshift from 37 to 
28 ºC. Under those conditions the cells survived, although they almost stopped growing 
(Fig VI.S2A). This result excluded the possibility that the death of untreated trypanosomes 
under procyclic culture conditions was just a result of the change in temperature. Together, 
these findings suggested that the cellular make-up of the phloretin-treated bloodstream 
form resembled that of the procyclic cells.

When trypanosomes differentiate from the bloodstream to the procyclic form, not only the 
expression of metabolic enzymes, but also that of their surface-coat proteins changes. The 
plasmamembrane of long-slender trypanosomes living in human blood is shielded from the 
immune system by a dense coat of variant surface glycoproteins (VSGs).  One type of VSG 
is expressed at a time, but an individual parasite can have its complete surface coat altered 
when a different VSG gene ends up in the active expression site [71]. This individual and 
its progeny then express the new VSG and evade the immune attack. Upon ingestion by 
the tse-tse fly, the VSG coat is shed and replaced by a less dense coat of EP and GPEET 
proteins of the procyclin family [189,408,425]. 

We investigated whether the procyclic features expressed by the phloretin- or 2-DOG 
treated cells also encompassed the surface coat. Indeed, the mRNA encoding EP1 came 
up after glucose-transport inhibition (Fig. VI.4A and B). In procyclic trypanosomes the 
glycosylated EP1 and EP3 proteins bind the lectin Concanavalin A (ConA), which then 
kills the cells via an unknown mechanism [231,336]. Bloodstream-form trypanosomes do 
not normally express procyclin proteins and are resistant to ConA-killing.  However, they 
became sensitive to ConA after glucose-transport inhibition.  Some 20-30% of the cells died 
from exposure to ConA after pretreatment with phloretin (Fig. VI.5B), suggesting that they 
had altered their coat proteins. Furthermore, bloodstream-form cells that, after treatment 
with phloretin, had been incubated in procyclic medium and culture conditions, were also 
killed by ConA (Fig. VI.S2B). In vivo even a partial replacement of the surface coat by 
invariable EP proteins should make the cells more susceptible to the immune system. 

Probing the signal for differentiation
We tried to determine the metabolic signal that triggers differentiation in response to glucose 
transport inhibition. A lowered [ATP]/[ADP] ratio may be excluded, since the [ATP]/[ADP] 
ratio did not change (Fig. VI.6). Conditional knockdown of the next enzyme of the pathway, 
hexokinase (HXK), led to upregulation rather than downregulation of THT1 in the first 24 
h (see chapter V Fig. V.5A). However, after 48 h, THT1 mRNA levels had returned to initial 
levels. These results are compatible with intracellular glucose as the molecule that initiates 
the signal cascade, but more detailed dynamics are required.
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VI.4 Discussion 

In a network-based approach to identify and validate a new drug target within trypanosome 
glycolysis, we have systematically investigated first the metabolic responses [27,28] and 
subsequently (this chapter) the gene-expression response that follows inhibition of the 
glucose transporter. Instead of homeostatic adaptation, inhibition of glucose transport 
initiated a domino effect that rendered the parasite increasingly vulnerable: first a decrease 
in the glycolytic flux via metabolic control, then a downregulation of the mRNAs encoding 
the glucose transporter and most other glycolytic enzymes and an alteration of the parasite’s 
coat. 

The finding that we observe only a partial differentiation upon glucose transport inhibition, 
as the phloretin-treated bloodstream cells do not divide under proyclic culture conditions 
(Fig VI.5A), may be due to the fact that we have used a monomorphic strain which cannot 
complete a full life cycle. It divides in an uncontrolled manner in mammalian hosts or 
cell culture, but does not differentiate into the intermediate growth-arrested stumpy forms 
[281]. If even a differentiation-impaired monomorphic bloodstream form displays procyclic 
antigens at the cell surface when confronted with sublethal inhibition of glucose transport, 
we may anticipate that wild-type, pleiomorphic strains will exhibit an even stronger 
response.  Procyclic antigens on the cell surface of the bloodstream-form trypanosomes 
should make the cells more susceptible to the immune system in the context of the human 
host. The ConA-sensitive mannose residues on the EP proteins [231,336] may be recognized 
by the mannan-binding lectin of the innate immune system. Even a partial replacement of 
the VSG coat by EP proteins may allow the adaptive immune system to circumvent the 
parasite’s antigenic variation.  Thus immune defenses against these coat proteins should 
kill the cells if they survive inhibition of glycolytic ATP synthesis.

Alterations of coat-protein expression have been observed before when monomorphic 
bloodstream-form cells were transferred to glucose-poor medium supplemented with 
glycerol [292] or when glucose transporter expression was impaired in procyclic 
trypanosomes by RNAi [301]. Our result that such a response can be evoked by glucose-
transport inhibition, links this phenomenon to drug-target identification. Seemingly the 
cells are misled by the low glucose influx and respond as if they are in the glucose-poor 
environment of the tse-tse fly, by switching on their differentiation program.

Systematic studies of the adaptations of cellular networks of hosts and parasites (or tumour 
cells [223]) should become part of the early stages of drug-target validation if we are to 
deliver effective drugs at low doses with minimum side-effects.  Besides identifying cases 
where a homeostatic response of the parasite would incapacitate the drug (enabling an 
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early defocusing from that target), it may also reveal more cases like the present one, in 
which the cellular response is anti-homeostatic. If such an anti-homeostatic response is 
absent from the human host, the prospects for enhanced specificity of drugs against such 
targets are substantial.

Supplemental data to chapter VI

Figure VI.S1 Reversibility of growth inhibition
Each panel shows the average specific growth rate of the cultures during three consecutive intervals. + and 
- indicate the presence or absence of 100 µM of phloretin, respectively. 
At the beginning of the second interval, + cultures were washed twice with inhibitor-free medium prior to 
re-inoculation at 37 ºC in medium with (+) or without (-) phloretin. Control cultures (most left panels of 
each culture) were only monitored during the first interval. 
From the results we conclude that growth inhibition by phloretin is reversible during the first 24 h. After 48 
h of exposure to phloretin, the inhibition of the growth rate has become irreversible (data not shown)



From metabolic assault towards parasite differentiation 163

Figure VI.S2 Transfer of bloodstream-form trypanosomes to insect form (procyclic) growth conditions
Phloretin-treated bloodstream cells growing at 37 ºC were subjected to growth conditions that are normally 
used for the cultivation of procyclic trypanosomes. The procyclic medium is SOGG (a glucose-depleted 
version of SDM-79 [177] supplemented with 10 mM glucose and procyclic cells are grown at 28 ºC.
(A) Growth of bloodstream-form cultures in bloodstream-form medium HMI-9. Closed symbols indicate 
cultures grown at 37 ºC. The arrow indicates the moment of splitting of the cultures; open symbols show 
growth at 28 ºC.
(B) Closed symbols show untreated trypanosomes; open symbols represent cultures pre-treated with a 
sub-lethal dose of phloretin for 48 h. After two washes in inhibitor-free procyclic medium, the cells were 
inoculated in procyclic medium at 28 ºC at t=0 h. These cultures were diluted to 2x106 cells ml-1 at 24 and 
96 h to ensure sufficient substrate availability. At 96 h 5 µg/ml of concanavalin A was added to the culture 
marked with 
The phloretin-treated bloodstream cells survived incubation in a procyclic culture medium, while untreated 
cells died. From these results we conclude that the phloretin treatment triggers the bloodstream cells to 
pre-adapt for growth on procyclic medium. The death of untreated cells at procyclic growth conditions 
(Fig VI.5A) is not due to the temperature shift (Panel A of Fig VI.S2), and must therefore be attributed to 
the composition of the medium. The fact that our treated cells did not grow, but just survived in procyclic 
medium, is probably due to the fact that we used a monomorphic laboratory strain which cannot complete 
a full life cycle.

B





VIIGeneral Discussion

There were two main goals to the work of this thesis: One aim was to enhance multi-level understanding 

of glycolysis in Trypanosoma brucei within the network in which it operates: the living and growing 

cell. Our final goal was to use systems level understanding of pathways (and whole cells) for a 

rational, stepwise network-based approach to drug target selection and design.

In this chapter I will discuss how the work in this thesis has contributed to fulfilling these aims. 



Chapter VII166

VII.1 System level understanding of cellular pathways; the case of T. 
brucei glycolysis

Understanding T. brucei glycolysis in the context of the growing cell
To increase understanding of how pathways function inside a complex, living cell it is 
important to use tools to study pathways under relevant conditions. For the work in this 
thesis, we have chosen glycolysis in the parasite T. brucei as an example. Glycolysis is 
the only source of ATP when the parasite is in the mammalian bloodstream and for the 
systems-based study of T. brucei glycolysis we combined the in vitro culture system 
for trypanosomes with the kinetic computer model based on experimental data that was 
constructed in our lab [26]. This model is a powerful addition to our toolbox as it can 
be used to simulate changes in the network that are technically difficult or impossible 
(e.g. because of the lack of selective inhibitors that can reach the target) to investigate 
experimentally. Of course, the computer model can also be used to generate hypotheses 
that are experimentally accessible. Experimental information from these tests as well 
as new experimental findings can be included in the model when sufficient quantitative 
information is available. 

To be able to make relevant comparisons and exchange information between model and 
experiment, the two systems should have a common denominator. Earlier versions of the  
model [26] were made on the basis of parameters and kinetics determined experimentally 
under uniform in vivo-like conditions. The parameters were measured in batches of 
trypanosomes isolated from infected rats. An important difference between those batches 
and the culture system that is now predominantly used in research, is that in the latter 
trypanosomes are able to proliferate ex vivo, while in the former they are not. Growth is an 
important parameter to monitor as it is essential for survival inside the mammalian host. 
We do not expect important differences in the affinities for substrates, products and other 
effectors of the glycolytic enzymes between the stationary batches and the in vitro cultured 
cells with respect to the glycolytic enzymes. However, intracellular concentrations of the 
enzymes may differ as a result of altered expression under the new culture conditions. 
Therefore, in the update described in chapter II, we changed the capacities of the enzymes 
(V

max
-values) with those measured in lysates of in vitro growing trypanosomes. While in 

the preparation of lysates important interactions may have been lost, this is the closest to 
the relevant cellular values we can currently get. In addition, we expanded the in silico 
network with two missing enzymes for which kinetic information had become available 
and we updated some affinity constants based on new and more precise data (for glycerol 
kinase and phosphoglycerate kinase (PGK)).
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A strong connection between model and experiment might be hampered by the difference 
in complexity between our in vitro and in silico systems: inside the cell glycolysis is 
connected to other pathways; in the model it is an isolated pathway. Two lines of evidence 
from this thesis (chapter II) show that we can also treat the in vitro pathway as an ‘isolated’ 
pathway: (i) At low concentrations of external glycerol and at aerobic conditions, the ratio 
of glucose consumption and pyruvate production is 1:2, as expected from the stoichiometry 
and literature on non-growing cultures [159] and (ii) when we studied the fate of radio-
labelled glucose we observed that virtually all carbon ends up in pyruvate. Thus branch 
fluxes are negligible. I therefore considered the experimental system as a suitable system 
for the validation of model predictions.

Every computer model needs to be validated with experimental data that were not used in 
the construction of the model. The work in this thesis describes three tests of the updated 
model: (i) we calculated the effect of glycerol on the anaerobic glucose consumption flux 
(chapter II), (ii) we tested the metabolic effects of large changes in individual enzyme levels 
(chapter V) and (iii) we tested experimentally the model prediction that the glycosome 
keeps glycolysis in check in the presence of the substrates glucose and glycerol (chapter 
III).

Firstly, the sensitivity of the anaerobic glycolytic flux for external glycerol under anaerobic 
conditions was tested.  In the computer model 380 µM inhibited the glucose consumption 
flux by 50% (Fig. II.3).  This is closer to the experimentally measured value of 800 µM 
[166] than in the previous model version, which predicted 50% inhibition already at 75 µM 
of glycerol [28].

Secondly, we set out to determine whether the flux control distribution in the model 
reflects reality. The distribution of flux control over the different glycolytic enzymes 
did not change much after the update, although some control shifted to the enzymes that 
were introduced. The high flux control (~0.4) of the glucose transporter has already been 
validated experimentally and its experimental flux control coefficient was used for a small 
adjustment of the glucose transporter V

max
 in the new model. In the future, the V

max
 of the 

transporter should be re-measured in the cultivated trypanosomes. 

To test the control of the other enzymes experimentally, ideally one would want to 
modulate enzyme activities by inhibitor titrations. While specific inhibitors for several T. 
brucei enzymes do exist (see section I.2.4) it is difficult to target the enzymes inside the 
cell, especially for the glycosomal enzymes. Furthermore, many enzyme inhibitors are 
designed based on substrate analogy and this hinders monitoring the enzyme activity after 
inhibition. 
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There is a dataset available by Albert et al. [6] containing flux data and enzyme activities 
after RNAi against glycolytic enzymes. Albert et al. decreased the enzyme activities of 
HXK, PFK, PGAM, ENO or PYK in inducible RNAi-strains and measured growth, enzyme 
activities and fluxes over time. RNAi destroys the mRNA of a gene and this generally leads 
to large decreases in enzyme activities. For this reason RNAi mutants cannot be used for 
precise determination of control coefficients, which by definition, deal with small changes 
to the enzymes (see eq. I.2). Fortunately, we can also simulate large changes of enzymes 
in the metabolic model. We therefore compared the dataset of Albert et al. to such model 
simulations of large changes.  This comparison gives information on whether the enzyme 
activities used in the model are a good reflection of the in vivo situation. For the experimental 
dataset we used the 24 h timepoints, as RNAi needs some incubation time.  For the RNAi-
strains that only showed a decrease in the targeted enzyme (e.g. HXK, PGAM, ENO and 
PYK) over the first 24 h, we observed a good fit between model and experiment (Chapter V). 
However, for PFK-RNAi the effects on the flux were markedly larger in the experiments.  
But in this RNAi-strain, more enzyme activities were affected within the first 24 h (Fig. 
V.1B). If we include those observed changes in the model simulation, this does not improve 
the prediction. It could be that the PFK V

max
-value is an overestimation of reality, but as not 

all glycolytic enzyme activities were monitored it is more likely that a concomitant change 
in other, not measured enzymes explains the strong in vivo effects. An important candidate 
that can affect these results is a change in the activity of the glucose transporter. Monitoring 
the activities of all glycolytic enzymes simultaneously and simulation of these changes in 
the model can answer the question whether changes in other enzymes are responsible for 
the observed effects or if there are regulatory mechanisms in trypanosome glycolysis that 
are yet unknown.

Finally, the work in chapter III experimentally confirms the controlling role of the glycosome 
in preventing a metabolic explosion. This is an important example of how a model can 
answer questions that are technically difficult to address: The metabolic effects of removal 
of the glycosomal membrane in silico were already described in the year 2000 [29], but 
until conditional trypanosome mutants with impaired glycosomal import were constructed 
[177,306], this organellar regulation of the activities of HXK and PFK in trypanosome 
glucose metabolism and of the activity of glycerol kinase could not be tested. In chapter 
III, we used these conditional mutants and proved the model prediction that without a 
glycosome glucose 6-phosphate accumulates when glucose is present and that glycerol 
3-phosphate accumulates when glycerol is given in the absence of a glycosome.  In silico 
modelling revealed the metabolic mechanism and guided the research to what should be 
measured to probe the mechanism experimentally. 
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This finding further strengthens the glycosome as a target for drugs. With respect to drug 
dosage, it will be relevant to model how permeable the glycosome should become (in 
terms of the rate of metabolite transfer across the glycosomal membrane) in order to evoke 
the turbo-explosion. Furthermore, even though in other organisms the hexose kinases are 
controlled by product inhibition, this in itself does not exclude role for compartmentation 
there. In the respiratory chain of the mitochondrion of those organisms vast amounts of ATP 
are produced. If this huge excess of ATP would be immediately accessible to the hexose 
kinases, this may still pose turbo-problems. One might speculate that compartmentation 
and product inhibition together yield an enhanced robustness against the consequences of 
the turbo design. In silico this idea could be tested in the core model that was constructed 
for yeast [397].

The glycosomal enzymes are synthesised in the cytosol. As wild-type trypanosomes do 
not have a turbo-problem, how are the activities controlled when the enzymes are in the 
cytosol? Previous studies have shown that glycosomal proteins are folded and active prior to 
import into the glycosomes. Experiments with a fusion protein consisting of dihydrofolate 
reductase (DHFR) and the import signal of PGKC [204] showed that glycosomal proteins 
can be transported into glycosomes in a folded state: Methotrexate and the membrane 
permeable aminopterin are folate analogues and bind with high affinity to dihydrofolate 
reductase (DHFR), stabilizing its folded state and thereby inhibiting unfolding [158]. 
Similar to experiments in yeast, in trypanosomes, a DHFR fusion protein targeted to 
the mitochondrion will not reach its target organelle upon addition of a folate analogue 
(showing that mitochondrial proteins are transported in an unfolded state), while DHFR-
PGKC does get imported into glycosomes in the presence of aminopterin. Cytosolic activity 
may be prevented by shielding off the active site of the enzyme or a different, inactive 
conformation might be stable in the cytosol because of different conditions (pH, Mg2+). 
Alternatively, transport into the glycosomes may be relatively fast, rendering cytosolic 
concentrations, and hence activities, marginal. 

