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Chapter 1
General introduction
Glycolysis in bloodstream form Trypanosoma brucei
Trypanosoma brucei (Fig. 1.1), the parasite causing the African sleeping disease, is a
protozoan organism of the order Kinetoplastida. During part of its life cycle this organism
lives freely in the bloodstream and in other extracellular fluids of its mammalian host. It is
transferred between its mammalian hosts by bites of the tsetse fly. In the mammalian
bloodstream T. brucei obtains its free energy solely from glycolysis. The abundant glucose

Table 1.1 Aerobic glucose consumption by a variety of intact organisms and tissues in vitro.°

Organism or tissue

Aerobic glucose consumption rate
(umol min-1 g wet weight ')

Saccharomyces cerevisiae

20-30

Pigeon retina

9-15

Ehrlich ascites tumour

11

Trypanosoma brucei

7

Schistosoma mansoni

1-5

Rat ascites hepatoma (H-91)

2

Rat skeletal muscle
Tetanized

7

At rest
Guinea pig cerebral cortex

0.03
1.4

Rat heart

0.9

Rat liver

0.2

Human erythrocytes

0.05

Modified from [67], in which the references to the original data can be
found. In addition the value for bloodstream from T. brucei was calculated
from data in [13].
Parts of this chapter have been published: Bakker, B.M., Westerhoff, H.V. and Michels, P.A.M. (1995) J.

Bioenerg. Biomembr. 27, 513-525.
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Figure 1.1 Electron micrograph of a cross section of a bloodstream form Trypanosoma brucei cell.
Glycosomes are indicated by arrowheads. N, nucleus; F, flagellum; CV, coated vesicles; G, golgi apparatus.
ER, endoplasmic reticulum. The bar indicates 0.5 um. (By courtesy of Dr. I. Coppens, ICP, Brussels.)