Networks can change through gene expression
The T. brucei glycolysis model thus clearly demonstrates how useful a model can be to 
enhance network-understanding of a cellular pathway. However, it is currently limited to 
the metabolic level. The regulation of the expression levels of glycolytic enzymes is not 
included. In reality, cellular pathways are not static as the concentrations of enzymes can 
change through altered gene expression. The results in chapters V and VI of this thesis 
show that modulations of the activities of glycolytic enzymes of T. brucei may result in 
gene expression changes. As our measurements were mostly done at the mRNA level, 
we do not yet know for all transcript changes whether they lead to functional changes at 
the protein level. However, in chapter VI we demonstrated for two cases that the protein 
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level followed the changes we observed on the transcript level:  Firstly, sublethal glucose 
transport inhibition resulted in increased expression of citrate synthase mRNA (CS), which 
correlated with increased CS-activity. Secondly, we observed in the same set of experiments 
that glucose-transport inhibited bloodstream-form trypanosomes became sensitive to 
killing by concanavalin A (ConA). In procyclic trypanosomes the glycosylated EP1 and 
EP3 proteins bind the lectin Concanavalin A (ConA), which then kills the cells via an 
unknown mechanism [231,336].  As untreated bloodstream-form cells are ConA-resistant, 
this indicates that also the detected EP-procyclin mRNA was translated into protein. 
Finally, there are levels beyond the mRNA and protein level, i.e. the level of covalent 

Table VII.1 Changes in enzyme concentrations and activities in procyclics as compared to 
bloodstream forms 

enzyme Aman and Wang, 1986 
[13]a

Hart, 1984 
[203]b

other papers BF->PF 449 
(chapter III)d

concentration activity activity concentration activity activity

HXK -82% -96% -93% -96% [238] -89%

PGI -55% -81% -82% -85% [238] -59%

PFK -53% -92% -80% -70%

ALD -90% -79% -64%c -99%

TIM -3% -40% +38% +12%

G3PDH +12% -28% +3% +38%

GK n.d. -93% +28% no change, mRNA 
is down [379]

+70%

GAPDH -43% -44% -91%

ENO -78%[201]

PYK -75%[155],-71% 
[238]

-98%

PPDK +*[80]

CS +690% [238]

An overview of the quantitative differences in enzyme concentrations and activities of glycolytic enzymes 
in procyclics (PF) as compared to bloodstream-form (BF) trypanosomes. The results are from literature 
(see references in table) and as measured in the cell lines we have used (last column; a comparison of the 
results in [6] and Table III.S1). The enzyme activities were measured at similar temperatures within each 
study, so these observations are not temperature-dependent. Changes were calculated by by taking the 
value in the bloodstream form as 100%.
a monomorphic strain EATRO 110, measured in purified glycosomes, all enzyme assays at 37 ºC 
b strain 427, value for homogenate is given, glycosomal fraction gave similar results
c authors note that activity in BF is low due to endogenous inhibitor; the value for the  glycosomal fractions 
is -97%, which suggest that it is a cytosolic inhibitor.
d BF values measured at 25 ºC (from [6]), PF values were measured by us at 28 ºC
* not detectable in BF
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modification of proteins.  The results of Albert et al. [5] suggest that some trypanosome 
enzymes are regulated at the level of their specific activity: when PFK was down-regulated 
by RNAi, this resulted in the concomitant decrease in activity of PYK, while PYK protein 
levels were unaffected. Future research should elucidate the molecular mechanism behind 
this phenomenon.

In trypanosomes, the life-cycle is a marked example in which cellular networks are 
remodelled to survive in a distinctly different host. This is mainly clear in metabolism 
(carbon metabolism gets extended with parts of a Krebs cycle and a more elaborate 
respiratory chain) and in the expression of coat proteins (from variable VSG-expression in 
the bloodstream-form cells to the more rigid procyclins on the membranes of the insect-
stage (procyclic cells)). Differences in the levels of glycolytic protein in the life cycle of 
the parasite have been the subject of many previous research papers. In the 1980s the levels 
of proteins in bloodstream-form and procyclic trypanosomes were compared. Table VII.1 
presents a summary of the results of earlier studies and of our measurements in cultured 
bloodstream-form and procyclic trypanosomes (Table III.S1). The data show that several 
glycolytic enzymes (HXK, glucose-6-phosphate isomerase (PGI), PFK, ALD, ENO and 
pyruvate kinase (PYK)) are downregulated during the transition from the bloodstream to 
the procyclic stage, while typical ‘procyclic’ enzymes such as pyruvate orthophosphate 
dikinase (PPDK) and CS, are up-regulated strongly. For other enzymes, (triosephosphate 
isomerase (TIM), glycerol-3-phosphate dehydrogenase (G3PDH) and glycerol kinase 
(GK), the studies appear to contradict each other, showing up-regulation in one and down-
regulation in others. This may be due to different strains of T. brucei that have been used, 
but also to different experimental or cultivation conditions. 

The examples above (from this thesis and the knowledge of the life cycle adaptations) 
clearly show that T. brucei can regulate the expression of its glycolytic enzymes, despite the 
lack of transcription regulation. How the cell can regulate protein levels when conditions 
change is crucial for the understanding of the behaviour of pathways on longer time scales. 
Metabolic adaptations (through the changes in metabolite concentrations) occur generally 
instantaneously, while altering gene expression may take minutes to hours.  Changes of the 
network through altered gene expression can have important consequences for drug efficacy 
(discussed in more detail in the next section).  An extension of the current metabolic model 
of T. brucei glycolysis would facilitate simulations beyond metabolic timescales. 

Gene expression is mediated by a cascade in which information flows from the genome, via 
a messenger (the mRNA) to a functional entity, the protein. When (altered) gene expression 
is studied, the focus is often on the reactions that synthesize molecules (i.e. transcription 
and translation). The focus should be broader as mRNA and protein molecules are also 
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actively degraded and are diluted over two cells when cells divide. Furthermore, synthesis 
and degradation may be influenced by whether molecules are bound to proteins (e.g. mRNA 
molecules can be bound to ribosomes) or in which cellular compartment they reside. As 
has already been observed for metabolic pathways, control is generally distributed over the 
pathway constituents (see e.g. Fig. II.4 in this thesis). But do all the processes described 
above really have substantial control over concentrations of mRNA and/or protein? And if 
there are multiple steps in control, are they all used to regulate expression when conditions 
change? In the work of chapter IV, we did a quantitative analysis of PGK gene expression 
in trypanosomes and made the first gene expression model on the basis of experimental 
data measured by us and others. We showed that control of mRNA levels resides in 
several processes, but that regulation of the isoform expression during the life cycle is 
predominantly at the level of mRNA degradation. Strinkingly, the equation we derived for 
the regulation analysis (Eq. IV.15) already shows by itself that regulation of mature mRNAs 
through changing precursor splicing and degradation must always be negligible as long as 
trans splicing is fast compared to precursor degradation and cell growth.

From our glucose-transport inhibition experiments we also have data on gene expression 
changes. In the experiments of chapter VI, we observed down-regulation of many 
glycolytic transcripts simultaneously.  Strikingly, the extent of down-regulation of the 
mRNA concentrations of the various glycolytic transcripts after glucose transport inhibition 
(results of Chapter VI, summarized in Table VII.2) is rather similar (-71% ± 12; standard 
deviation, n=10). This concerted lower expression of many glycolytic genes was also seen 
in a micro-array comparison of the transcriptomes of bloodstream form and procyclic T. 
brucei [75]. Although qualitative in nature, the latter study shows that mRNA levels for 
HXK, PGI, PFK, ALD, GK and PYK are lower in the procyclic life-stage. 

How does T. brucei regulate the transcript concentrations of many glycolytic enzymes 
similarly and to approximately the same extent? The changes can be brought about either 
by a general shut-down of transcription of glycolytic genes (if all glycolytic mRNAs had 
the same half-life time), or a general and proportional increase of transcript instability. 
Transcriptional regulation could occur through an epigenetic signal, e.g. promoter of 
histone methylation [220,275,446]. However, hardly any promoters have been identified in 
T. brucei (not even for cistrons [111]). The stability of many transcripts simultaneously may 
also be regulated in differentiation, possibly through a developmentally regulated protein 
that binds to the 3’- untranslated region in transcripts (see section I.2.7.2 and references 
therein). If such a regulatory protein itself is (partly) regulated at its transcript level, potential 
candidates may be found in a transcriptome comparison between bloodstream form and 
procyclic trypanosomes. As we observe a differentiation response when we inhibit glucose 
transport, a regulatory gene may also be found in a transcriptome comparison of wild-
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type and phloretin-treated trypanosomes.  Because the proteins we are discussing here 
should change their expression before the mRNA levels that are being regulated change, 
one should search for early changes in the transcriptome. Alternatively, and considering the 
rapid effects, the regulatory protein may be regulated by protein activity modification. 

During the work for this thesis we mainly generated data on control and regulation at the 
level of the mRNA. But control of gene expression can also occur at the protein level. 
Examples are e.g. control of β-catenin [460] and p53 [143] through stability and localisation 
in human cells and regulation of glycolytic- and coat proteins in the differentiation of T. 
brucei (Fig. I.7). 

The glycosome may play a role in regulation at the protein level of glycolytic enzymes 
in the differentiation cycle of T. brucei. The strong down-regulation of many glycolytic 
enzymes upon differentiation from the bloodstream form to the procyclic life stage may 
be achieved by degradation of the organelles as a whole, without discriminating between 
proteins that are still useful for the new life stage and proteins that have no continued 
function. Proteins that are still needed in the procyclic stage can then be resynthesised. 
Recently, it was shown that glycosomes as a whole are specifically targeted for degradation 
when the bloodstream forms differentiate [212]. In stumpy trypanosomes that accumulate 
after induction of differentiation, the glycosomes become slightly more associated with 
lysosomes, an observation that is more substantial in the transition from stumpy forms to 
procyclics. The glycosomes with protein content of the ‘old’ life stage are degraded and new 

Table VII.2 Changes in mRNA levels of glycolytic enzymes 48 h after inhibition with phloretin or 
2-DOG (t = 0 (just prior to addition of inhibitor) was taken as 100%).

mRNA chromosomea mRNA level 48 h post-inhibitionb 

HXK 10 -67%

PGI 1 -70%

PFK 3 -79%

ALD 10 -73%

TIM 11 -50%

G3PDH 8 -74%

GK 9 -58%

GAPDH 6 -85%

ENO 10 -62%

PYK 10 -88%

a from www.genedb.org
b average of values after 48h phloretin or 2-DOG treatment,
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glycosomes with enzymes of the ‘new’ life stage come up. It will be interesting to determine 
if phloretin-induced differentiation also leads to degradation of old glycosomes. 

At which level control and regulation take place may be different for different (glycolytic) 
proteins and also for the same proteins upon different departures from the wild-type 
situation. In yeast regulation within the gene expression cascade occurred at different 
levels for different glycolytic enzymes [134]. Furthermore, whether enzymes in yeast were 
regulated at the level of gene expression or at the metabolic level (or both) depended on 
whether yeast was nitrogen-starved or carbon-starved [356]. Future models should combine 
gene expression and metabolism. For this the PGK gene-expression model can serve a 
mould, but parameters should be measured for each enzyme separately. 

As we have seen, the life-cycle of the parasite offers a good model system to study 
regulation by gene expression. Future experiments should shift to the use of pleiomorphic 
strains (i.e. that can go through the complete differentiation cycle). These can be used to 
further decipher at which level of the gene expression cascade the changes of the protein 
concentrations are brought about during the life cycle of T. brucei. In order to do this one 
needs to compare quantitative information at the mRNA level to those at the protein level for 
the trypanosome life cycle. With the aid of microarrays, comparisons of the transcriptomes 
of the two life stages have been made (e.g. [75,251]), but these studies were qualitative 
rather than quantitative and are difficult to combine with the published results of  proteome 
studies, which employed different strains at different conditions. Future quantitative studies 
should combine transcriptome and proteome (and preferably also enzyme activity and flux 
measurements). 

To decipher control and regulation through the complete gene expression cascade and also 
for the level of the protein, the analysis presented in chapter IV of this thesis can be used 
and extended.  Data acquisition should involve both (the changes in) transcript levels (with 
microarrays and quantitive PCR) as well as changes of protein concentrations (with protein 
arrays) and protein activity (e.g. enzyme activity or phosphorylation status). When more 
quantitative information becomes available other levels can be included (nuclear transport 
of mRNAs, glycosomal transport of enzymes). In the end, protein activities are most 
relevant for pathway function, but all levels in the gene expression cascade are relevant 
to increase our quantitative understanding and make dynamic models. To combine the 
gene expression data with the metabolic model, the latter should be updated to reflect 
the pleiomorphic conditions. This can be done in the same way as we did in the work of 
chapter II.
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A metabolic signal triggers differentiation?
Understanding of how the trypanosomes regulate the enzymes during differentiation will be 
enhanced when we find out what is the trigger for the differentiation-like gene-expression 
response in our glucose-transport inhibition-experiments in trypanosomes. Inhibition of 
glycolytic flux will lower the production of ATP, but as glucose-transport inhibition does 
not affect the ATP/ADP ratio (Chapter VI), the energy status of the cells is probably not 
the signal. This is further substantiated by the results of Milne et al. [292].They showed 
a partial differentiation when the glucose in the medium was replaced by glycerol as an 
alternative source for free energy. This suggests a trigger upstream of aldolase, in the part 
of glycolysis that is not shared by glucose and glycerol breakdown.

Changes in the extracellular glucose concentration are known to trigger responses in many 
organisms. In bacteria and yeasts, such responses have been studied extensively. In some 
bacteria, the phosphoenolpyruvate:carbohydrate phosphotransferase system has a dual role 
in glucose transport and sensing [142]. In baker’s yeast putative glucose-sensors have been 
found and a cAMP-mediated effect that is probably evoked by a phosphorylated glycolytic 
intermediate, has been observed [354]. Also mammals display glucose-concentration-
dependent gene expression (e.g. in mice [264,380] and rat liver [400]).

In our inhibition experiments, glucose is still available in the medium, but cannot be 
transported. Hence, extracellular glucose per se cannot be the signal in our experiments. 
It could be that there is a glucose sensor on the plasma membrane which is also inhibited 
by the compounds we used.  Intracellular glucose may be the signal as this will be 
lowered when transport is inhibited. The finding that HXK depletion, which would lead to 
increased intracellular glucose levels, initially gives a different response (THT1 mRNA is 
increased rather than decreased; Fig. V.5A) is compatible with intracellular glucose as the 
initial signal. However, the precise effect of HXK depletion should be explored further as 
prolonged HXK depletion (48 h) does lead to a gene-expression response that resembles 
glucose-transport inhibition effects. Furthermore, preliminary data suggest that, eventually, 
HXK depletion induces EP-procyclin expression as the trypanosomes eventually become 
ConA-sensitive (data not shown). 

Within the procyclic life-stage, metabolic changes result in an altered expression within 
the procyclin coat proteins: RNAi against glycolytic enzymes changed the expression of 
coat proteins in procyclic trypanosomes [301] and also glycerol and mitochondrial activity 
modulate the expression of procyclins on the procyclic membrane [424,426]. Glycerol (an 
alternative substrate) influences expression of the gene encoding a coat protein through 
glycerol-responsive elements in the 3’UTR of mRNAs [424]. Similar elements might exist 
for glucose. Bioinformatics analysis of the trypanosome genome may elucidate more genes 
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whose expression is regulated by glycerol, as in the search of the trypanosome genome for 
mRNA processing sites [47] and peroxisome targeting sequences [324].   

The (partial) differentiation response to nutritional status is not limited to the brucei-
species: for the related parasite T. cruzi, the removal of glucose [3] and inhibition with 
phloretin [4] has also been associated with onset of differentiation from the epimastigote 
(the first life-stage inside the insect vector)  to the metacyclic life-stage, although without 
affecting growth. When T. cruzi was subjected to 0.1 mM of phloretin (which is the same 
concentration used for most of the experiments of chapter VI), the percentage of metacyclic 
forms increased almost 3-fold, but growth was unaffected. 5 mM of citrate was also able to 
induce differentiation.  At a somewhat lower concentration than we used (10 mM versus 12.5 
mM in our experiments of Chapter VI), 2-DOG affected neither growth nor differentiation 
of T. cruzi [4]. Moreover, glucose transport in epimastigote T. cruzi is inhibited by 2-DOG 
with an inhibition constant that is in the same range as that of bloodstream-form T. brucei, 
but the affinity for glucose is about ten-fold higher in T. cruzi as compared to bloodstream-
form T. brucei (reviewed in [394]). Glucose may have outcompeted 2-DOG in the T. cruzi 
experiments.   

As either an increase of the citrate concentration or glucose-transport inhibition can induce 
differentiation in two parasites, it could be that both substances act via the same mechanism. 
Could citrate and/or cis-aconitate inhibit glucose transport? There are only a limited number 
of studies that link citrate to glucose transport inhibition. These were performed in the 
fungus A. niger [293] and in Achlya [181], which may have structurally different glucose 
transporters. Despite many studies on glucose transport kinetics in T. brucei, there are no 
reports on the effect of citrate on glucose transport. Notably, while in other organisms PFK 
activity is inhibited by citrate, such regulation is absent from T. brucei. The role of citrate 
deserves to be investigated further. Glucose transport in human erythrocytes is a bell-shaped 
function of pH with an optimum around pH 7.2 [73]. If such a dependence on pH is also 
valid for trypanosomes, pH may affect glucose transport also in trypanosomes. The addition 
of citrate may alter the pH and affect glucose transport. Mild acid stress (2 h at pH 5.5) 
has been reported to trigger differentiation of T. brucei [352] and T. cruzi [242]. Notably, 
the addition of citrate alone does not trigger differentiation; a concomitant decrease in 
temperature is also needed (see section I.2.2). At lower temperatures, (glycolytic) enzymes 
will be less active. If there is a differential temperature-sensitivity between glycolytic 
enzymes, this may affect the concentration of the signal molecule. This differential effect 
may be enhanced above a threshold by the addition of citrate if that compound interacts 
with the transporter and/or some of the glycolytic enzymes. Alternatively, a putative 
glucose sensor may be temperature-sensitive. A metabolome comparison between the 



General Discussion 177

effect of differentiation-inducing agents and phloretin is called for, as it may well reveal 
potential candidates for the signaling molecule. 

Summary
The results in this thesis have shown that experiments and computer modelling can 
synergistically enhance pathway understanding. Important consequences of pathway 
architecture can already be revealed with a model of the pathway in which enzyme 
expression levels are fixed. However, perturbations to the system may lead to network-
remodelling, which in turn may influence the control distribution. Models that include 
hierarchical levels may further enhance pathway understanding. Real understanding of 
pathways in their relevant and possibly changing cellular context can rationalize drug 
target selection. This will be discussed in the next section.

VII.2 Network-based drug design: Lessons from our systems analysis 
of T. brucei glycolysis and the application in cancer

Previous results and the results described in this thesis have shown how a systems-biology 
approach can rationalize the selection of drug targets. A combination of experimental 
determination of molecular properties, quantitative modeling of network functioning on 
the basis thereof ([28] and chapter II), experimental validation ([27] and chapter V), and 
then analysis of the resulting model (chapters III, IV, V) can be used to rank potential 
targets in terms of their potential at the pathway level. In the experiments not only the 
immediate effect of inhibition of potential targets should be investigated but also the long-
term response to inhibition through gene expression (see chapter VI).

In this section I will discuss what progress we have made in the aim to rationalize drug 
target selection by using system level understanding of glycolysis. Along the list of five 
criteria proposed in the introduction to this thesis, I will show how our results benefit the 
development of antitrypanosomal drugs. In parallel, I will discuss how we can extrapolate 
the lessons from the work in this thesis to other diseases. I will use cancer as an example. 

Cancer is a disease that is characterized by sustained uncontrolled proliferation, reduced 
apoptosis and metastasizing capacity (i.e. cancers penetrate the bloodstream or the 
lymphatic vessels and cancer cells can grow out to a new tumor in a different part of 
the body) [199]. Normal cells need to accumulate DNA mutations to permanently obtain 
these characteristics (or to permanently lose regulatory mechanisms). Cancer is more 
complex than trypanosome infections. First, cancers are multi-cellular. Second, cancer is 
a single name for multiple distinct diseases.  Cancers differ in the cell type from which 
they originate, and subtypes of cancers have different progression features, depending on 
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the genetic alterations which they tend to accumulate. For e.g. breast cancer [410,411] and 
acute myeloid leukemia [409] gene expression profiles can reveal subclasses of cancer and 
can be predictive for good or poor prognosis. Different cell types have different intrinsic 
requirements for survival and proliferation and the surrounding environment (i.e. other cell 
types in the vicinity of the cancer cells) will be tissue-specific. The latter is even more the 
case for metastases, in which the original tumor has hatched at a new site. 

However, despite the observation that cancers are more complex than parasites, parasite 
infections and cancer also have parallel aspects. Eukaryotic parasites and cancer cells share 
many common pathways with their host cells. Futhermore, both the pathogens and the cells 
in a mammal are heterogeneous populations, which makes it difficult to hit all cells equally 
strong.

As we have seen in the introduction and throughout this thesis, the (changing) conditions 
(context) in which the pathogen (e.g. the cancer) lives are relevant. Drug design may focus 
on general characteristics of cancers, e.g. increased proliferation. However, because of 
the variability of the types of cancer (and their environment) it may be more worthwhile 
to focus on a single type of cancer (as far as one can point to a ‘single’ type). In all cases, 
I would argue that our list of five criteria should be used to select target rationally. Per 
criterion described in the introduction, I will discuss the status for antitrypanosomal drugs 
and will evaluate the strength of our rational approach for cancer.

1.  The target should be essential for pathogen survival and/or growth
The selection of a target pathway is an important step in the drug discovery process. 
Pathways that consist of one or more proteins that are specific for the pathogen seem likely 
candidates as one may expect to inhibit that step without severe host side-effects. But when 
the pathway, in which such a protein functions, is not essential for survival or growth, 
even complete inhibition of the pathway will not affect the pathogen. Glycolysis is well 
established as a potential target pathway for antitrypanosomal drugs, as it is essential for 
the generation of ATP in bloodstream-form T. brucei [429]. However, the actual usefulness 
of the pathway for targeting by antitrypanosomal drugs has been the subject of dispute. In 
response to the 1997 version of the model of trypanosome glycolysis [26], Eisenthal and 
Cornish-Bowden [160] stated that besides the glucose importer and the pyruvate exporter, 
the prospects for anti-trypanosomal drug targets within glycolysis were very poor. They 
argued that it would be very difficult to design inhibitors that would fully block glycolytic 
flux, as most enzyme inhibitors are designed based on substrate analogy and are therefore 
usually competitive inhibitors. Competitive inhibitors have the disadvantage that they can 
be competed away by increased substrate concentrations. Their argument, however, relied 
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heavily on the assumption that a full block of glycolysis is required to halt the growth of 
the organism. 

In the work presented in this thesis, we showed that it is not necessary to reach a complete 
ablation of glycolytic flux: already at 50% inhibition of glycolysis (regardless of the 
enzyme or method of inhibition) bloodstream-form trypanosomes are killed (fig. VI.3) and 
trypanosomes are thus more vulnerable to inhibition of glycolysis than was assumed by 
Eisenthal and Cornish-Bowden. Thus not only is criterion 1 fulfilled, but we may even 
conclude that more than 50 % activity of glycolysis is essential for pathogen survival. These 
observations show the importance of quantitative studies and the additional questions and 
understanding this generates. Drug research may be further accelerated if target pathway 
are selected that, not only control the vital pathway, but will have a more than proportional 
overall effect.  Furthermore, it is a rationale for additional quantitative studies to identify 
the window in which flux of the target pathway will influence growth or survival of the 
pathogen.  

For a tumor to survive and proliferate, it is dependent on many pathways (e.g. growth-
stimulating signalling pathways, angiogenesis, apoptosis inhibition) as described in ‘the 
hallmarks of cancer’, the key publication on cancer by Hanahan and Weinberg in 2000 
[199]. All of these pathways could be relevant as drug targets, but target pathway selection 
will depend on the aim of the treatment (e.g. death of the initial tumor or preventing the 
hatching of metastases at later stages) and on the relative importance of the pathway for 
this outcome (i.e. inhibiting angiogenesis may be less relevant in endothelial tumors). 
Identifying the most important pathway for a specific type of cancer will enhance the 
prospects of finding therapies. In Ehrlich acites tumor transketolase has been demonstrated 
to control tumour growth significantly, hence showing the potential of targeting the pentose 
phosphate pathway in such a tumor [117]. 

2.  The target should have a high control on pathway output in the pathogen
In the absence of redundant pathways, a complete block of any of the processes in the 
pathway will ablate pathway flux. However, it is very difficult to design inhibitors that 
achieve a 100% inhibition. And in cases when the inhibitor targets a protein or a protein 
domain that is similar to a host protein (or a common domain in the host proteins) the 
inhibitor may readily give unwanted side-effects at increasing concentrations.  To limit 
such side-effects while a full block may be infeasible, it is best to target the protein with 
the highest control over pathway flux. In trypanosomes we have used a network-analysis 
to identify and validate the glucose transporter as a protein in control of glycolytic flux 
([27,28], chapter II).  
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It is of crucial importance to realize that control distribution depends on the properties of 
all the pathway constituents. In tumors pathways have often been altered from the normal 
situation through genome changes.  Apparent examples are upregulation of oncogenes 
and downregulation of tumour suppressor genes. Especially in pathways where a single 
component is upregulated (e.g. an oncogene), this gene products can lose control over 
the pathway (as demonstrated in a model of MAPK-signalling [223]). The strong focus 
on oncogenes in the search for drug targets in cancer is thus without proper foundation. 
Exceptions may be those cases when networks have changed such that cells have become 
dependent on the level of certain oncogenes, a phenomenon termed ‘oncogene addiction’ 
[447-449]. 

Pathway modeling can also be used to reveal the controlling steps in cancer cells. However, 
different cancers have remodeled their pathways differently. As the set-up of the network 
determines the control distribution, the controlling players need to be identified within the 
network of the specific tumor type. Because of the many different sub-types of cancer, 
the starting point should be a model of the wild-type pathway (cf. the model of MAPK 
signalling [221]). When enough information on the pathway changes in the tumor are 
available, these can be used to transform the ‘wildtype model’ into a ‘tumor model’ (similar 
to the model of a glycosome-deficient trypanosome; chapter III). These ‘tumor models’ 
may have their experimental counterpart in in vitro cell lines that over- or underexpress 
pathway components. The computer models can predict control distribution in the tumor 
pathway and the experimental system can be used to validate the predictions by titration 
with specific inhibitors.

In the quantification of control distribution, it is also important to evaluate control over 
different output parameters of the pathway. For trypanosome glycolysis, figure II.4 shows 
that an effect of glucose-transport inhibition on oxygen-consumption flux underestimates 
the effect it has on the pyruvate- (and thus ATP-) production flux: A control of 0.4 of glucose 
transport on the oxygen consumption flux corresponds to a control coefficient of 0.70 on the 
ATP-production flux. This coincides with the strong effect of glucose transport inhibition on 
the pyruvate production flux (Fig. VI.1). As the rationale behind using glycolysis as a target 
for drugs is to lower the amount of ATP that is generated, this observation even further 
potentiates glucose transport as a drug target.  One can explain this markedly different 
control of the glucose transporter on pyruvate- and oxygen consumption fluxes by the 
redistribution of fluxes between the glycerol and the pyruvate branch. The glycerol flux is 
more affected by glucose transport inhibition than the pyruvate flux is. This is compensated 
by a smaller effect on oxygen consumption to maintain the overall redox balance. 
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Another example is the role of the kinases and phosphatases in signaling. In silico analysis 
of a core model of MAPK signaling revealed that the kinases and phosphatases not only 
control signal strength but also duration. However, their relative importance for each output 
is different [222]. 

3.  The cell should not respond homeostatically to inhibition of the target
When cells are perturbed, one can expect that the cell population respond homeostatically 
to counteract the effects. After prolonged stress, cells will accumulate that have changed 
their architecture to withstand inhibition and as this will affect drug efficacy. In some cases 
the expression of the target molecule may change, in other cases other cellular pathways are 
induced (e.g. p16/p53-pathways after DNA damage, taking the cells out of the replication 
cycle [95] or increased expression of multidrug pumps [209]). Pathway changes can affect 
control distribution and thus drug efficacy. Indeed, this is also observed in cancer. Tumor 
cells are known to withstand apoptosis and are well-equipped for survival. Their responses 
are mostly expected to be homeostatic, i.e. leading to drug resistance. When vascular 
epidermal growth factor was targeted by a VEGF inhibitor (to prevent angiogenesis) in 
neuroblastoma, the tumor responded by up-regulation of the expression of alternative pro-
angiogenic factors [466].  

Both surprisingly and importantly, we found in trypanosomes that cellular responses can 
also be anti-homeostatic. Glucose transport inhibition leads to partial differentiation. 
The phloretin-treated trypanosomes become ConA-sensitive (chapter VI). ConA mainly 
binds high-mannose residues [169]; residues which may be recognized by the mammalian 
mannose binding protein of the innate immune system [450]. Glucose-transport inhibition 
thus leads to the expression of new targets on the membrane. Effort should be made to 
identify anti-homeostatic responses in cancers. For this, a better multi-level understanding 
of gene-expression (responses) will be beneficial. Similarly as we did for trypanosome 
PGK (chapter IV), control distribution in the gene expression cascade can be deciphered. 
When we know the steps that control the expression of the pathway components, we can 
anticipate at which levels regulation is possible (and at which levels it is not possible). 
Analyses of the gene expression levels that are actually used to regulate the expression 
of a protein under changing conditions (e.g. the administration of the drug) will provide 
information on which levels of the gene expression cascade might be targeted to prevent 
the change in network (or may be boosted if the change is beneficial for pathogen killing 
(chapter VI)) In the analysis of gene expression control, microRNAs should be explicitly 
included, as recent studies indicate that they play an important role [20]. 

However, we should always keep in mind that control is often distributed (and control 
distribution can change), also in the gene expression cascade (chapter IV). Preventing 
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regulation through one process may leave the option open for the cell to regulation through 
a change in another process with control. 

4.  The drug should be able to reach the target in vivo
To be effective the drug will need to reach its target in vivo. From our quantitative analyses, 
the T. brucei glucose transporter qualifies as a potent antitrypanosomal drug-target. The T. 
brucei glucose transporter, which our network-based analysis has qualified as a potent drug 
taget, has an important advantage in this respect as it is localized in the plasma membrane 
of the trypanosome. Even though the transporters are in between the densely packed 
VSG molecules there is sufficient space for low molecular-weight compounds to reach 
the transporters (as reviewed in [69]).  After, all glucose itself and the two inhibitors we 
applied were able to do the same. A strong advantage of drugs that do not enter the cells is 
that this will limit off-target effects.  

But there may be cases where a network-analysis reveals only potent intracellular targets. 
Trojan-horse techniques as already devised for drug delivery to cancer cells [255] may 
be employed to reach those targets. In Trojan-horse techniques, drugs are chaperoned by 
other molecules that are themselves normally transported to the cell’s interior. In case of 
glycosomal enzymes in trypanosomes, it will still be difficult to chaperone drugs over 
two membranes.  A problem with the Trojan-horse approach is that it is likely to make 
compounds too expensive for use against neglected diseases. 

Another accessibility problem lies not in reaching the target molecule, but in reaching the 
pathogen itself. For example, in late-stage trypanosomiasis, when the parasite has crossed 
the blood-brain barrier, drugs will have to be able to reach the brain. Also in cancer it may 
be difficult to target the tumor. Targeting brain tumors will raise similar problems as for the 
parasite when it resides in the central nervous system. But even if the tumor as a whole is 
accessible for drugs, some parts of the tumor may not. It was demonstrated for doxorubicin 
in breast cancers that drug gradients existed after treatment and the drug did not reach the 
centre of the tumor [261], possibly limiting drug efficacy [262]. 

5.  Side effects should be limited
Good drugs need to target the pathogen (see criteria 1-3), but the effects on the host should 
be limited. Many drugs have side-effects. Sometimes this may be due to off-target effects. 
But in cases where the pathogen (pathway) resembles the host (pathway) it can also result 
from cross-reactivity.  The glycolytic enzymes in trypanosomes resemble their mammalian 
counterparts, although there are prospects of exploiting the existing structural differences 
[429]. Tumor cells originate from normal cells and are therefore very similar.  
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So how should we proceed, if we have identified a promising target (pathway) for which 
the prospects of selective pathogen-targeting are small? Again we can benefit from the 
fact that control distribution within a pathway changes when components of the pathway 
are altered. The pathogen probably has a different quantitative set-up of the pathway. 
We should thus compare the control distribution between the wild-type cell and the 
pathogen. For the case of trypanosome glycolysis such analysis has already been done. 
The trypanosome model has been compared to a similarly detailed model of erythrocyte 
glycolysis (Bakker, Holzhutter et al., personal communication). This analysis showed that 
erythrocyte glycolysis is less sensitive to glucose transport inhibition than trypanosome 
glycolysis, irrespective of the type of inhibition. This may offer a therapeutic window for 
general glucose transport inhibitors, although, as said, it remains to be determined if other 
tissues are also relatively insensitive to low doses of glucose transport inhibitors. The in 
vitro culture system for primary erythroblasts [438] offers possibilities to assay effects on 
proliferating blood cells and also other human cell types (e.g. fibroblasts) can be cultured 
in vitro.

The present study may perhaps be one of many reasons to engage in a larger effort on 
studying the implications of interfering with glucose transport in a body-wide way. 
Not only for the side-effects of using glucose transport inhibitors against trypanosome 
infections, but also because of the known high uptake rates of glucose into many tumor 
cells.  Many human cell types do not use much glucose under normal conditions. This is 
shown in the field of oncological imaging. For positron emission tomography (PET) scans, 
18F-fluorodeoxy-D-glucose (18FDG) is used. This glucose-analogon is phosphorylated 
by HXK and cannot be further metabolised by PFK. As most tissues have relative low 
levels of glucose-6-phosphatase (e.g. heart, brain, tumors)[118], the radioactive 18FDG is 
trapped inside cells. Cancer cells often have increased glucose transport, and thus 18FDG 
can be used to visualize tumors. As radiologists need to discriminate between physiological 
accumulation and cancer, there are data available on human tissues with high glucose 
metabolism [119]. Such tissues, if they are reliant on their high glucose metabolism, may 
be the sites were we would expect side-effects of glucose transport inhibition. The brain 
always shows up on scans. Interestingly, label accumulation varies in cardiac muscle and 
the cardiac muscle of fasted patients predominantly uses fatty acids. For other tissues it 
depends on actual activity (e.g. accumulation in speech muscles when the patient chewed 
on gum or the accumulation in the thymus in young children [119]). The brain is therefore 
the site where one would expect most side-effects of glucose transport inhibitors against 
trypanosomes (or tumors).  The data above suggest that glucose-transport inhibition may 
have limited side-effects in case we use compounds that do not cross the blood-brain 
barrier (which is not needed in the early stages of infection). However, it should always be 
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remembered that even in tissues with low rates of glycolysis, the pathway can have strong 
control over growth or survival.  

Finally it is interesting that 18FDG is a competitive inhibitor of D-glucose transport [83]. 
As no side-effects are reported for this compound this could suggest that glucose-transport 
inhibition does not give many side-effects. However, more likely the concentrations used 
in radiology are not high enough to significantly inhibit glucose transport (dosage is not 
easily found in literature).  

For T. brucei we have identified a very potent target for antitrypanosomal drugs based 
on network-based drug target selection: glucose transport. As we have seen that the anti-
homeostatic differentiation-response to glucose transport is not limited to the brucei-
species (see above), this opens the perspective of a single treatment for multiple parasitic 
diseases. Despite some structural and kinetic differences, the glucose transporters of the 
various trypanosomes have great similarity (30-85%, with most conservation in the central 
part and to the C-terminus of the protein) [394].  

The next step should be the development of compounds that can be used in a clinical 
setting. The concentrations we used for the inhibitors in our in vitro experiments (hundreds 
of micromolar) are too high (should be below nanomolar).  Structure-based drug designers 
may develop (or have developed already) potent compounds on the basis of the structure 
of phloretin or glucose and may be able to make compounds that selectively bind the 
trypanosome transporter.  