is converted at a high rate (Table 1.1) into pyruvate, which is subsequently excreted. The
exclusive dependence on glycolysis is found neither in other life stages of T. brucei nor in
most other related protists.
Kinetoplastida share a unique organization of their glycolytic pathway. Those
glycolytic enzymes that are responsible for the conversion of glucose into 3phosphoglycerate (3-PGA), reside in organelles called glycosomes (Fig. 1.1 and 1.2) [1].
The morphology, enzyme contents and biogenesis of these organelles strongly suggest that
glycosomes are evolutionarily and, in part, functionally related to peroxisomes of other
eukaryotes [2, 3]. In Kinetoplastida, peroxisomes are called glycosomes, because their
predominant function is glycolysis.
Some glycolytic enzymes do not only occur in the glycosome and some are even
represented in the cytosol by a different isoenzyme. Of other glycolytic enzymes, such as
hexokinase (HK), aldolase (ALD), triosephosphate isomerase (TIM), glycerol-3-phosphate
8
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Figure 1.2 Glycolysis in bloodstream form T. brucei. 1: transport of glucose across the plasma membrane;
2: HK; 3: PGI; 4: PFK; 5: ALD; 6: TIM; 7: GAPDH; 8: PGK; 9: PGM; 10: ENO; 11: PYK; 12: pyruvate
transport across the plasma membrane; 13: GDH; 14: GPO; 15: GK; 16: ATP utilization; 17: glycosomal
AK; 18: cytosolic AK. Question marks indicate that the involvement of specific carrier molecules has not yet
been unambiguously established.
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dehydrogenase (GDH) and glycerol kinase (GK), less than 10 % of the total activity was
localized in the cytosol [1]. Recombinant bloodstream form T. brucei that, apart from the
glycosomal PGK, also expressed the glycosomal isoenzyme, died [4]. This result
demonstrates that a correct localization of the glycolytic enzymes is of vital importance.
Pulse-labelling studies on intact T. brucei cells with "C-glucose have yielded evidence that
their glycolytic flux runs virtually exclusively through the glycosome [5]: about 20 - 30 %
of the hexose phosphates and triose phosphates in the cell were labelled within 15 seconds
upon the addition of radioactive glucose to the cells, while it took 14 minutes to label as
much as 90 % of these metabolites. Most probably, the rapidly labelled glycolytic
intermediates reside in the glycosomes, which constitute only 4 % of the cell volume. The
more slowly labelled pool of intermediates (70-80 %), which appears not to be directly
involved in glycolysis, was assumed to represent the metabolites in the cytosol. These
experiments then also show that the glycosomal membrane is poorly permeable for most
glycolytic intermediates. There must be specific transport proteins in the glycosomal
membranes for those metabolites that have to enter or leave the glycosome, such as glucose,
3-PGA, dihydroxyacetone phosphate (DHAP) and glycerol 3-phosphate (Gly-3-P) (Fig.
1.2). Such transporters have, however, not yet been identified.
The NADH produced in the glycosome by glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) is reoxidized by a glycosomal GDH. The redox equivalents are
then transferred to a mitochondrial glycerol-3-phosphate oxidase (GPO) via a Gly-3-P /
DHAP shuttle [6]. The mitochondrial GPO consists of a glycerol-3-phosphate
dehydrogenase which transfers electrons to ubiquinone and a plant-like alternative oxidase
which, subsequently, accepts electrons from ubiquinol [7]. Like the alternative oxidase in
plants, trypanosome GPO is insensitive to cyanide, but can it be inhibited completely by
salicylhydroxamic acid. The plant alternative oxidase does not pump protons and is,
therefore, not coupled to ATP synthesis [8]. An early report that T. brucei GPO is not
coupled to ATP synthesis either, is not conclusive, since it was based on experiments in cellfree extracts [9]. Accumulation of rhodamine 123 (an indicator of the membrane potential)
into mitochondria of intact bloodstream form T. brucei cells was, at least qualitatively,
insensitive to salicylhydroxamic acid [10]. The authors concluded from this observation that
the trypanosome alternative oxidase does not pump protons. Bloodstream form T. brucei
can, however, maintain its mitochondrial proton-motive force through the activity of its
oligomycin-sensitive HtATPase [11]. Claims that the trypanosome alternative oxidase does
not pump protons, appear to be based largely on its homology with plant alternative
oxidases [12].
10
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The Gly-3-P / DHAP shuttling mechanism guarantees a balanced redox state within
the glycosome. Similarly, the consumption and production of ATP are balanced within the
organelle. Net glycolytic ATP synthesis occurs only in the cytosol, notably in the reaction
catalysed by pyruvate kinase (PYK). Under anaerobic conditions or in the presence of
salicylhydroxamic acid the glycosomal Gly-3-P is converted into glycerol, with the
concomitant production of ATP, by GK [1, 13-15]. Consequently, the ATP and NADH
balance within the glycosome are maintained also under anaerobic conditions. However,
then one molecule of glycerol and one molecule of pyruvate are produced per molecule of
glucose, instead of two molecules of pyruvate, resulting in only one molecule of cytosolic
ATP per molecule of glucose (Fig. 1.2).

Regulation of glycolytic enzymes
Kinetic analyses, using cell lysates and purified proteins, have shown that some
glycosomal enzymes behave quite differently from their counterparts in other organisms.
This is particularly true for HK and phosphofructokinase (PFK) of which the activity is
usually regulated by various glycolytic intermediates and heterotropic effectors. The
trypanosomal enzymes appear to be largely insensitive to such effectors. No indications
have been found for any regulation of HK activity: glucose 6-phosphate, glucose 1,6bisphosphate,

fructose

1 ,6-bi sphosphate

(Fru-1,6-BP),

phosphoglycerates,

phosphoenolpyruvate (PEP) and pyruvate exert no effect on the HK activity in a cell extract
[16]. Like its counterpart in other organisms trypanosomal PFK exhibits positive
cooperativity in the binding of its substrate fructose 6-phosphate (Fru-6-P). AMP and ADP
stimulate the enzyme at subsaturating concentrations of Fru-6-P and are inhibitory at high
concentrations of this substrate. PEP behaves as an allosteric inhibitor. However, the usual
regulators Fru-1,6-BP, fructose 2,6-bisphosphate, citrate and inorganic phosphate do not
significantly influence the activity of the trypanosomal enzyme [17, 18]. In contrast, the
activity of PYK, an enzyme located exclusively in the cytosol, is sensitive to a large variety
of metabolic intermediates, most notably fructose 2,6-bisphosphate, which in other cells
activates the activity of PFK rather than PYK [19-21]. Consistently, the enzymes 6phosphofructo-2-kinase and fructose-2,6-bisphosphatase are found in the cytosol [22]. The
concentration of fructose-2,6-bisphosphate was largely saturating in bloodstream form
trypanosomes, while this compound was not detectable in procyclic trypanosomes [20, 22].
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ATP, ADP and AMP inhibit PYK by increasing its K,,, for PEP. As inhibition by ATP is
strongest and by AMP weakest [20], the activity of PYK should decrease with increasing
[ATP]/[ADP] ratio.
Many of the usual regulatory properties would be redundant for the glycosomal
enzymes, because the low permeability of the organelle's membrane for most metabolic
intermediates precludes feed-back mechanisms operating in other cells. Moreover, in
Trypanosomatidae, activity regulation would not be necessary to co-ordinate pathways that
share enzymes, for instance to prevent futile cycling at the level of PFK and fructose-1,6bisphosphatase. Gluconeogenesis has never been demonstrated in bloodstream form T.
brucei. In other Trypanosomatidae it is likely to be localized in the cytosol, as is the pentose
phosphate pathway, thus physically separated from glycolysis [3, 23]. This is consistent with
the insensitivity of PFK to fructose 2,6-bisphosphate. Another striking consequence of
compartmentation and the low permeability of the glycosomal membrane is that the
glycosomal enzymes, such as HK and PFK, can be only indirectly sensitive to the cytosolic
[ATP]/[ADP] ratio. This latter ratio may be very different from the glycosomal
[ATP]/[ADP] ratio.

Conditions inside the glycosome
It has been postulated that the high glycolytic flux in trypanosomes results from its
compartmentation. The latter should enable either metabolite channelling or the occurrence
of high intraglycosomal metabolite concentrations [13, 24, 25]. In principle, both metabolite
channelling in the sense of direct metabolite transfer and metabolite concentrations far
above the Km's of the enzymes, can increase the flux through a pathway, when this flux is
not limited by the catalytic capacity of the enzymes, but by diffusion of metabolites from
one enzyme to another.
The glycolytic enzymes are present at relatively high concentrations within the
glycosomes of bloodstream form T. brucei. About 90% of the glycosomal protein content
consists of glycolytic enzymes [24] and the glycosomal concentrations of active sites vary
between 0.055 mM for TIM and 0.5 mM for GAPDH [25]. The enzymes seem to be in close
physical association, as can be inferred from the fact that they are only dissolved by addition
of a high concentration of salt (0.15 - 0.25 M NaCI). Further evidence for close proximity of
the enzymes was provided by cross-linking experiments [24]. However, there is not yet any
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experimental evidence for metabolite channelling in glycosomes.
For the glycolytic intermediates of T. brucei high average concentrations have been
measured: for several metabolites one order of magnitude higher than in most mammalian
cell types [26]. Since 20 - 30 % of these metabolites are present in the glycosomes [5] which
occupy only 4 % of the total cellular volume, the concentrations in the organelles must be
even higher, i.e. 0.5 - 7 mM, hence mostly exceeding the corresponding Km (Table 1.2) [27].
Meanwhile, most glycosomal enzymes have affinities for their substrates that are similar to
those of their mammalian counterparts.
Westerhoff and Welch [28] derived that diffusion is not likely to control glycolysis in
yeast, unless special diffusion barriers are present. This conclusion was based on the
concentrations of glycolytic enzymes, hence on the average distance between the enzymes,
and the intracellular viscosity. Analogous calculations can be performed for the glycosomal
TIM and GAPDH. The mean-square displacement (Ax)2 of a metabolite particle during a
time period At, resulting from three-dimensional diffusion is given by:
(Ax)2 = 6DAt

(Eq. 1.1)