A high-throughput assay could be developed to screen large libraries of compounds for 
their potential to inhibit glucose transport in trypanosomes. However, it will be a technical 
challenge to develop high-throughput screens that can monitor effects on the transport 
activity.  The zero-trans glucose uptake assay could be used to measure transport activity 
[27], but has some potential problems when performing this on a large scale: (i) the assay 
should be performed very fast (seconds) as accumulation of intracellular glucose inhibits 
glucose transport and (ii) large batches of trypanosomes are needed to monitor small 
differences.  As the transporter is only functional in membranes and cultivation of large 
batches of trypanosomes is laborious and costly, preferably the trypanosome transporter 
should be reconstituted in a different model organism. This model organism should then lack 
other glucose transport systems. Trypanosome transporters have already been functionally 
reconstituted in Xenopus laevis oocytes and a cell line of Chinese Hamster ovaries [35] has 
already been developed to study kinetics of the trypanosome glucose transporters.  A strong 
point of these model systems is that they consist of rather large cells and thus inhibition of 
glucose transport by intracellular glucose is less of a problem. With a fluorescent glucose 
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analogue intracellular glucose can be monitored by flow cytometry. Alternatively a yeast 
null-mutant for glucose transport may be used that is complemented with the trypanosome 
transporter.  Inhibitors can be tested in this mutant in comparison with a wild-type yeast. If 
the inhibitor specifically affects growth in the ‘trypanosome-THT-transfectant’ it may be an 
inhibitor of the trypanosome transporter. If an inhibitor affects both yeast strains, this may 
either reflect a concomitant effect on the yeast glucose transporter or an off-target effect. 
Alternatively, trypanosomes may be used in which the transporter has even more control 
(e.g. by underexpressing THT or overexpressing HXK). Flux and possibly survival can 
then be used as high-throughput outputs.  When good lead compounds have been selected, 
compounds need to be further optimised to gain activity and enhance pathogen selectivity 
before they can be tested in vivo in animal models. 

Summary
In all cases where drug targets need to be selected, optimization of the drug discovery 
cascade by network-based drug design can be used to specifically allocate attention and 
research funds to the most promising targets. This is especially important in the case of 
‘neglected’ diseases for which research funds are limited and in case where the target 
pathway in the pathogen is very similar to that in the host (e.g. in cancer). The results in this 
thesis are an example of the huge potential of network-based drug design for identification 
of good drug targets. 
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Full description of the mathematical model
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Below a complete description is given of the model with the glycosome present, which was 
published previously in:

Albert, M., Haanstra, J., Hannaert, V., Van Roy, J., Opperdoes, F., Bakker, B., and Michels, 
P. (2005) Experimental and in silico analyses of glycolytic flux control in bloodstream 
form Trypanosoma brucei. Journal of Biological Chemistry 280, 28306-28315
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Glucose-6-phosphate isomerase
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K
PGlc

K
PFru

r
K

PGlc

Vv

66

66

max ]6[]6[
1

]6[]6[

++

⋅−
⋅=  (eq. 3)

fV
max

= 1305 nmol min-1 (mg cell protein)-1 [6]

v
r = 1 [208]

PGlc

m
K 6

= 0.4 mM [208]

PFru

m
K 6

=0.12 mM [208]

Phosphofructokinase







+⋅





++

⋅
⋅





+

⋅=

ATP
m

g

i
PFru

m

ATP
m

g

PFru
m

i

if
PFK

K

ATP

K
BPFru

K
PFru

K

ATP

K
PFru

KBPFru
K

Vv
][

1
]16[]6[

1

][]6[

]16[
26

6

1

1

max  (eq. 4)

fV
max

= 1708 nmol min-1 (mg cell protein)-1 [6]

PFru

m
K 6

= 0.82 mM [125]

ATP

m
K = 2.6⋅10-2 mM [125]

1

i
K = 15.8 mM [126]

2

i
K = 10.7 mM [126]

Aldolase

GAP
iK

GAPBPFru

eqK

DHAPGAP

vreqK

DHAP
GAP
mK

vreqK

GAP
DHAP
mK

vr
BPFru

BPFru
mK

eqK

DHAPGAP
BPFru

f
VALDv

gg

g

]][16[]][[1][1][1
]16[

16

]][[
]16[

max

+⋅+⋅+⋅++

−

⋅=  

 (eq. 5)

fV
max

= 560 nmol min-1 (mg cell protein)-1 [6]



Appendix190

v
r = 1.19 [93]

eq
K = 6.9⋅10-2 mM [93]






 +++⋅⋅= −

mM 3.65

][

mM 1.51

][

mM 0.68

][
1109 316 gggBPFru

m

AMPADPATP
K

 mM  (eq. 6)







+++⋅⋅= −

mM 3.65

][

mM 1.51

][

mM 0.68

][
1105.1 2 gggDHAP

m

AMPADPATP
K

 mM  (eq. 7)

GAP

m
K = 6.7⋅10-2 mM [93]

GAP

i
K = 9.8⋅10-2 mM [93]

Triosephosphate isomerase

GAP
m

DHAP
m

g

GAP
m

vDHAP
m

g

f
TIM

K
GAP

K

DHAP
K
GAP

r
K

DHAP

Vv
][][

1

][][

max

++

⋅−
⋅=

 (eq. 8)

fV
max

= 999.3 nmol min-1 (mg cell protein)-1 [6]

v
r = 5.7

DHAP

m
K = 1.2 mM [257]

GAP

m
K = 0.25 mM [257]

Glyceraldehyde-3-phosphate dehydrogenase







++⋅





++

⋅−
⋅=

+

+

+

+

NADH
m

NAD
m

BPGA
m

GAP
m

NADH
m

BPGA
m

vNAD
m

GAP
mf

GAPDH

K
NADH

K

NAD
K

BPGA
K
GAP

K
NADH

K
BPGA

r
K

NAD
K
GAP

Vv
][][

1
]13[][

1

][]13[][][

13

13

max  (eq. 9)

fV
max

= 720.9 nmol min-1 (mg cell protein)-1 [6]
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v
r = 0.67

GAP

m
K = 0.15 mM [258]

+NAD

m
K = 0.45 mM [258]

BPGA

m
K 13

= 0.1 mM [258]

NADH

m
K = 0.02 mM [258]

Glycerol-3-phosphate dehydrogenase







++⋅





++

⋅−
⋅=

+

+

+

+

NAD
m

NADH
m

PGly
m

g

DHAP
m

g

NAD
m

PGly
m

g

vNADH
m

DHAP
m

g

f
PDHG

K

NAD
K
NADH

K

PGly

K

DHAP

K

NAD
K

PGly
r

K
NADH

K

DHAP

Vv
][][

1
]3[][

1

][]3[][][

3

3

max3  (eq. 10)

fV
max

= 465 nmol min-1 (mg cell protein)-1 [6]

v
r = 0.28 [277]

DHAP

m
K = 0.1 mM [277]

NADH

m
K = 0.01 mM [277]

PGly

m
K 3

= 2 mM  (close to value in [277])
+NAD

m
K = 0.4 mM (close to value in [277])

Glycerol-3-phosphate oxidase

PGly
m

c

PGly
m

c

f
GPO

K
PGly

K
PGly

Vv

3

3

max ]3[
1

]3[

+
⋅=  (eq. 11)

fV
max

= 368 nmol min-1 (mg cell protein)-1 [167]

PGly

m
K 3

=1.7 mM [167]
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Glycerol kinase







++⋅
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⋅−
⋅=

ATP
m

g

ADP
m

g

Glycerol
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PGly
m

g

ATP
m

g

Glycerol
m

vADP
m

g

PGly
m

g

f
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K

ATP

K

ADP

K
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K

PGly
K

ATP

K
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r
K

ADP

K

PGly

Vv
][][

1
][]3[

1

][][][]3[

3

3

max  

 (eq. 12)

fV
max

= 200 nmol min-1 (mg cell protein)-1 [26]

v
r = 60.86 [6,252]

PGly

m
K 3

= 3.83 mM [252]

ADP

m
K = 0.56 mM [252]

Glycerol

m
K = 0.44 mM [252]

ATP

m
K = 0.24 mM [252]

Phosphoglycerate kinase







++⋅
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⋅−
⋅=

ATP
m

g
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m

g

PGA
m

BPGA
m

ATP
m

g

PGA
m
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m

g

BPGA
mf

PGK

K

ATP

K

ADP

K
PGA

K
BPGA

K

ATP

K
PGA

r
K

ADP

K
BPGA

Vv
][][

1
]3[]13[

1

][]3[][]13[

313

313

max  (eq. 13)

fV
max

= 2862 nmol min-1 (mg cell protein)-1 [6]

v
r = 0.47 [6,396]

BPGA

m
K 13

= 3⋅10-3 mM [6,396]

ADP

m
K = 0.1 mM [297]

PGA

m
K 3

= 1.62 mM [297]

ATP

m
K = 0.29 mM [297]
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Phosphoglycerate mutase

PGA

m

PGA

m

PGA

m

vPGA

mf

PGAM

K

PGA

K

PGA
K

PGA
r

K

PGA

Vv

23

23

max ]2[]3[
1

]2[]3[

++

⋅−
⋅=  (eq. 14)

fV
max

= 225 nmol min-1 (mg cell protein)-1 [6]

v
r = 2.2 (consistent with K

eq 
= 0.187 mM) [6]

PGA

m
K 3

= 0.27 mM [101,191]

PGA

m
K 2

= 0.11 mM [101,191]

Enolase

PEP
m

PGA
m

PEP
m

vPGA
mf

ENO

K
PEP

K
PGA

K
PEP

r
K
PGA

Vv
][]2[

1

][]2[

2

2

max

++

⋅−
⋅=  (eq. 15)

fV
max

= 598 nmol min-1 mg cell protein-1 [6]

v
r = 0.66 (consistent with K

eq
 =6.7 mM) [6]

PGA

m
K 2

= 0.054 mM [201]

PEP

m
K = 0.24 mM [201]

Pyruvate kinase







+⋅
















+

⋅






⋅=

ADP
m

c

n

PEP
m

ADP
m

c

n

PEP
mf

PYK

K
ADP

K
PEP

K
ADP

K
PEP

Vv
][

1
][

1

][][

max  (eq. 16)

fV
max

= 1020 nmol min-1 (mg cell protein)-1 [6]
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 ++⋅=

mM 0.64
][

mM 0.57
][

134.0 ccPEP
m

ADPATP
K  mM  (eq. 17)

ADP

m
K = 0.114 mM [34]

n = 2.5 [93,94]

ATP utilisation

c

c
ationATP utilis ADP

ATP
kv

][

][⋅=  (eq. 18)

k = 50 nmol min-1 (mg cell protein)-1 [26]

Pyruvate transport out of the cell

pyruvate
m

pyruvate
mf

Pyrtrans

K
Pyruvate
K

Pyruvate

Vv
][

1

][

max

+
⋅=  (eq. 19)

fV
max

= 200 nmol min-1 (mg cell protein)-1 [208]

pyruvate

m
K = 1.96 mM [456]

Differential equations

tot

HXKTHTin

V

vv

dt

Glcd −
=

][
 (eq. 20)

g

PGIHXK

V
vv

dt
PGlcd −=]6[

 (eq. 21)

g

PFKPGI

V
vv

dt
PFrud −=]6[

  (eq. 22)
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g

ALDPFK

V
vv

dt
BPFrud −=]16[

 (eq. 23)

g

GAPDHTIMALD

V
vvv

dt
GAPd −+=][

 (eq. 24)

tot

GPOPDHGTIMALD

V

vvvv

dt

DHAPd +−−= 3][
 (eq. 25)

in which [DHAP] represents the average DHAP concentration:

tot

gcgg

V

VDHAPVDHAP
DHAP

⋅+⋅
≡

][][
][  (eq. 26)

g

PGKGAPDH

V
vv

dt
BPGAd −=]13[

 (eq. 27)

tot

PGAMPGK

V
vv

dt
PGAd −=]3[

 (eq. 28)

in which 

tot

ccgg

V

VPGAVPGA
PGA

⋅+⋅
≡

]3[]3[
]3[  (eq. 29)

c

ENOPGAM

V
vv

dt
PGAd −=]2[

 (eq. 30)

c

PYKENO

V

vv

dt

PEPd −
=

][
 (eq. 31)

c

pyrtransPYK

V

vv

dt
Pyruvated −

=][
 (eq. 32)

g

PDHGGAPDH

V
vv

dt
NADHd 3][ −=  (eq. 33)

g

GKPGKPFKHXKg

V

vvvv

dt

Pd ++−−=
][

 (eq. 34)
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c

tionATP utilsaPYKc

V

vv

dt

Pd −=][

 (eq. 35)

P
g
 and P

c
 denote the sums of high-energy phosphates in the glycosome and the cytosol 

respectively:

ggg
ADPATPP ][][2 +≡  (eq. 36)

ccc ADPATPP ][][2 +≡  (eq. 37)

Conserved sums

C
1
 = [AMP]

g
+[ADP]

g
+[ATP]

g
  = 6 mM  (eq. 38)

C
2
 = [AMP]

c
+[ADP]

c
+[ATP]

c 
= 3.9 mM  (eq. 39)

C
3 
=

 
[NADH]+[NAD+] = 4 mM  (eq. 40)

C
4
 = [DHAP]

g 
+ [Gly3P]

g
 + [Glc6P] + [Fru6P] + 2[Fru16BP] + [GAP]+[13BPGA]+P

g 
= 45 mM 

 (eq. 41)

C
5
 = [DHAP]

c
 + [Gly3P]

c 
 = 5 mM  (eq. 42)

The exchange of DHAP and Gly3P between the cytosol and glycosomes is assumed to be 
in equilibrium. 

Calculations are done according to [208]

The [DHAP]
c
 is calculated from

R
V
V

C

V
V

DHAPC

DHAP

g

c

g

c

c

+⋅







+⋅⋅

=
5

5 1][

][   (eq. 43)

in which 

g

gg

PBPGA

GAPBPFruPFruPGlcCPGlyDHAPR

−−
−−−−=+≡

]13[

][]16[2]6[]6[]3[][ 4

 (eq. 44)
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[Gly3P]
c
 is calculated from eq. 42

, 
[DHAP]

g
 from eq. 26 and [Gly3P]

g
 from eq. 41

The [NAD+] is calculated from eq. 40

The glycosomal [ATP], [ADP] and [AMP] concentrations are calculated as described in 
[26], based on the conserved relation for adenine nucleotides and the equilibrium constant 
of the adenylate kinase in that compartment:

g

gggg

g a

cabb
ATP

2

4
][

2 −+−
=

    (eq. 45)

in which

2

1
)41(

41

geqg

AK

eqgg

eqg

PKc

KPCb

Ka

−=

−−=

−=

and

2][

][][

g

ggAK
eq ADP

ATPAMP
K = = 0.442 mM [50] (eq. 46)

The concentrations of ADP and AMP are calculated from the equations for P
g
 and C

1
 

respectively. For the cytosolic concentrations [ATP]
c
, [ADP]

c
 and [AMP]

c
, P

c
 is substituted 

for  P
g
 and C

2
 by C

1
.

The enzyme rates v are expressed in nmol min-1 (mg cell protein)-1, the time t in minutes, 
the metabolite concentrations in mM and the total cell volume V

tot
 in µl (mg protein)-1.

V
tot 

= 5.7 μl (mg cell protein)-1 and 

g

c

V
V

=22.3 [322]

Concentrations of metabolites

Glucose external: 5 mM

Glycerol: 0 mM
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AK    Adenylate kinase
ALD    Aldolase
ANT    Adenine nucleotide translocator
AOX    Alternative oxidase
BF    bloodstream form
13BPGA    1,3-bisphosphoglycerate 

J

i
C     control coefficient quantifying the enzyme i exerts on 
    flux J

c
    cytosolic

CAT    chloramphenical transferase
CCA    combination of 3 mM citrate and 3 mM cis-aconitate
CNS    Central nervous system
ConA    Concanavalin A
CS    citrate synthase
DHAP    dihydroxyacetone phosphate
DHFR    dihydrofolate reductase
2-DOG    2-deoxy-D-glucose
dsRNA    double-stranded RNA
ENO    Enolase
EP    EP-procyclin
Enz    enzymatic
18FDG    18F-fluorodeoxy-D-glucose
Fru16BP    Fructose 1,6-bisphosphate
Fru26BP    Fructose 2,6-bisphosphate
Fru6P    Fructose 6-phosphate

g
    glycosomal

G3PDH    Glycerol-3-phosphate dehydrogenase 
G6PDH    Glucose 6-phosphate dehydrogenase
GAP    Glyceraldehyde 3-phosphate
GAPDH    Glyceraldehyde-3-phosphate dehydrogenase
GK    Glycerol kinase
Glc    Glucose
Glc6P    Glucose 6-phosphate
GPI    glycosylphosphatidylinositol
GPI-PLC    GPI-specific phospholipase C
GPO    Glycerol phosphate oxidase (=mitochondrial G3PDH plus 

trypanosome alternative oxidase)
Gly    Glycerol
Gly3P    Glycerol 3-phosphate



List of Abbreviations 235

HPRT    hypoxanthine-guanine phosphoribosyl transferase
HXK    Hexokinase
IC

50
    Concentration of inhibitor needed to achieve a 50% 

inhibition of function
J    flux 
K

eq
    equilibrium constant

K
i
    inhibition constant 

K
m
    Michaelis constant 

LCAC    long chain acyl-CoAs
mGPDH    mitochondrial glycerol-3-phosphate dehydrogenase
MCA    Metabolic Control Analysis
mRNA    messenger RNA
N

2 
(l)    liquid nitrogen

NSCLC    Non small cell lung carcinoma
Oxy    oxygraph
PARP    Procyclic acidic repetitive protein
PBS    phosphate buffered saline
PCA    perchloric acid
PEP    Phosphoenolpyruvate
PEX    Peroxin
PF    Procyclic Form
PFK    Phosphofructokinase
2PGA    2-phosphoglycerate
3PGA    3-phosphoglycerate
PGAM    Phosphoglycerate mutase
PGI    Glucose-6-phosphate isomerase
PGK    Phosphoglycerate kinase
Pi    inorganic phosphate
Pol    Polymerase
PPDK    Pyruvate orthophosphate dikinase
PPP    Pentose phosphate pathway
PRODH    Proline dehydrogenase
PTS    Peroxisome-targeting signal
PYK    Pyruvate Kinase
Pyr trans    Pyruvate transport
ρ    regulation coefficient
RPA    Ribonuclease protection assay
RNAi    RNA interference
rRNA    ribosomal RNA



List of Abbreviations236

r
v
    ratio V

max 
reverse/V

max
 forward

s.d.    standard deviation
SEM    standard error of the mean
SL     Spliced leader
SRP    Signal recognition particle
TUBA    α-tubulin
TBS    Tris buffered saline
TEA    Triethanol amine
Tet    Tetracycline
THT    Trypanosome hexose transporter
TIM    Triose-phosphate isomerase
TOC    Total organic carbon
tot    total 
qPCR    Quantitative PCR
3’UTR    3’-untranslated region
v    enzyme  rate
V    volume
V

max
    Maximal velocity

VSG    Variant Surface Glycoprotein
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For many infectious diseases (mainly for protozoan infections) good medication is 
lacking, despite regular reports of newly identified drug targets. One of the reasons for this 
discrepancy may lie in the complexity of living cells, with many interconnecting pathways 
and signaling routes that are also not static but can be altered by changed expression of 
constituents. Because of these complex (interactions of) networks, the effect of perturbations 
to a system is not easy to predict.  Consequently, drugs that do strongly affect a molecular 
target fail to work in the intact human, or in many humans.  And many of the drugs that 
do have an effect in the human host turn out to be toxic for at least a large number of 
individuals, reflecting that the networks differ between individuals.

To facilitate a more rational, network-based approach to drug design, in the introduction 
(Chapter I) to this thesis we proposed an ordered list of five criteria for good drug targets, 
namely:

1.  The target pathway should be essential for pathogen survival and/or growth

2.  The target should exert a high control on pathway output in the pathogen

3.  The gene-expression response of the pathogen should not counteract the primary 
inhibition

4.  The drug should be able to reach the target in vivo  

5.  Side effects should be limited

While criterion 1 is well-established and an obvious prerequisite for a successful drug 
target, tackling the other criteria necessitates a quantitative understanding of the pathway 
in the pathogen (e.g. a cancer cell or a parasite) and its host at multiple levels (e.g. the 
pathway level and gene expression)

In the work described in this thesis we have studied glycolysis in Trypanosoma brucei. 
This is a eukaryotic parasite that causes the deadly African sleeping sickness in human, 
and nagana in cattle. The parasite is transmitted between mammals and the tsetse fly 
by bites of the latter. T. brucei can survive in these two distinct classes of organisms by 
differentiation into a life stage that is adapted to either host, e.g. with respect to metabolism 
and coat proteins. The bloodstream form of the parasite (which lives extracellularly in the 
mammalian bloodstream) has glycolysis as its sole source of ATP. Glycolysis thus fulfils 
the first criterion in our list. 



Summary 239

The aim of the work on this thesis consists of two parts. First we want to enhance the 
quantitative knowledge concerning the behaviour of T. brucei glycolysis within the 
complex networks of the growing parasite. This involves understanding of the steady-state 
pathway structure, but also of the regulation of the rates of the reactions carried out by the 
glycolytic enzymes and to which distribution of flux control these lead. This quantitative 
understanding will contribute to achieve the second aim, the identification and confirmation 
of potential targets for antitrypanosomal drugs. 

To understand the behaviour of a single pathway within a complex and growing organism 
with many interconnections between pathways one needs a well-defined experimental test 
system. In recent years, trypanosome research has shifted from the use of non-growing 
trypanosomes isolated from infected rats to an in vitro culture system of growing parasites. 
In chapter II we showed that we can measure reproducibly both growth rate and glycolytic 
flux in this in vitro system. We also showed with 13C-labelled glucose that glycolysis can 
be studied as an ‘isolated’ pathway within the trypanosome as the carbon from glucose is 
almost exclusively converted into pyruvate. Both the glucose consumption and the pyruvate 
production flux are thus quantitative measures of glycolytic flux and ATP production.

Also in chapter II, we updated the previously constructed kinetic computer model [26] 
of trypanosome glycolysis to this in vitro system. We used enzyme activities measured 
in in vitro grown trypanosomes, included two enzymes for which experimental kinetic 
information had become available and updated the kinetic information for phosphoglycerate 
kinase (PGK) and glycerol kinase. While flux control distribution (which is a quantitative 
measure of criterion 2) is largely similar in the new and the old version of the model, the 
new version gives a better description of the inhibitory effect of glycerol on anaerobic 
glycolytic flux.

T. brucei glycolysis has an unusual pathway structure. Part of the pathway is 
compartmentalised inside specialised peroxisomes, called glycosomes. Previous 
simulations with earlier versions of the model have led to the hypothesis that glycosomes 
prevent usage of the ATP generated in the final part of glycolysis (in the cytosol) in the 
reactions catalysed by hexokinase (HXK) and phosphofructokinase (PFK). Removing the 
glycosome in silico resulted in accumulation of phosphorylated glycolytic intermediates in 
trypanosomes upon addition of glucose, as the parasites lack a negative feedback of such 
compounds on HXK and PFK. The results in chapter III show that this effect is retained 
in the new version of the model.  In addition this chapter serves to demonstrate that in 
silico glycerol catabolism has the same autocatalytic nature as glucose catabolism, such 
that in the absence of a glycosomal membrane and in the presence of glycerol, glycerol 
3-phosphate accumulates. We then show with PEX14 deficient trypanosomes, which are 
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impaired in glycosomal protein import, that glucose addition indeed leads to accumulation 
of glucose 6-phosphate and that glycerol administration results in toxic levels of glycerol 
3-phosphate. As predicted by the model, depletion of glycerol kinase rescued PEX14-
deficient cells of this glycerol toxicity. This provides the first experimental support for 
our hypothesis that pathway compartmentation is an alternative to allosteric regulation 
for solving the major problem associated with the usual autocatalytic nature of catabolic 
pathways, i.e. that of a lethal metabolic explosion. Furthermore, this shows the power of 
computer model predictions and provides additional rationale to the glycosome as a drug 
target.

As altered gene expression can alter pathways quantitatively (and thereby drug efficacy, 
necessitating criterion 3), in chapter IV we ventured to expand our quantitative analysis 
methodology to the level of gene expression. We studied the case of PGK, an enzyme of 
which the trypanosome has three isoforms. The isoforms have a distinct expression pattern, 
both at the mRNA and at the protein level, with PGKB almost exclusively expressed in 
the insect (procyclic) stage and PGKC the predominant isoform at the bloodstream stage. 
As is more general in the transcription of the trypanosome genome (also for non-isoform 
genes), the PGK isoforms are transcribed in tandem as a long polycistronic precursor 
messenger [111], which is later spliced to form the mature messengers. This organisation 
precludes transcription regulation of the levels of individual transcripts at the level of gene 
transcription. We asked the question which processes control PGK mRNA levels at steady-
state conditions and at which level of the gene-expression cascade PGK isoform expression 
is regulated by the differentiating parasite. Our measurements reveal that steady-state in-
vitro-growing bloodstream-form trypanosomes have low numbers of PGK transcripts (on 
the average12 molecules per cell) but many protein molecules (on the average 106

 
per 

cell). Furthermore, we determined the rates of splicing and degradation of the precursor 
mRNA molecules and assessed how many ribosomes occupy a PGK transcript. With this 
information and the published half lives of the mature transcripts, we built a kinetic model of 
the PGK expression system. Control analysis of this model revealed that mature transcript 
levels are positively controlled by transcription and negatively by mRNA degradation, 
without a substantial quantitative role for splicing or precursor degradation. Yet, when 
the parasite differentiates from the bloodstream to the procyclic life stage, the isoform 
mRNA expression is predominantly regulated at the level of mRNA degradation and not 
by transcription. The quantitative model of PGK gene expression may serve as a mould for 
the addition of the gene expression level to our metabolic model, and as an example of how 
this can be done for other metabolic pathways in other organisms. Parameters will probably 
have to be determined for all enzymes separately.
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In 2005, Albert and coworkers [6], published on the effects on growth and metabolism 
of large decreases in enzyme activities of either HXK, PFK, phosphoglycerate mutase 
(PGAM), enolase (ENO) or pyruvate kinase (PYK) induced by RNA interference. In chapter 
V we have compared these effects on glycolytic flux to simulations with the new model 
(described in chapter II). For ENO the kinetic model reflects its in vivo role. In line with 
model simulations, HXK and PYK are in excess (more than 50% of wild-type flux remains 
with only 25% of enzyme activity left), although their overcapacity is overestimated by 
the model. Depletion of PFK in vitro leads to more dramatic effects than we find in silico, 
but depletion of PFK is accompanied by decreases in enzyme activity of other glycolytic 
enzymes. The fact that not all enzymes were monitored precludes a direct comparison 
of model and experiment in this case. Finally, the results for PGAM were used in the 
construction of the model and hence model and experiment show similar results. In all, 
these results show that, while in this test the model performs reasonably well qualitatively, 
on the quantitative levels improvements are needed. Notably, while in the computer model 
only the activity of one enzyme was altered, the results of Albert et al. already indicated 
that large enzyme changes evoke changes in the expression of other glycolytic enzymes 
(e.g. PFK), which, may in part account for the differences between model and experiment. 
To further study gene expression changes, in two of these mutants (HXK and PFK) we 
measured the effects a large decrease in enzyme activity on the mRNA levels of the other 
glycolytic enzymes (chapter V). Importantly, in this analysis we included the glucose 
transporters, which were missing in the study by Albert et al. and which are known to 
exert a high flux control. We found that indeed mRNA levels for many other enzymes 
change in response to HXK or PFK depletion, amongst which the glucose transporters. 
Gene expression changes may play an important role in the regulation of glycolytic flux 
and might thereby alter the potential of a drug target that had solely been designated based 
on results obtained from metabolic considerations alone.  These results underpinned the 
possible importance of criterion 3.

Earlier in vitro and in silico studies [27,28] assigned a high flux control to T. brucei glucose 
transport. Hence, the glucose transporter is the most prominent drug target from a metabolic 
perspective. However, homeostatic gene expression responses of the parasite to glucose 
transport inhibition might lower the potential of glucose transport as a drug target (criterion 
3) and would necessitate high doses, which in turn may lead to unwanted side effects in 
the host (criterion 5). To study the response to such inhibition, in Chapter VI we inhibited 
glucose transport in bloodstream-form T. brucei with two chemically different inhibitors, 
phloretin and 2-deoxy-D-glucose. High doses that inhibit glycolytic flux by more than 50% 
killed the parasite as had been observed in other studies where activities of other glycolytic 
enzymes had been attenuated. Sublethal doses of glucose transport inhibitors, which halt 
parasite growth but do not lead to cell death, evoked a distinct gene expression response: 
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mRNA levels for many glycolytic enzymes, including the bloodstream-form isoform of 
the glucose transporter, were down regulated, while transcript levels for typical procyclic 
enzymes were elevated. For citrate synthase, an enzyme that is only expressed in procyclic 
trypanosomes, activity measurements showed that this change was not confined to the 
mRNA level. Glucose transport inhibition induced more procyclic features: mRNA for 
procyclins (procyclic coat proteins) was induced, cells became concanavalin-A sensitive 
(indicating functional procyclin expression), and cells acquired the ability to survive 
transition to procyclic culture conditions. In the context of the mammalian host, this 
onset of a differentiation process and notably the expression of procyclin coat proteins 
is expected to provide targets for the immune system. These results show that, while one 
would expect that the parasite changes gene expression to counteract the inhibition, the 
actual gene expression response observed in this study may actually enhance the potential 
of glucose transport as a drug target. It will be worthwile to study the gene expression 
responses to inhibition in other pathogens (a term by which we also mean aberrant cell 
types such as cancer cells) and focus on the responses that are anti-homeostatic. 

In this thesis we have mainly focussed on criteria 2 and 3 of the list postulated in the 
introduction. The results for these criteria provide the strong targets for which structural 
drug designers can make compounds that can reach the target (criterion 4) and specifically 
affect the parasite without harming the host (criterion 5). The glucose transporter has 
the advantage that it is easily accessible. Furthermore, unpublished results from an in 
silico comparison of glycolysis models of T. brucei and the erythrocyte (Bakker et al., 
in preparation) indicate differences in the flux-control distribution between trypanosome 
glycolysis and its blood neighbour the erythrocyte that make erythrocytes less vulnerable 
to glucose transport inhibition than trypanosomes. Considering all these aspects together 
qualifies glucose transport as a potentially extremely promising drug target.

The results in this thesis show the strength of the combination of in vitro and in silico tools 
in quantitative understanding of cellular pathways on multiple levels. Such a quantitative 
understanding can facilitate rational, network-based drug design. 
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Voor veel infectieziekten en voor veel vormen van kanker ontbreken goede medicijnen. Dit 
is opvallend, omdat er regelmatig wordt bericht over mogelijke nieuwe aangrijpingspunten 
voor medicijnen. Een reden waarom deze aangrijpingspunten vaak geen nieuwe 
medicijnen opleveren ligt mogelijk in de complexe aard van levende cellen. De levende 
cel bevat vele reactienetwerken en signaaltransductieroutes die met elkaar verweven zijn. 
Daarnaast zijn deze netwerken en routes niet statisch, maar kunnen ze aangepast worden 
door veranderingen in genexpressie. Door deze veranderende complexe netwerken en de 
interacties tussen deze netwerken zijn de effecten van verstoringen (bijvoorbeeld door de 
werking van een medicijn) nog niet te voorspellen. 

Het bovenstaande onderstreept de noodzaak tot een nieuwe methode van medicijn-
ontwikkeling. Deze methode moet gebaseerd zijn op de complexiteit van de cel en 
wordt derhalve wel ‘network-based drug design’ genoemd. Verder gaat het zowel over 
de complexiteit van de cel van het ziekmakende infecterende organisme of van de 
ziekmakende tumor cel (samen zullen we deze ‘pathogeen’ noemen), als over de cellen 
van het zieke organisme (de mens bijvoorbeeld).  Het wordt daarmee ‘differential network-
based drug design’, waarbij het verschil tussen pathogeen en gastheer gesublimeerd wordt.  
Voor een dergelijke aanpak zijn een aantal criteria nodig waaraan de aangrijpingspunten 
van de medicijnen moeten voldoen. In de introductie van dit proefschrift heb ik vijf criteria 
genoemd, in de volgorde waarin aan deze criteria moet worden voldaan:

1. De cellulaire route waar het medicijn op gericht is moet essentieel zijn voor het 
overleven of de groei van de pathogene cel.

2. Het aangrijpingspunt moet een hoge controle uitoefenen over de output van de route 
in het pathogeen.

3. De gen-expressie respons van het pathogeen moet de primaire remming niet 
tegengaan.

4. Het medicijn moet zijn doel in vivo kunnen bereiken.

5. Bijwerkingen van het geneesmiddel op de gastheer moeten beperkt zijn.

Het eerste criterium is een absolute voorwaarde voor de werking van een medicijn en 
daarom ook breed erkend. Echter, om ook aan de andere criteria te voldoen vereist een 
kwantitatief begrip van de route in het pathogeen (kankercel, hyperactieve immuuncel, of 
een parasiet) en de gastheer op diverse organisatieniveaus (op het niveau van de route zelf, 
maar ook op het niveau van genexpressie).
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Om de principes van bovenstaande lijst te onderzoeken hebben we een modelsysteem 
nodig. We hebben gekozen voor de suikerafbraak (glycolyse) in de parasiet Trypanosoma 
brucei. Deze parasiet is een eencellige eukaroot (dat wil zeggen,  behorend bij de klasse 
van organismen met een celkern, waartoe ook de mens behoort) die bij mensen de dodelijke 
Afrikaanse slaapziekte en in vee een ziekte genaamd ‘nagana’ veroorzaakt. De parasiet 
wordt overgedragen van de ene gastheer naar de andere door een beet van de tseetsee-
vlieg. T. brucei kan overleven in zowel insecten als zoogdieren door te differentieren tot 
een levensvorm die aangepast is aan de specifieke gastheer. Hiertoe past het de expressie 
van metabole eiwitten en manteleiwitten aan. De bloedstroom vorm van de parasiet, die 
extracellulair in de circulatie van de zoogdiergastheer leeft, kan ATP uitsluitend maken via 
de glycolyse. De glycolyse van deze parasiet voldoet dus aan het eerste criterium. 

Het doel van het onderzoek beschreven in dit proefschrift is tweeledig. Ten eerste willen 
we onze kwantitatieve kennis over de glycolyse van T.brucei vergroten en dan specifiek 
in relatie met de andere complexe netwerken in de zich vermenigvuldigende parasiet. 
Specifieke doelen waren ons begrip van de organisatie van de route uit te breiden en te 
begrijpen hoe de concentratie van de glycolytische enzymen wordt gereguleerd. Deze 
kennis kan vervolgens bijdragen aan het bereiken van het tweede doel van dit onderzoek: 
het vinden en valideren van goede aangrijpingspunten van antiparasitaire, antikanker, anti-
AIDS, en anti-autoimmuunziekte medicijnen.

Om de karakteristieken van een enkele route in een ingewikkeld netwerk van routes binnen 
een groeiende parasiet te kunnen begrijpen, moet er een goed gedefinieerd experimenteel 
systeem voorhanden zijn. In de afgelopen jaren is het trypanosomen-onderzoek verschoven 
van het gebruik van populaties parasieten die uit geinfecteerde ratten werden gehaald (en 
niet meer konden groeien) naar een in vitro kweeksysteem van groeiende parasieten. In 
hoofdstuk II demonstreren we dat we zowel de groei als de glycolytische flux reproduceerbaar 
kunnen meten in dit in vitro systeem. Verder laten we in dit hoofdstuk met behulp van 
radioactief gemerkte glucose zien dat we de glycolyse als een op zichzelf staande route 
kunnen bestuderen, ook al is het onderdeel van een dicht netwerk van met elkaar verbonden 
routes: glucose wordt vrijwel uitsluitend omgezet in het eindproduct pyruvaat. Zowel de 
glucoseconsumptie-flux als de pyruvaatproductie-flux zijn een kwantitatieve maat voor de 
glycolytische flux en ATP productie.