With kcaz values of 1.1.103 s' for the conversion of DHAP into GA-3-P by TIM [29] and
1.3.102 s' for the conversion of GA-3-P into 1,3-BPGA by GAPDH [30] and a diffusion
coefficient D of 10-6 cm2 s-1 [28] this results in deplacements of 0.7 um and 2 1AM,
respectively, during one turnover time of the enzymes. This is virtually sufficient for the
metabolites to delocalize over the entire glycosome.
The concentrations of dimeric TIM and tetrameric GAPDH are 0.028 and 0.13 mM,
respectively, corresponding to average enzyme-enzyme distances between nearest
neighbours of 4.101 and 2.10' nm. If the trypanosomes did not have a glycosome and the
same amount of glycolytic enzymes were diluted in the cytosol, i. e. in a 25 times larger
volume, then the average enzyme-enzyme distances would be 1.2.102 and 7-101 nm for TIM
and GAPDH, respectively. Thus, even for TIM, the glycolytic enzyme with the lowest
concentration, the displacement of metabolites during one turnover time of the enzyme
would still be 6 times as high as the average distance between the TIM molecules, if the
enzyme were homogeneously distributed over the cytosol. Consequently, even if the
glycolytic enzymes were not sequestered in a compartment, diffusion should not be
controlling the glycolytic flux in T. brucei, unless the diffusion coefficient is substantially
lower than the one for free diffusion assumed here. What is known about diffusion in cells,
suggests that small range diffusion is not more than threefold slower than free diffusion in
water [31]. That long range diffusion may be limited by vermicelli in the cell soup, should
13
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Table 1.2 Glycolytic metabolite concentrations in glycosomes of bloodstream form T. brucei as
compared to those in mammalian cells
brain '

T. brucei °

PGI

PFK

K,,,

K„,/[S]

[S]

K„,

(mM)

(mM)

0.45

0.70

1.6

0.050

0.11

0.12

1.1

0.85-1.9d 0.35-

0.11

0.10

3.1

[S]
(mM)

(mM)

Glc-6-P

4.4

0.4b

0.1

Fru-6-P

2.4

0.12'

Fru-6-P

2.4

K„,

muscle '

[S]
(mM)

(mM)

0.13

0.21

K„,/ISI
1.6

K„,/ISI

0.79
ATP

0.0190.067e

ALD

TIM

Fru-1,6-BP

1.9

GA-3-P

0.47

0.067

0.14

0.003

1.0

3.102

DHAP

7.1

0.015f

0.002

0.050

2.0

4.0.10'

GA-3-P

0.47

0.25°

0.5

0.003

0.46

2.102

DHAP

7.1

1.2°

0.17

0.050

0.87

1.710'

0.47

0.15"

0.32

0.003

0.070

2.10'

0.60

0.046

0.080

GAPDH GA-3-P
NAD

0.009f

0.005

0.20

0.003

0.012

0.044

0.060

1.10'

0.45"

0.032

Pi
1,3-BPGA

0.77

NADH
PGK

1 ,3-BPGA

0.13

<0.001

0.02"
0.77

ADP
GDH

0.10b

<0.001

0.009

>9

0.06

1.2

2.102

1.5

.070

0.046

0.60

0.35

0.58

DHAP

7.1

0.050

0.19

3.8

Gly-3-P

5.2

0.22

0.19

0.90

" The intraglycosomal concentrations in T. brucei are based on experimental data [26] and were calculated
by Misset et al. [25]; h B. M. Bakker, estimated from unpublished results; ' [68]. '1 [17]; ' [18]; f [69]; 8 [29];
[30]; ' The data for mammalian cells were taken from [70] in which the original references can be found.
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not be relevant at the interenzyme distances calculated here [32].
If diffusion is not controlling the flux, one may wonder what the functional
importance could be of the intraglycosomal metabolite concentrations vastly exceeding the
corresponding Km's. Actually, in vivo the effective K„,'s for many metabolites are much
higher than the values given in Table 1.2, because there is competition between substrates
and products for the active sites of the different enzymes. Thus, the apparent K„,/S ratios of
the metabolites of for example PGI, ALD, TIM and GAPDH are substantially higher than
the values given in the table. Furthermore, there must be a significant sequestration of some
metabolites because of the high concentrations of active sites inside the glycosome. The
most obvious example is GA-3-P, which is present at a concentration equal to the active site
concentration of GAPDH (0.5 mM).