In hoofdstuk II hebben we tevens het kinetische computer model van de glycolyse van T. 
brucei [26] bijgesteld naar de in vitro situatie. We hebben enzymactiviteiten die gemeten 
zijn in in vitro groeiende trypanosomen als input gebruikt. Verder hebben we twee enzymen 
toegevoegd waarvoor voorheen nog geen experimentele kinetische gegevens beschikbaar 
waren en hebben we de kinetische parameters voor de enzymen fosfoglyceraatkinase (PGK) 
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en glycerol kinase geactualiseerd. De nieuwe versie geeft grotendeels dezelfde verdeling 
van fluxcontrole (een kwantitatieve maat voor criterium 2) over de verschillende enzymen 
als de eerdere versies, maar de nieuwe versie geeft een betere beschrijving van de remming 
door glycerol van de anaerobe glycolytische flux.

De glycolyse van T. brucei heeft een opmerkelijke organisatie. Een groot aantal reacties 
vindt plaats in gespecialiseerde peroxysomen, die glycosomen worden genoemd. Simulaties 
met eerdere versies van het glycolysemodel hebben tot de hypothese geleid dat glycosomen 
voorkomen dat het ATP die aan het eind van de route wordt gemaakt, gebruikt kan worden 
door hexokinase (HXK) en fosfofructokinase (PFK) katalyseren. Het in silico verwijderen 
van het glycosoom veroorzaakte ophoping van gefosforyleerde tussenproducten van de 
glycolyse na toediening van glucose. Dit wordt veroorzaakt door de afwezigheid van 
remming van HXK en PFK door deze tussenproducten. Uit de resultaten in hoofdstuk III 
blijkt dat dit effect ook optreedt in de nieuwe versie van het model. Ook laten we zien dat 
een dergelijk autocatalytisch probleem ook voorspeld wordt als glycerol wordt toegediend 
in de afwezigheid van een glycosomaal membraan: dan hoopt glycerol 3-fosfaat op.  In vitro 
experimenten laten zien dat na de toediening van glucose aan gemuteerde trypanosomen 
die lage levels van PEX14 (een eiwit dat andere eiwitten naar het glycosoom transporteert) 
hebben, glucose 6-fosfaat ophoopt. De toediening van glycerol aan deze gemuteerde 
trypanosomen resulteert in ophoping van glycerol 3-fosfaat. Dit is het eerste experimentele 
bewijs van de hypothese dat het glycosoom een alternatief is voor allostere regulatie van 
de kinases van de glycolyse om metabole explosies te voorkomen. Daarnaast laat dit de 
kracht zien van de modelvoorspellingen en geven de resultaten een extra argument voor het 
glycosoom als een aangrijpingspunt voor medicijnen.

Veranderingen in genexpressie kunnen een kwantitatief effect hebben op cellulaire routes 
(en zo de effectiviteit van medicijnen beinvloeden (zie ook criterium 3). In hoofdstuk 
IV  hebben we ons als doel gesteld om onze kwantitatieve methodologie uit te breiden 
naar het niveau van genexpressie. We hebben dit specifiek gedaan voor  PGK, een enzym 
waarvan T. brucei drie isovormen heeft. Deze isovormen komen op mRNA- en eiwit-
niveau verschillend tot expressie in de verschillende levensstadia. PGKB expressie is bijna 
exclusief voor het levensstadium in het insekt (het procyclische stadium), terwijl PGKC 
de dominante isovorm in het bloedstroom stadium is. De isovormen worden afgeschreven 
van het DNA als lange polycistronische voorloper mRNA moleculen [111], waaruit later 
de uiteindelijke mRNAs worden gemaakt in een proces dat ‘splicing’ genoemd wordt. 
Deze vorm van transcriptie maakt het niet mogelijk om de transcriptie van individuele 
mRNAs op transcriptie-niveau te reguleren.  We hebben onderzocht welke processen 
controle hebben over PGK-mRNA niveaus onder steady state condities en op welk niveau 
in de genexpressiecascade de expressie van de PGK isovormen gereguleerd wordt als de 
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parasiet overgaat in een ander levensstadium. Onze metingen laten zien dat er in steady 
state omstandigheden in de in vitro groeiende parasiet slechts weinig PGK transcripten 
zijn (gemiddeld 12 moleculen per cel), maar dat er vele eiwitmoleculen zijn (gemiddeld 
een miljoen per cel). Daarnaast hebben we ook gemeten hoe snel de voorloper mRNA 
moleculen worden geknipt en hoe snel deze voorloper mRNAs worden afgebroken.  
Ook hebben we gemeten hoeveel ribosomen er gemiddeld op een transcript zitten. Deze 
gegevens hebben we samen met informatie uit de literatuur over de levensduur van de 
uiteindelijke mRNAs gebruikt om een kinetisch model te maken van PGK transcriptie.  
Controle-analyse van dit model toonde aan dat de PGK-mRNA niveaus positief beinvloed 
worden door transcriptie en negatief door de afbraak. Er is geen noemenswaardige bijdrage 
van splicing of van de afbraak van het voorloper mRNA-molecuul.  Echter als de parasiet 
overgaat van de bloedstroomvorm naar het procyclische stadium worden de mRNA niveaus 
van de isovormen hoofdzakelijk gereguleerd door afbraak en niet door synthese. Het 
kwantitatieve model van PGK expressie kan als een blauwdruk dienen voor de toevoeging 
van genexpressie aan het in hoofdstuk II beschreven metabole model. Waarschijnlijk 
moeten dan wel voor elk enzym de expressieparameters  worden gemeten. 

In 2005 publiceerden Albert en collega’s [6] gegevens over de effecten van grote 
veranderingen in de enzymconcentraties van HXK, PFK, fosfoglyceraatmutase (PGAM), 
enolase (ENO) of pyruvaat kinase (PYK) op groei en metabolisme. Albert et al. hebben 
deze effecten gemeten in cellijnen waarin door middel van RNA-interferentie (RNAi) 
de concentraties van enzymen verlaagd konden worden. In hoofdstuk V hebben we deze 
gegevens over de glycolytische flux vergeleken met simulaties op basis van het nieuwe 
model (hoofdstuk II). Het kinetische model geeft een goede beschrijving van de in vivo rol 
van ENO.  In overeenstemming met het model zijn HXK en PYK in overmaat aanwezig 
(er stroomt nog 50% van de normale flux bij een vermindering van de enzyme concentratie 
tot 25%), hoewel de mate van overschot door het model wordt overschat. In vitro verlaging 
van de PFK concentratie leidt tot grotere effecten dan we in silico zien, maar de verlaging 
van de PFK concentratie is niet specifiek, daar ook de niveaus van andere enzymen omlaag 
gaan.  Omdat niet van alle enzymen de concentratie gemeten is, is een directe vergelijking 
tussen model en experiment voor PFK niet mogelijk. De metingen voor PGAM zijn als 
invoer voor het model gebruikt en dus zijn model en experiment voor dit enzym hetzelfde. 
Tezamen laten de resultaten zien dat het model kwalitatief een goede beschrijving van de 
glycolyse van T. brucei geeft, maar dat er op het kwantitatieve vlak nog verbeteringen 
nodig zijn. Verder is nog relevant om te vermelden dat in de resultaten van Albert et al. 
al zichtbaar was dat grote verlagingen van enzymconcentraties de expressie van andere 
enzymen beinvloeden (dit geldt bijvoorbeeld voor de verlaging van PFK gehalte). 
Aangezien we in het model telkens de concentratie van slechts een enkel enzym hebben 
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veranderd, zou bovenstaande gedeeltelijk kunnen verklaren waarom er een verschil is 
tussen modelvoorspelling en experiment. 

Om dergelijke effecten van de concentratieverlaging van een enzym op de expressie van 
andere glycolytische enzymen verder te onderzoeken, hebben we voor twee mutanten (HXK 
en PFK) uit de studie van Albert et al. de gevolgen van RNAi  voor de expressie van andere 
glycolytische enzymen gemeten. We hebben hierbij ook de glucosetransporteur mRNA’s 
meegenomen. Deze zijn niet gemeten door Albert et al. en van deze transporteiwitten is 
al bekend dat ze, onder normale omstandigheden substantiële controle uitoefenen over de 
glycolytische flux. We hebben gemeten dat de expressie van andere enzymen (waaronder 
degenen die coderen voor de glucose transporteurs) verandert na RNA interferentie met 
HXK of PFK. Deze genexpressie veranderingen kunnen een grote rol spelen in de regulatie 
van de glycolytische flux en kunnen het potentieel van een enzym als aangrijpingspunt voor 
medicijnen veranderen vergeleken met het potentieel dat slechts gebaseerd is op informatie 
over het metabole niveau (criterium 3).  

Uit eerdere in vitro en in silico analyses [27,28] is gebleken dat transport van glucose een hoge 
controle heeft over de glycolytische flux van T. brucei. Vanuit een metabool perspectief is 
de glucosetransporteur dus het sterkste doelwit voor medicijnen. Echter, als de parasiet kan 
reageren op remming van het transport van glucose door genexpressie te veranderen, dan 
zou dit het potentieel van dit doelwit kunnen verlagen (criterium 3), zeker als het zou gaan 
om een verandering in genexpressie met een homeostatisch effect. Er zouden dan hogere 
doses van een dergelijk medicijn nodig zijn, met mogelijke neveneffecten bij de gastheer 
als gevolg (criterium 5). Om de reactie van de parasiet op glucosetransportremming te 
bestuderen hebben we in hoofdstuk VI de bloedstroomvorm van de parasiet blootgesteld 
aan twee chemisch verschillende remmers, namelijk phloretine en 2-deoxy-D-glucose. 
Hoge doseringen van deze remmers, die de glycolytische flux met meer dan 50% verlagen, 
doden de parasiet. Dit dodelijke effect was ook al gezien in andere studies waarbij de 
activiteit van andere glycolytische enzymen was verlaagd. Echter, doseringen die de 
parasiet niet doden, maar wel de groei stoppen stimuleerden een genexpressierespons:  van 
verschillende glycolytische enzymen ging het niveau van het bijbehorende mRNA echter 
omlaag, en niet omhoog zoals wellicht verwacht.  Dit betrof ook het mRNA dat codeert voor 
een isovorm van de glucosetransporteur die normaal in de bloedstroomvorm tot expressie 
komt.  Daarnaast waren de mRNA niveaus voor typisch procyclische enzymen verhoogd. 
Door de activiteit te meten hebben we voor citrate synthase, een enzyme dat normaal 
alleen in procyclische trypanosomen tot expressie komt, aangetoond dat de respons niet 
beperkt blijft tot het niveau van het mRNA. Remming van glucosetransport leidt tot meer 
procyclische eigenschappen: mRNA-expressie van procyclines (membraaneiwitten in het 
procyclische levensstadium) werd meetbaar, cellen werden gevoelig voor concanavaline 
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A (hetgeen betekent dat ook procycline-eiwitten gemaakt werden) en de geremde cellen 
konden overleven onder procyclische kweekcondities. Als we deze resultaten bekijken 
in het licht van de omgeving in de gastheer dan zou de overgang naar het procyclische 
levensstadium, en dan in het bijzonder de expressie van procyclische manteleiwitten, 
nieuwe aangrijpingspunten opleveren voor medicijnen. Onze resultaten laten zien hoe 
genexpressie het potentieel van een doelwit kunnen beïnvloeden.

In dit proefschrift hebben we ons met name geconcentreerd op criterium 2 en 3 uit 
bovenstaande lijst.  Onze resultaten geven aan wat de sterke doelwitten zijn binnen de 
glycolyse van T. brucei. Deze resultaten kunnen gebruikt worden voor het maken van 
medicijnen die niet alleen het overeenkomstige eiwit remmen, maar dit ook kunnen 
bereiken (criterium 4) en die selectief genoeg zijn om hoofdzakelijk de parasiet te raken 
en nauwelijks de gastheer (criterium 5). De glucosetransporteur heeft tot voordeel dat het 
als membraaneiwit makkelijk te bereiken is voor medicijnen (criterium 4). Daarnaast geeft 
een in silico vergelijking tussen computermodellen van de glycolyse van de rode bloedcel 
en de trypanosoom (Bakker et al., in voorbereiding) aan dat glucose transport veel minder 
controle heeft over de flux in de rode bloedcel dan in de parasiet. Rode bloedcellen zullen 
dus minder last hebben van remming van glucose transport. Dit alles in ogenschouw 
nemend, concludeer ik dat glucose transport zeer geschikt  doelwit is voor medicijnen 
tegen trypanosomen. 

 De resultaten in dit proefschrift tonen de grote kracht aan van de combinatie van in vitro en 
in silico experimenten voor het kwantitatieve begrip van een cellulaire route op meerdere 
niveaus. Dit kwantitatieve begrip kan uiteindelijk leiden tot echte ‘network-based drug 
design’.  Dit kan dan leiden tot nieuwe ideëen voor  geneesmiddelen tegen uiteenlopende 
ziektes, waaronder parasitaire infectieziektes, kanker, autoimmuunziektes, en reuma.
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Inleiding

Nu de andere gedeelten van het proefschrift door mijn promotor en de leescommissie 
zijn goedgekeurd, wil ik hier nog enkele pagina’s gebruiken om het werk in niet-
wetenschappelijke taal samen te vatten.

 Het onderzoek beschreven in dit proefschrift heb ik van 2002 tot en met 2007 gedaan aan 
de Vrije Universiteit in Amsterdam. In deze periode heb ik geprobeerd om meer te weten 
te komen over hoe een parasiet, die de dodelijke Afrikaanse slaapziekte veroorzaakt, aan 
energie komt die hij nodig heeft om te overleven en zich te vermenigvuldigen.  Deze kennis 
hebben we gebruikt om te bepalen waar we zijn energievoorziening moeten aanvallen met 
medicijnen om deze lam te leggen en de parasiet te doden. We stellen een doordachte 
aanpak voor die niet alleen te gebruiken is tegen deze parasiet, maar die we ook kunnen 
toepassen in de bestrijding van andere ziekteverwekkers.

Voordat ik vertel welke bevindingen we hebben gedaan, leg ik eerst iets uit over het waarom 
van dit onderzoek.

Waarom is het onderzoek gedaan?

Het achterliggende doel van dit onderzoek is om te begrijpen hoe processen in een 
ziekteverwekkende cel echt werken. Als we dat weten, kunnen we misschien medicijnen 
ontwikkelen die een processtap in zo’n cel effectief kunnen aanvallen en de ziekteverwekker 
zullen doden. Het medicijn moet ook nog eens zo min mogelijk schade veroorzaken aan 
menselijke cellen. 

Wij willen met ons onderzoek benadrukken dat het belangrijk is om processen te bestuderen 
onder de juiste omstandigheden. Dit betekent in ons geval dat we willen bestuderen hoe 
processen in de cel verlopen. Waarom dit zo belangrijk is, wil ik verduidelijken met het 
voorbeeld van het openbreken van een kettingslot dat bestaat uit losse schakels. Stel: je 
bent je sleutel kwijt, je fietsslot zit dicht en je wilt de ketting open krijgen. Als je een slot 
hebt met allemaal dezelfde schakels, is iedere schakel even moeilijk te verbreken en maakt 
het niet uit welke schakel je probeert te verbreken. Maar dit is anders als de ketting bestaat 
uit verschillende soorten schakels. Als een enkele fietsslot-schakel onderdeel is van een 
ketting die voor de rest bestaat uit brommerslot-schakels (deze schakels zijn veel steviger 
dan die van fietssloten), dan zou je je aandacht richten op die ene fietsslot-schakel. Die is 
het zwakst en dus het gemakkelijkst te verbreken. Dus, terwijl in het fietsslot zo’n schakel 
even sterk is als de andere, zou je in een brommerslot met één zo’n fietsslot-schakel het slot 
proberen te openen door de fietsslot-schakel te breken. 
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Ook als we een ziekteverwekker willen aanvallen, zoeken we naar de zwakste schakel. 
Uit bovenstaande is naar voren gekomen dat door alleen naar de schakels te kijken je niet 
zoveel kunt zeggen. Wat de zwakste schakel is hangt mede af van de andere schakels in het 
slot. Wij willen dan ook processen (het slot; bijvoorbeeld de energievoorziening van een 
parasiet) en processtappen (de schakels) bestuderen en begrijpen onder omstandigheden 
die normaal zijn in en voor de parasiet. De capaciteit van de andere processtappen, maar 
ook andere processen die in de cel verlopen, bepalen mede hoe belangrijk iedere processtap 
(schakel) is in het geheel en welke stap je moet aanvallen om het proces het meest te 
hinderen.  Deze methode noemen we ‘network-based drug design’, omdat we de omgeving 
(het netwerk, het proces) nadrukkelijk willen betrekken bij het ontwikkelen van nieuwe 
medicijnen. 

Overigens is de biologie wel iets anders dan het fietsslot uit het voorbeeld: in een cel 
hoeven we het proces vaak niet helemaal te stoppen (‘het slot openbreken’) om een cel 
plat te leggen. Sterk vertragen is al voldoende. Maar ook voor vertragen geldt: we willen 
met zo min mogelijk inspanning (lees: zo laag mogelijke medicijndosis) het proces zo 
sterk mogelijk vertragen. En welke processtap dan vertraagd moet worden hangt af van de 
opbouw van het proces, de capaciteit van de verschillende stappen en de andere processen 
in de cel.

Waarom een Afrikaanse parasiet als model-organisme? En waarom 
hebben we de suikerafbraak van deze parasiet bestudeerd?

Het bredere doel van ons onderzoek is het begrijpen van processen en hoe die verlopen 
binnenin de ziekteverwekker. We willen laten zien dat als je niet iedere processtap 
afzonderlijk bestudeerd, maar juist het hele proces of de hele cel gedetailleerd probeert te 
begrijpen je een betere selectie kunt maken welke processtap (‘welke schakel’) het beste 
doelwit is voor medicijnen. Omdat we dus een volledig proces van een ziekteverwekker 
in detail moeten kennen voor zo’n analyse, hebben we voor dit onderzoek gekozen voor  
het volgende proces: de suikerafbraak (of: suikermetabolisme) in de Afrikaanse parasiet 
Trypanosoma brucei. De parasiet moet suikers afbreken om aan energie te komen om te 
overleven en zich te vermenigvuldigen. Als hij niet snel genoeg energie kan produceren gaat 
hij dood. Suiker wordt afgebroken door een keten van enzymen. Dit zijn grote moleculen 
die elk afzonderlijk een bepaalde verandering aan het suikermolecuul aanbrengen. Aan 
de suikerafbraak en de afzonderlijke stappen (enzymen) binnen dit proces is de afgelopen 
decennia al veel onderzoek gedaan. Deze informatie is door mijn begeleidster Barbara 
Bakker gebruikt om een gedetailleerd computermodel van de hele suikerafbraak in de 
parasiet te maken. Met dit model kunnen we simuleren wat de effecten van veranderingen 
aan dit proces zijn op de snelheid van energieproductie van de parasiet. We kunnen 
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hiermee dus een idee krijgen welke processtap de snelheid van energieproductie het sterkst 
beïnvloedt. In het laboratorium kunnen we de parasiet ook kweken en testen of wat het 
model voorspelt ook echt gebeurt. De mogelijkheid om zowel computersimulaties en 
laboratoriumexperimenten te kunnen doen aan de suikerafbraak als geheel, maakt het een 
goed model-organisme om onze rationele aanpak te testen. 

Wat voor organisme is Trypanosoma brucei?

Trypanosoma brucei is een organisme dat bestaat uit een enkele cel. De cel lijkt op een 
soort wormpje en het smalle uiteinde van de cel kan zwiepen als een staart. Hierdoor kan de 
parasiet door een vloeistof heen bewegen.  In de wetenschap korten we de naam trouwens 
af tot T. brucei; in het lab hebben we het vaak over  “tryps”. De parasiet wordt overgebracht 
door een beet van de tseetseevlieg die de parasiet in de bloedbaan van een zoogdier spuit. 
De tseetseevlieg komt voor in Afrikaanse landen ten zuiden van de Sahara en daar komt 
de parasiet dus ook het meeste voor. De vlieg zorgt voor het overbrengen van de parasiet 
van de ene mens op de andere. Ieder jaar raken ongeveer 50.000 mensen besmet en 60 
miljoen mensen leven in riscogebieden. Omdat ook vee besmet kan worden, is het tevens 
een economisch probleem.

Als je door een geïnfecteerde tseetseevlieg wordt gebeten, komt de parasiet in je bloed 
terecht. Daar leeft hij in het plasma, tussen de cellen van het bloed. Hij leeft van de suikers 
in het bloed en vermenigvuldigt zich. Het lichaam herkent de buitenkant van de parasiet 
als lichaamsvreemd en het afweersysteem valt deze buitenkant aan. De parasiet heeft hier 
echter een verdedigingssysteem tegen: hij kan het uiterlijk van zijn buitenkant veranderen. 
Sommige parasieten veranderen het uiterlijk van hun buitenkant en overleven de aanval 
totdat het afweersysteem ook weer deze nieuwe buitenkant herkent. Er is grote kans dat er 
telkens een vorm van de parasiet opduikt die ontsnapt. Uiteindelijk gaat de parasiet naar 
het centrale zenuwstelsel en veroorzaakt daar schade die leidt tot de eigenschappen van de 
slaapziekte, met als de meest herkenbare: slaapaanvallen die uiteindelijk overgaan in een 
coma waar men niet meer uit ontwaakt. Onbehandeld is de slaapziekte nog altijd dodelijk. 
In het begin, als de parasiet in de bloedbaan zit, is de ziekte nog redelijk te behandelen, 
hoewel de gebruikte medicijnen veel bijwerkingen geven doordat ze giftig zijn. Er zijn maar 
weinig medicijnen die de parasiet kunnen aanvallen als hij in het centrale zenuwstelsel zit. 
Deze medicijnen zijn zelfs nog giftiger. En er duiken vormen van de parasiet op die niet 
meer op de medicijnen reageren.  Er zijn dus nieuwe medicijnen nodig. 
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Aan welke eisen moet een medicijn voldoen? 

Om niet zomaar naar een speld in een hooiberg te zoeken, maar het onderzoek rationeel te 
maken, heb ik een lijst met criteria gemaakt waaraan een aangrijpingspunt voor medicijnen 
moet voldoen:

1.  Het medicijn moet een processtap raken van een proces dat essentieel is voor 
overleving en groei van de ziekteverwekker

Dit is de meest onomstreden voorwaarde: de ziekteverwekker moet natuurlijk last hebben 
van het medicijn.

2.  De specifieke stap in het proces die geraakt wordt moet ook echt invloed hebben op 
de werking van het proces. 

Dit is een stap die mijns inziens vaak over het hoofd gezien wordt: Als aan criterium 1 is 
voldaan, meent men vaak dat iedere stap in het proces een even goed doelwit is. Maar dat 
is niet per se waar, want iedere processtap heeft in de praktijk andere eigenschappen. 

Om dit uit te leggen, gaan we weer even terug naar het fietsslot. Als je gereedschap hebt 
dat elke schakel kan breken onafhankelijk van het materiaal van de schakel of de dikte 
ervan, dan maakt het niet uit welke schakel je neemt. Het breken van iedere willekeurige 
schakel zal dan de ketting breken. Maar net als in het echte leven bestaan er ook in de 
biochemische gereedschapskist maar weinig middelen die zo krachtig zijn. En als ze wel 
zo krachtig zijn (denk bijvoorbeeld aan een bom), dan richten ze vaak veel ongewenste 
schade (bijwerkingen) aan. Daarnaast wil je de ketting met zo min mogelijk inspanning/
kracht openen om te voorkomen dat het gereedschap dat je wel hebt kapot gaat.  En als je 
geld moet uitgeven om een nieuw stuk gereedschap (‘medicijn’) te maken dan wil je het 
liefst ook meteen iets maken dat zal werken. Dat scheelt geld.

Als er een schakel duidelijk minder sterk is dan de andere, dan is het het eenvoudigst om 
daar de ketting te breken. Nu zijn bij een fietsslot de schakels meestal allemaal hetzelfde, 
maar stel nu dat alle schakels verschillend van dikte en van materiaal zouden zijn: stel je 
voor dat de ketting uit schakels van hout, papier en ijzer bestaat. De papieren schakel klinkt 
dan als het zwakst, maar dit hangt mede af van de dikte: als de papieren schakels zo dik 
zijn als een telefoonboek en de ijzeren schakel de dikte heeft van een paperclip, dan is de 
paperclip weer een slimmer doelwit. 
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Het juiste doelwit om te raken hangt dus af van de context en van de specifieke eigenschappen 
van een schakel (ten op zichte van al die andere schakels!). Als we nu een ziekteverwekker 
langzamer willen laten groeien of zelfs doden, dan hebben we dus (1) gedetailleerde kennis 
over de processtappen (schakels) nodig en hebben we (2) informatie over hun rol (sterkte 
en positie van de schakel) in de functie (het slot) van het proces nodig. Uiteraard moeten 
we die informatie in de juiste context bepalen, dus in ons geval bij voorkeur onder de 
omstandigheden die normaal zijn in de ziekteverwekker.

3.  De indringer moet niet reageren op het medicijn door zichzelf zodanig te veranderen 
dat het medicijn geen effect meer heeft. 

Cellen, en dus ook ziekteverwekkers zijn in staat om de meeste onderdelen waaruit zij 
bestaan zelf te maken. Als er een onderdeel slechter functioneert, omdat er een medicijn 
aanwezig is die de werking beïnvloedt, kan de cel soms ook meer van dit onderdeel maken 
of de functie laten overnemen door een ander proces. Hierdoor heeft de ziekteverwekker 
minder last van het medicijn en wordt dus resistent. Dit gebeurt met name bij (te) lage 
doses van medicijnen of zwakke medicijnen omdat de ziekteverwekker dan niet meteen 
dood gaat, maar de tijd heeft om zich aan te passen. 

4.  Het medicijn moet het proces binnenin de cel kunnen bereiken. 

Als het medicijn niet kan komen op de plek waar het zijn werk moet doen, zal het geen 
effect hebben. Voor processen die zich in de ziekteverwekker afspelen, zal het medicijn 
allereerst door het membraan dat om de cel heen zit moeten komen. Maar ook in de cel 
zijn er nog gedeeltes afgeschermd door membranen. Soms moet een medicijn dus door 
meerdere barrières breken om effect te hebben. Onder medicijn-ontwikkelaars zijn er 
specialisten met een trukendoos om een medicijn op de juiste plek te krijgen. In sommige 
gevallen foppen ze de cel met behulp van Trojaanse paarden.

5.  Het medicijn moet zo min mogelijk bijwerkingen hebben op de cellen van de gastheer 
waarin de indringer zich bevindt.

Als je een medicijn tegen een ziekteverwekker krijgt, is het niet de bedoeling dat je 
doodgaat door de werking van het medicijn. Het is dus zaak om een medicijn te vinden 
dat wel de ziekteverwekker doodt, maar zo min mogelijk schade veroorzaakt aan je eigen 
cellen. Je kunt je voorstellen dat dit makkelijker is als je een processtap remt die uniek is 
voor de ziekteverwekker. Maar dat is niet altijd mogelijk. Een kankercel bijvoorbeeld is 
een lichaamseigen cel die ontspoord is en al zijn processen en processtappen vind je dus 
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ook in gezonde cellen. Bij een ziekte als kanker zal het vinden van contextverschillen (zie 
criterium 2) tussen kankercellen en gezonde cellen dus van groot belang zijn.

De volgorde van deze lijst is belangrijk. Een willekeurig proces vertragen (starten bij 
criterium 2) kan betekenen dat de indringer er niets van merkt, omdat hij dat proces 
eigenlijk kan missen. Er zijn bijvoorbeeld andere processen die de functie van het geremde 
proces kunnen overnemen (je doet veel moeite om het slot open te breken, maar de fiets 
staat nog met een ander slot aan de reling van de gracht vast). Een processtap vertragen die 
uniek is voor de ziekteverwekker (starten bij criterium 5) kan heel succesvol zijn, maar dan 
moet die processtap wel een belangrijke schakel (criterium 2) zijn in een essentieel proces 
(criterium 1)

Hoe ver was het onderzoek naar medicijn-doelwitten binnen de suiker-
afbraak van T. brucei voordat ik begon met mijn promotieonderzoek?

Er wordt al decennia gezocht naar betere medicijnen tegen de (verwekker van de) 
slaapziekte. Er is dus ook al het een en ander bekend met betrekking tot de vijf criteria die 
ik genoemd heb. Ik zal dat nu per criterium kort beschrijven.

Criterium 1
Als de parasiet in het bloed van zoogdieren leeft, kan hij niet zonder suiker(afbraak), omdat 
hij niet op andere manieren aan energie kan komen. Dit is een sterk argument om binnen de 
suikerafbraak te bepalen welke processtap een goed doelwit is voor medicijnen.

Criterium 2
Het bestaande computermodel van de suikerafbraak bood ons al de mogelijkheid om het 
effect van het vertragen van een processtap in aanwezigheid (context) van de andere stappen 
te simuleren. Hieruit is gekomen dat het transport van suiker over het buitenmembraan van 
de parasiet het meest bepalend is voor de snelheid van energieproductie in de parasiet. Dit 
vertragen zou dus het meeste effect hebben op de energievoorziening van de parasiet.

Modelvoorspellingen worden vaak sceptisch benaderd. Er lopen meer processen in een cel 
dan alleen suikerafbraak en het model is een versimpeling van de werkelijkheid. Daarom 
heeft ons lab ook gemeten in populaties levende trypanosomen wat het effect is van het 
vertragen van de suikeropname. Deze metingen hebben bevestigd dat vertragen van de 
suikeropname een sterk effect heeft op de energie- productiesnelheid. 

Criterium 3-5
Aan criterium 3 wordt nog niet zoveel werk gedaan. Dit criterium hebben wij expliciet 
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betrokken in ons werk en komt uitgebreid aan bod bij het bespreken van de resultaten. De 
laatste twee criteria liggen buiten onze specifieke kunde.  Criterium 4 is meer het terrein 
van chemici die stoffen zo kunnen aanpassen dat ze door barrières heen kunnen komen. 
Met betrekking tot criterium 5 is er al veel kennis opgedaan: hoewel ook menselijke cellen 
op een vergelijkbare manier suiker afbreken om aan energie te komen zijn er essentiële 
verschillen tussen de manier waarop de mens en de manier waarop de parasiet dit doet. 
Door processtappen te remmen die uniek zijn in de parasiet zijn er al stoffen gevonden die 
parasieten kunnen doden. De doses zijn wel vaak nog te hoog om aan mensen toe te dienen, 
maar er zijn specialisten die deze stoffen kunnen aanpassen zodat ze sterker en specifieker 
hun werk doen. 

Met ons werk willen wij ervoor zorgen dat er vooraf een context-gestuurde keuze in de 
processtappen wordt gemaakt. Dit kan mogelijk voorkomen dat na veel onderzoek blijkt dat 
een stof geen bijwerkingen heeft (criterium 5), maar ook de parasiet niet doodt (criterium 
1 en 2).

Wat heeft onderzoek beschreven in dit proefschrift opgeleverd?

Vijf jaar onderzoek levert veel meetwaardes op. En we hebben er veel nieuwe inzichten 
door gekregen. We hebben een nog preciezer begrip van de suikerafbraak van T. brucei en 
kunnen met onze analyses criterium 1 tot en met 3 al behandelen. Hieronder een overzicht 
van de inzichten die ons werk heeft opgeleverd.

Een verbeterd computermodel en een gevalideerd experimenteel testsysteem.
Het eerdere computermodel is gebaseerd op metingen in trypanosomen die uit geïnfecteerde 
knaagdieren werden gehaald. Deze trypanosomen konden niet meer vermenigvuldigen. En 
dat is jammer, want juist het vermenigvuldigen is een belangrijke eigenschap van deze 
ziekteverwekker. Tegenwoordig kunnen we trypanosomen kweken in het laboratorium 
zonder dat daar knaagdieren voor nodig zijn. Dit maakt het onderzoek makkelijker en 
het voorkomt het gebruik van proefdieren in dit stadium. We hebben allereerst het 
computermodel dusdanig aangepast dat het nu gebaseerd is op meetwaarden gemeten in 
deze gekweekte parasieten. Het nieuwe model geeft een nog betere beschrijving van de 
suikerafbraak: modelsimulaties komen nu dichterbij eerder beschreven resultaten. Dit 
werk hebben we gedaan in nauwe samenwerking met het lab van Paul Michels in Brussel.

Zoals in de vorige paragraaf gesteld, is een model van een enkel proces in een cel een 
versimpeling: in werkelijkheid vinden er verschillende processen in een cel tegelijkertijd 
plaats en beïnvloeden verschillende processen elkaar. Om te kijken hoe de suikerafbraak 
verbonden is met andere processen in de parasiet hebben we de suiker-moleculen gemerkt 
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en gevolgd waar de afbraakproducten van de suikermoleculen terecht komen. Uit onze 
metingen blijkt dat suikerafbraak vrijwel uitsluitend gebruikt wordt voor energieproductie. 
Dit toont aan dat zelfs in parasieten die zich vermenigvuldigen in kweekflesjes de 
suikerafbraak geïsoleerd plaats vindt ten op zichte van andere processen in de cel. We 
kunnen de suikerafbraak dus ook in onze experimenten beschouwen als een een geïsoleerd 
proces, net zoals dat in het computermodel gebeurt.

De kracht van modelvoorspellingen: het effect van verschillende ruimtes in een cel.
Het model wint aan waarde als de uitkomsten uit het model gelijk zijn aan de metingen aan 
de levende, gekweekte parasieten.  Zo’n model kan gebruikt worden om experimenten in 
de computer uit te voeren die in het lab technisch nog niet mogelijk zijn. Een opvallende 
eigenschap van de suikerafbraak in de parasiet is dat een aantal processtappen in een aparte 
ruimte in de cel plaatsvindt. Lange tijd was het niet mogelijk in levende parasieten te 
bepalen wat de reden is dat sommige processen in andere ruimtes zitten. Het experiment 
dat je zou willen doen, is de ‘muren’ van de verschillende ruimtes verwijderen en dan 
kijken wat er gebeurt. In een computermodel kan dit veel makkelijker en hebben we 
gekeken wat er met de suikerafbraak gebeurt als we de muren tussen de ruimtes weghalen.  
Daaruit bleek dat in afwezigheid van deze muren  tussenproducten van de suikerafbraak 
ophopen en er netto helemaal geen energie meer wordt gemaakt. De reden hiervoor is dat 
de suikerafbraak eerst energie verbruikt voordat zij energie produceert. Als de uiteindelijk 
geproduceerde energie door de eerste processtappen die energie nodig hebben gebruikt kan 
worden, dan gaan de processtappen in het begin van het proces harder lopen dan de rest en 
hopen tussenproducten zich op: de suikerafbraak explodeert. 

Dit was natuurlijk op zich al een mooie ontdekking, maar we wilden weten of dit echt 
zo werkt in levende parasieten. Door mutante parasieten uit Seattle te gebruiken die alle 
stappen in één ruimte hebben, hebben we kunnen aantonen dat de modelsimulaties juist 
zijn: als je suiker geeft aan deze mutante parasieten hopen tussenproducten zich inderdaad 
op en gaat de parasiet dood. 

Menselijke cellen hebben dit probleem anders opgelost, maar de parasiet heeft deze ruimte-
indeling dus nodig om een ophoping van tussenproducten te voorkomen. De ‘muren’ in de 
parasiet zijn dus potentiële doelwitten van medicijnen.

Meer begrip over hoe de parasiet de capaciteit van processtapen kan veranderen en zo het 
effect van een medicijn kan beïnvloeden
Levende organismen zijn in staat om met behulp van de genetische code in het DNA en een 
gespecialiseerde productelijn de capaciteit van processtappen groter of kleiner te maken. 
Dit heet gen-expressie. Je kunt je voorstellen dat als een medicijn een processtap vertraagt 
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het voor de parasiet verstandig kan zijn om de capaciteit van deze stap te vergroten. Zo zou 
het effect van het medicijn teniet gedaan worden.

Het is dus belangrijk om te weten hoe snel de parasiet de capaciteit van een processtap 
kan aanpassen. En ook binnen deze productielijn is het weer belangrijk om te weten welke 
stappen invloed hebben op de snelheid hiervan. 