Structure-based drug design
Every year T. brucei is reported to cause the illness of 25,000 humans and the death
of 3 million cattle'. In the threatened countries only 10 % of the population is under medical
surveillance. The World Health Organization estimates that some 250,000 people die every
year from sleeping sickness for lack of diagnosis and treatment. In Central and South
America some 17 million people have been infected by a related parasite, Trypanosoma
cruzi, the causative agent of Chagas' disease, and 1 million new cases are reported every
year. Kinetoplastids of the genus Leishmania have infected 12 million people throughout the
tropical and subtropical areas of the world. Most of these diseases cause the death of the
patients, if untreated. The available drugs, however, are expensive, not very effective and/or
toxic at their therapeutic doses.
Because of the differences between the glycolytic pathway of trypanosomes and that
of their hosts and because of the complete dependence of the bloodstream form of the
parasite on glycolysis, this pathway has been chosen as an important target for trypanocidal
drug design [33]. Despite the differences, the design of selective inhibitors remains an
enormous challenge, since glycolysis is also of vital importance to the host cells. Structurebased drug design is applied to detect and exploit subtle differences between the parasite and
the host enzymes [34, 35]. The crystal structures of T. brucei TIM [36], GAPDH [37, 38]

' The data in this paragraph were derived from the Internet page of the World Health Organization, last updated in April
1997 (http://www.who.ch/home/map_ht.html#Tropical Diseases).
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and PGK [39] have been elucidated and compared in detail to those of the corresponding
host enzymes. The next step is molecular modelling to design and optimize lead compounds
that bind and, thereby, inhibit the trypanosomal enzyme selectively [34]. Adenosine was
used as a lead compound against trypanosomal GAPDH. The rational choice of side chains
based on structural differences between the trypanosome and the mammalian enzyme
enhanced the inhibition of the trypanosome enzyme 45-fold while the inhibition of the
mammalian enzyme was hardly affected [40]. More recently, adenosine analogues have
been obtained with IC50 values of 0.2, 1.3 and 1.3 p.M on glycosomal GAPDH from
Leishmania mexicana, T. brucei and Trypanosoma cruzi, respectively. These compounds
had no effect on human GAPDH when tested up to their solubility limits (varying from 30 to
530 uM for different compounds). They inhibited the growth of T cruzi amastigotes in 3T3
cells, without inhibiting uninfected 3T3 cells, and also inhibited the growth of cultured
Leishmania promastigotes and bloodstream form T brucei. The IC50 values for these growth
inhibitions were between 10 and 35 uM (M. Gelb and P.A.M Michels, personal
communication).

Enhancing drug selectivity by differential control analysis
Nowadays drugs are being designed in a highly rational manner. Yet, the choice of
target enzymes is still largely based on intuition. Until now it has been impossible to predict
how the selectivity of a drug at the level of a single enzyme will translate to selectivity of
inhibition of the glycolytic flux. In this section it will be proposed that Metabolic Control
Analysis [41, 42] may serve to address this issue, even before potential drugs have been
developed. First, the theory of metabolic control analysis will be summarized. For more
comprehensive reviews, see references [43-45].
The effect of a change of the activity of an enzyme i on the steady-state flux ,1 is
quantified by the corresponding flux control coefficient CI . Cl is the percentage change of
the flux J divided by the (small) percentage change of the enzyme activity v, causing the
change of the flux. Or, mathematically:
C=

(d In J / dp)„
(7ln vi

(Eq. 1.2)

5P)step i

in which p is a parameter that only acts on enzyme i. The subscript ss and derivative `d'
indicate that the change of the flux is analysed after relaxation of all system variables to a
16
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new steady-state. The subscript step i and derivative 'a' indicate that only the change in the
local rate of enzyme i is considered, immediately after the change ofp at constant values of
all system variables, such as concentrations of substrates, products and effectors.
In simple metabolic pathways, with only one independent flux, the value of CI is
usually between zero and 1. Partial inhibition of an enzyme with zero flux control does not
affect the flux, while an enzyme with a flux control coefficient of 1 is completely ratelimiting. Flux control coefficients between 0 and 1 have often been found [46-48]. In ideal
metabolic pathways, e.g. in the absence of metabolite channelling and coenzyme
sequestration [49], the sum of the flux control coefficients of all enzymes in the pathway
must equal 1:
(Eq. 1.3)