Van een enkele processtap binnen de suikerafbraak (het enzym dat met de afkorting PGK 
aangeduid wordt) hebben we de productielijn in detail onderzocht. Om dit te doen heb 
ik een half jaar in Heidelberg gewoond en gewerkt in het lab van Christine Clayton. 
We hebben gemeten hoe groot de capaciteit van de verschillende onderdelen van de 
productielijn van PGK is en hoe groot de voorraad van tussenproducten normaal gesproken 
is. Vervolgens hebben we ook van de productielijn een computermodel gemaakt. Dat 
was nog niet in zulk detail gedaan. Uiteindelijk is de bedoeling dat we voor ieder enzym 
afzonderlijk een model maken van de productielijn van dat enzym. Later willen we deze 
‘productiemodellen’ dan koppelen aan het al bestaande model van de suikerafbraak. Een 
dergelijk gecombineerd model kan dan, net zoals het gebeurt in de levende parasiet, de 
capaciteit van de processtappen aanpassen. Dit zal het model dynamischer maken en de 
voorspellingen nog beter maken.

T. brucei reageert op remming van stappen in de suikerafbraak door de capaciteit van 
andere processtappen aan te passen.
Nu we steeds meer weten over hoe de suikerafbraak in de cel werkt, willen we 
modelvoorspellingen testen in het lab. In het lab van Paul Michels zijn daarom mutante 
parasieten gemaakt die sommige processtappen minder snel uitvoeren dan gewone 
trypanosomen. Omdat we kunnen meten hoe snel ze een stap daadwerkelijk uitvoeren, 
kunnen we ook een “mutant”-model maken dat vergelijkbaar is met de situatie in het 
experiment. We kunnen nu zowel in de computer als in het experiment kijken wat het 
effect is van de vertraging van deze stappen (zoals dat ook met een medicijn zou kunnen). 
Analyse van vijf processtappen waarvoor dit gedaan is, geeft aan dat in sommige gevallen 
het model goed voorspelt wat het effect is. In andere gevallen klopt het niet helemaal. Dit 
betekent dat het model nog verbeterd dient te worden. Mogelijk zijn er mechanismen in 
de trypanosoom die we nog niet kennen en die, als we ze in het model stoppen, het model 
zullen verbeteren.

Uit de metingen in de mutante parasieten is ook gebleken dat als sommige processtappen 
vertraagd worden dit leidt tot veranderingen in de capaciteit van andere stappen. In sommige 
mutanten worden door de parasiet zelf andere processtappen vertraagd. De parasiet kan dus 
duidelijk reageren op de effecten van een medicijn. Dit is belangrijke informatie, want het 
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zou kunnen betekenen dat de parasiet zich zo kan aanpassen dat het minder last heeft van 
het medicijn (dan is criterium 3 een probleem).

Suikertransport over het celmembraan komt na een uitgebreide analyse als beste medicijn-
doelwit  uit de bus.
Uit eerder onderzoek was het al gebleken en ook het verbeterde computermodel geeft 
het aan: de suikeropname over het celmembraan bepaalt in grote mate de snelheid van 
energieproductie. Maar wat als de trypanosoom zich heel goed kan aanpassen aan een 
vertraging van deze stap (criterium 3)? Dan zullen medicijnen weinig effectief zijn. Het is 
dus belangrijk om al in dit stadium die effecten te bestuderen. 

We hebben aan gekweekte trypanosomen verschillende hoeveelheden toegevoegd van 
twee verschillende stoffen die de suikeropname vertragen. Grote hoeveelheden doden 
de trypanosomen, maar lagere hoeveelheden stoppen alleen het vermenigvuldigen. Bij 
deze lage hoeveelheden van de stoffen meten we veel veranderingen in de trypanosomen: 
de capaciteit van veel processtappen van de suikerafbraak neemt af, maar er worden 
onderdelen van processtappen juist aangemaakt die normaal alleen worden gemaakt als 
de trypanosoom in de vlieg zit. In de vlieg zijn andere voedingsbronnen aanwezig en moet 
de trypanosoom zijn energieproductieproces aanpassen. Maar de trypanosoom gaat ook 
andere zaken aanpassen als de suikeropname vertraagd wordt: hij zet het mechanisme 
waarmee hij het menselijke immuunsysteem ontwijkt uit! Vertraging van de suikeropname 
stopt dus niet alleen de vermenigvuldiging, maar de aanpassingen die de trypanosoom 
doet, maken hem mogelijk gevoeliger voor ons eigen afweersysteem.

Wat is de conclusie van het werk in dit proefschrift?

De resultaten in dit proefschrift tonen de grote kracht aan van de combinatie van experimen-
tele metingen en computersimulaties voor een gedetailleerd begrip van een proces in een 
cel op meerdere niveaus (op het niveau van het proces zelf, maar ook op het niveau van de 
productielijnen van de processtappen). Dit is de basis voor een ontwikkelingsproces van 
medicijnen dat rekening houdt met de context waarin processen in de cel verlopen. Dit 
noemen we ‘network-based drug design’.  

Onze netwerk-gestuurde analyse van de suikerafbraak in de trypanosoom toont de 
suikeropname als  een goed doelwit voor medicijnen. Het zal wel belangrijk zijn om te 
voorkomen dat de suikeropname-vertraging schade oplevert aan menselijke cellen. 
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Dit type onderzoek kan verder leiden tot nieuwe ideeën voor  geneesmiddelen tegen 
uiteenlopende ziektes, waaronder andere parasitaire infectieziektes, kanker, auto-
immuunziektes en reuma.

Network-based drug design zal medicijnonderzoek kunnen sturen naar de juiste doelwitten 
voor medcijnen. In de strijd tegen slaapziekte hebben we met deze aanpak de grote potentie 
van het suikertransport van T. brucei als doelwit voor medicijnen bepaald: we hebben voor 
dit doelwit al drie van de vijf criteria positief kunnen evalueren.
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Nu alle hoofdstukken zijn samengevoegd tot een geheel, is de tijd gekomen om verschillende 
mensen te bedanken voor hun bijdrage. Zonder de hulp van velen zou dit proefschrift niet 
zo mooi geworden zijn (al zeg ik het zelf). Het werk in dit proefschrift bevestigt nog maar 
eens dat de functie en het gedrag van een speler bepaald wordt door de omgeving, de 
context.

Allereerst natuurlijk Barbara. Beste Barbara, heel erg bedankt dat jij mij de mogelijkheid 
hebt gegeven om op jouw VIDI-project mijn promotieonderzoek te doen. Er is zoveel om 
je voor te bedanken. Ik heb ontzettend veel van je geleerd. Dat ging niet altijd even snel, 
maar je hebt altijd geduldig de moeite genomen om me op een hoger plan te brengen. Nog 
dagelijks ervaar ik de vruchten van je opleiding. Bedankt voor alles en heel veel succes met 
jouw volgende stap in Groningen.

Beste Arjen, jouw hulp is onmisbaar geweest voor het experimentele werk in dit proefschrift. 
Je hebt heel veel technieken tot in detail uitgezocht en geperfectioneerd voor gebruik met 
trypanosomen. Veel mooie resultaten van jouw hand hebben dan ook dit boekje gehaald 
(met name hoofdstuk 3) en zo is het ook een beetje jouw boekje. Spoedig maar eens gaan 
poolen (en dit keer van te voren maar even kijken waar het poolcentrum zit)?

De kwaliteit van een proefschrift moet ook door de strenge doch rechtvaardige handen van 
een promotor. Beste Hans, met een universitair hoofddocent als mijn directe begeleidster, 
was jouw rol soms wat meer op afstand. Maar je bent altijd zeer betrokken geweest en hebt 
geholpen om experimenten en manuscripten scherper en sexier te maken. Je bevlogenheid 
en orginaliteit hebben mij altijd zeer gestimuleerd en je suggesties hebben het proefschrift 
nog scherper en mooier gemaakt. Omdat je tomeloze inzet, om de echte systeem biologie 
de plek te geven die het verdient, je veel op reis stuurt, heb je wel eens verzucht dat je als 
laatste op de hoogte bent van sociale aspecten van je collega’s. Ik kan je geruststellen: Toen 
je in Heidelberg persoonlijk je gedeeltelijke vertrek naar Manchester kwam toelichten was 
jij de eerste van de VU die Frans zag!

Een belangrijk en sterk aspect aan mijn onderzoek was de integratie van theoretische en 
experimentele technieken. In Amsterdam was de expertise op het eerste vlak ruimschoots 
aanwezig, maar voor de experimentele tak hebben we veel baat gehad bij samenwerkingen. 
Beste Paul, tijdens mijn hele promotie-onderzoek hebben we veelvuldig fijn en uitgebreid 
contact gehad over allerlei zaken rondom trypanosomen, wetenschap in het algemeen 
en politiek (nationaal, regionaal en in de wetenschap). Ik heb van jou en het Brusselse 
lab veel geleerd over (het kweken van) de trypanosoom en heb mijn verblijf bij jou (en 
de lekkere biertjes) en op het lab heel erg leuk gevonden. Daarnaast waren de jaarlijkse 
trypanosoom-bijeenkomsten in Brussel altijd heel nuttig en inspirerend. Fred, bedankt 
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voor je enthousiasme over het werk. Marie-Astrid and Juliette, thank you for the nice 
discussions and Marie-Astrid and Joris specifically for your invaluable contribution to the 
work in chapters 2 and 5. I want to thank the complete Brussels-group for their help and 
for the enjoyable time in Brussels. 

Dear Christine, for much of 2005 I had the great opportunity to be a part of your lab. From 
the moment we met, you were very enthusiastic about the project I was going to embark 
on. I have learned many things during my stay in Heidelberg and the work resulted in my 
first first-author paper. Thank you for your patience and many useful suggestions in the 
course of the work and the completion of  the manuscript. Duc (do you still remember our 
alternative abbreviation for phosphoglycerate kinase?) and Mhairi, many thanks for the 
nice results that were included into chapter IV. Also many thanks to all the great people in 
the Clayton lab who were always willing to help. Thanks for all the fun in and outside of 
the lab. Femke, mijn Heidelberg- en poolmaatje; ook wij moeten weer eens gaan poolen! 
Ronald, bedankt voor de gezellige ritten naar Heidelberg. Marilyn Parsons and Peter 
Kessler, thank you for the nice collaboration on the glycosomal compartmentation! 

Binnen Nederland konden we bouwen op de grote biochemische kennis van Lodewijk 
en Jaap en hun groep. Onze bijeenkomsten waren kritisch, gezellig en leverde nuttige 
suggesties op waarvan vele in dit proefschrift zijn verwerkt. Bedankt! Suzanne, jouw 
mooie proefschrift is een inspirerend voorbeeld en Koen, wij lopen ongeveer gelijk: samen 
gestudeerd en nu allebei bijna klaar! Veel plezier aan de VU! Sabine Spijker en Guus Smit 
wil ik graag bedanken voor het gebruik van de qPCR en Wouter van Winden en Jan van 
Dam voor de metingen op de massa spectrometer.

In vijf jaar onderzoek heb ik ook hulp gehad van 7 studenten: Elise Veraar, Margreet Ridder, 
Eduard Kerkhoven, Rick van Nuland, Marjolein Blits, Berdien Siregar en Daan Mocking. 
Hoewel de bijdrage van niet ieder van jullie zo expliciet in dit proefschrift aanwezig is, 
hebben jullie allemaal veel werk verzet en een grote bijdrage geleverd aan de kennis waar 
al het werk op gebaseerd is. Bedankt voor jullie bijdrage, succes in jullie eigen carriere en 
ik hoop jullie nog eens tegen te komen.

De afdeling Moleculaire Celfysiologie op de VU is een bruisende, gezellige en leerzame 
omgeving voor een promovendus. Door mijn stage en mijn extra promotiejaar heb ik lekker 
lang in deze omgeving mogen genieten en groeien. Omdat er zoveel mensen in een vakgroep 
komen en gaan, wil ik graag de groep als geheel bedanken: Bedankt voor alle gezelligheid 
en hulp! Een paar specifieke bedankjes zijn toch op hun plaats: Jorrit, bedankt voor de 
mogelijkheid om een stage bij jou te lopen aan de VU en je hulp bij het vervolg. Christof en 
Jildau, bedankt voor jullie hulp tijdens Barbara’s zwangerschapsverloven. Jeannet, bedankt 
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voor de ‘goede-morgen’ in de ochtend en je onmisbare hulp bij veel regelzaken. Marijke, 
je staat altijd voor iedereen klaar en bent de sociale kracht van de afdeling. Ik zal onze 
fijne koffiemomenten altijd onthouden en bedankt voor het weer in mijn trui stoppen van 
mijn lipjes (of hoe noem je die dingen eigenlijk?). Klaas, bedankt voor je vele adviezen 
en je mentorrol. Willem, aan het eind ben jij ook nog het project ingekomen en dat heeft 
nog belangrijke resultaten toegevoegd aan dit werk. Bedankt! En samen met Klaas heb je 
me ook altijd vermaakt met leuke muzieksuggesties! Binnenkort weer eens een concertje? 
Alex, we hebben veel lol gehad en nog excuses voor het labjournaal-incident. Marina, 
thanks for the antimicrobial-peptide work. It should come off the shelf at some point! 
Beste Jildau, we kenden elkaar al een tijdje en je komst naar ‘mijn’ afdeling heeft onze 
vriendschap alleen maar bestendigd. Ik ben heel blij dat je op mijn nachtelijke verzoek bent 
ingegaan om mij tot het laatst van deze beproeving bij te staan! 

I would like to thank the members of the reading committee, Prof. dr. Piet Borst, Prof. dr. 
Christine Clayton, Dr. Jaap van Hellemond, Prof dr. Holger Lill, Dr. Marieke von Lindern, 
Prof. dr. Paul Michels and  Prof dr. Bas Teusink for reading the manuscript and their 
valuable comments.

Ik wil alle mensen op de afdeling Hematologie in Rotterdam bedanken voor de gezelligheid 
en voor de interesse en steun bij het schrijf-gedeelte. Ivo en Marieke, bedankt voor de kans 
om bij jullie mijn carriere voort te zetten en voor jullie geduld. Marieke, alvast bedankt 
voor de oppositie bij mijn promotie. Ik hoop dat je het werk met plezier hebt gelezen. 

Een promotie-onderzoek legt een flink beslag op je tijd en er is vaak te weinig tijd voor 
ontspanning met vrienden. De momenten waarop dat wel kan zijn daardoor extra waardevol 
en ik ben gezegend met begrijpende en liefdevolle vrienden. David, je bent altijd een groot 
steun en toeverlaat geweest. We hebben elkaar eigenlijk vrij toevallig leren kennen, maar 
ik denk dat we allebei veel van elkaar hebben geleerd. Ik ben er in ieder geval wat pittiger 
door geworden (voor zover dat kan) en dat is maar beter ook. Het is een fijn vooruitzicht om 
je naast me te hebben bij de verdediging van mijn proefschrift. Artan, Bert, Desiree, Floris, 
Hannagnes, Ilse, Judith, Marijke, Mirella, Monique, mede-Pheph-bestuursleden en in het 
bijzonder Mirjam voor de recente bestuursavonden met veel wetenschapsbelevenissen, de 
RMI-clan, Roel, TWAN en andere vrienden: Bedankt voor de fijne etentjes, spelletjes, 
diepgaande gesprekken, steun en begrip.  Ronald en Natasja, zeer veel dank voor jullie 
kritische blik op de samenvatting die nu zonder fosfoglyceraat kinase, maar met behoud 
van de mutanten (zie voor supernatanten hoofdstuk III), veel beter leesbaar is!
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Lieve mam en lieve pa, jullie hebben me altijd zeer veel gesteund en waren altijd 
geinteresseerd. Ik hou van jullie! Lieve Cyn, grote zus, en Aad, bedankt voor de interesse 
en betrokkenheid. 

Proefschrift schrijven is een hoofdzakelijk eenzame bezigheid, maar werd draaglijk door de 
onvoorwaardelijke liefde, steun en hulp van mijn lieve Frans. We hebben in de afgelopen 
jaren samen zeer veel mooie momenten en avonturen beleefd, van het Duitse avontuur tot 
ons mooie huisje samen, met wilde beesten en slapende eenden, met vermoeid flapperen 
en een op-prei-verzotte muisjesbewaker. Frans, ik hou zo ontzettend veel van je! We gaan 
gewoon door met genieten!
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Curriculum Vitae

Jurgen Ralph Haanstra was born on March 12, 1979 in Rotterdam. After completion of 
Voorbereidend Wetenschappelijk Onderwijs (VWO) at the IJsselcollege in Capelle aan den 
IJssel, he started to study Biomedical Sciences at Utrecht University in 1997. Part of this 
study were two internships, one under the supervision of Dr. Martien Kas and Dr. Roger 
Adan at the Rudolph Magnus Institute for Neurosciences on ‘Stress and energy balance: 
The regulation of AgRP, NPY and POMC mRNA expression in the arcuate nucleus’ and a 
second one entitled ‘Downstream of the MAPK pathway’ at the Department of Molecular 
Cell Physiology at the Vrije Universiteit (VU) Amsterdam. This latter work was done under 
the supervision of drs. Jorrit Hornberg and Prof. dr. Jan Lankelma. His literature thesis 
dealt with the field of RNA interference. He graduated in 2002 and in the same year started 
as a PhD student in the group of Dr. Barbara Bakker and Prof. Dr. Hans V. Westerhoff at 
the Department of Molecular Cell Physiology of the VU. This work led to this thesis. Since 
September 2007, Jurgen works a post-doctoral fellow at the ErasmusMC in Rotterdam and 
studies how DNA-damage induced bone marrow failure transforms into leukemia, which 
he does within the group of Dr. Marieke von Lindern and Prof. Dr. Ivo Touw.

Awards

VU-FALW Rijnland fonds travel grant for a visit of six months to the Zentrum für 
Molekulare Biologie Heidelberg (April –September 2005)

Gildeprint Award for best presentation at the European Life Science for Young Scientists 
(Elsys) conference, Enschede, 2007

Award for best presentation at the Voorjaarsbijeenkomst van de CW-studiegroep ‘ Lipiden 
en Biomembranen’, Lunteren, 2007

Award for best abstract/presentation at the 5th International Congress of the European 
Working Group (EWOG) on MDS and Bone Marrow Failures, Rotterdam, April 2009
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