=1

Control coefficients are properties of a metabolic pathway as a whole. The kinetic
properties of individual enzymes that are relevant for control, are expressed in terms of their
elasticity coefficients. An elasticity coefficient E I, quantifies how strongly a metabolite
Ar
concentration X. affects an enzyme rate vi directly, at constant concentrations of all other
metabolite concentrations:
=

E
XJ

a In vi
a in X

(Eq. 1.4)

Connectivity theorems relate the control coefficients (systemic properties) to the
elasticity coefficients (properties of a single enzyme in isolation). These theorems will be
used in Chapter 3, in order to understand the determined distribution of control.
The above described theory can be used to predict which enzymes are the most
effective targets for antitrypanosomal drugs. Since the control coefficients depend on the
kinetics of all the enzymes, the structure of the metabolic network and the conditions under
which they are studied, they may differ between organisms. Therefore, it is likely that the
distribution of control in trypanosomes differs markedly from that in its host. It may be
expected that the selectivity of glycolytic inhibitors is enhanced if they affect an enzyme
with a high flux control coefficient in the parasite, but a low control in the host. The
selectivity at the single enzyme level may be defined as:

(a In vi / a
enzyme selectivity =

trypanosome

(a in vi / a ri )host

(Eq. 1.5)

Here I is the concentration of an inhibitor that affects enzyme i. If the steady-state flux is
17

Chapter 1

considered, rather than the enzyme in isolation, the selectivity of the inhibitor becomes:
flux selectivity =

(d In .1 / dl i) trypanosome
(d In .1 / dii )host

=

(CiJ x (all vi / aii)) trypanosome
J
(Ci x (all vi / ari)) host

(Eq. 1.6)

The flux selectivity, therefore, differs from the enzyme selectivity by a factor
f

J )trypanosome /(C

)host . If the enzyme of interest has a very low control coefficient in

the host compared to the corresponding enzyme in the parasite, a substantial increase of
selectivity can be achieved for a drug against that enzyme. In contrast, if the enzyme has a
much higher control coefficient in the host than in the parasite the flux selectivity will be
disappointing compared to what was expected based on the enzyme selectivity.
Control may be distributed among several enzymes in the parasite, without any
individual enzyme having a substantial control. A cocktail of chemical compounds
inhibiting different enzymes, that individually have a higher control in the parasite than in
the host, may be used. The flux selectivity then becomes:
flux selectivity =

(d In J )trypanosome =
(d In -1)host

((C( x (a In vi /

trypanosome x 81i)

(Eq. 1.7)
E ((Cif x (a In vi /ali )) host x 6I i

in which the summation is over all enzymes i that are inhibited and di, is a small
concentration of an inhibitor specific for enzyme i. In addition the use of inhibitor cocktails
has the advantage of slowing down the occurrence of resistant parasite populations [34, 35].
From the above considerations it becomes obvious that the strategic choice of the
target enzyme should be an important step in the development of new drugs. Trypanosome
glycolysis may serve as a model system to test this approach. Since the organization and
regulation of this pathway are very different from the glycolytic pathway in the host, there is
a fair chance that the control is distributed differently and that selectivity can be gained by
taking the distribution of flux control into consideration. The method might also be applied
in cases where the differences between cell types are even more subtle, such as the
differences between tumour cells and normal, healthy cells in the same person. Since tumour
cells stem from normal cells, the differences at the single enzyme level are often marginal
and often reside at the level of regulatory proteins rather than enzymes. Selectivity may be
obtained from the differences in expression levels and the consequent differences of control
distribution.
The above analysis is a simplification, since only small activity changes are taken
into account. A patient can only be cured when a substantial reduction of trypanosome
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glycolysis is achieved. When an enzyme is inhibited, its flux control coefficient often
increases. If an inhibitor is used with a substantial selectivity for the trypanosome at the
single enzyme level, the increase of control due to the inhibition is strongest in the
trypanosome, unless control is paradoxical [50]. This should then even further enhance the
overall selectivity of the drug.

Control of trypanosome glycolysis
To apply the above described idea of differential control analysis, knowledge of the
control distribution in the glycolysis of trypanosomes and their host is required. In this
section it will be investigated what can be deduced about the control of trypanosome
glycolysis on the basis of incomplete data.
Glucose is transported both across the plasma membrane and across the glycosomal
membrane. Bloodstream form T. brucei takes up glucose via facilitated diffusion [51, 52].
Until now no distinction between these two transport steps has been made in kinetic
measurements. The uptake of glucose has been proposed to be the rate-limiting step of
glycolysis in trypanosomes [52-54]. The term "rate-limiting step" lacks the subtlety required
for proper analysis of control and regulation. If the proposal of these authors is translated
into the statement that glucose transport has a control coefficient of 1 and if the possibility
of negative flux control coefficients is disregarded, this implies that the control coefficients
of all glycolytic enzymes must be zero.
The hypothesis that hexose transport has a flux control coefficient of 1, is derived
from at least two lines of argumentation. First, D-glucose, D-fructose and D-mannose are
metabolized at different rates, suggesting to Gruenberg and coworkers that either transport
or phosphorylation of sugars has some control [53]. Secondly, Ter Kuile and Opperdoes
observed that the intracellular glucose concentration remained as low as 0.4 mM at 5 mM
of glucose outside [52]. These authors took this as evidence that glucose transport is rate
limiting. However, not every reaction that is far from equilibrium, has a high flux control
coefficient. Control coefficients are determined by the relative values of the elasticity
coefficients, rather than by the distance from equilibrium [41]. To estimate the elasticity
coefficient of the glucose carrier for the intracellular glucose concentration, it is assumed
that this carrier is symmetric and works according to a 4-state model [55]. The Vmax's and
K„,'s measured in zero-trans-influx and efflux experiments actually differed by a factor of
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1.5 approximately, but as the V„,„ for efflux was lower than that for influx, while the K„,
was higher in the efflux experiment than in the influx experiment [51], this would violate
the Haldane relation. Rewritten in a Michaelis-Menten form the rate equation becomes:

[Glc]out —
+[Glc] ut + [Glc]in +a• [Glc]out • [Glc]in /Ka,

_ rinflux
V lucase transport — v max v..
g

(Eq. 1.8)

KG,, was 2 mM [52] and [Glc],„, and [Gle];,, are the external and internal glucose
concentration, respectively. The value of a (0.75) was calculated by using the unidirectional
equations derived by Stein [55], the assumed symmetry of the carrier and the finding that the
V„,„ for equilibrium exchange was twice as high as for zero-trans-influx [51].
The elasticity coefficient of the glucose transport rate for intracellular glucose is then:
transport avtransport vtransport

e Gic,„

a[Glc]m / [Glc]th

= 0.2

(Eq. 1.9)

at 5 mM extracellular and 0.4 mM intracellular glucose. As the Km of HK for glucose has
been measured to be 0.1 mM (A. Loiseau and F. R. Opperdoes, personal communication)
the elasticity coefficient of HK for intracellular glucose may be estimated as:
e

HK
G

ay HK v HK
=0.2
„ = a [Glc]in / [Glc]m K m +Km
[Glc]th

(Eq. 1.10)

If other reaction rates are independent of intracellular glucose, the connectivity theorem for
the flux and intracellular glucose is:
transport +

Ctransport
j
' CG

in

CHK

0

6

Glc

(Eq. 1.1 1)

It follows that the flux control by transport and hexokinase should be equal:
E

C transport
j
J
HK

E

HK
G

transport

0.2
=1
— 0.2

(Eq. 1.12)

G Icin

Because the sum of all flux control coefficients is 1 and because it is unlikely that there is a
strongly negative flux control by an enzyme in the system, this suggests that the transport
step has a control coefficient lower than 0.5. The above calculation is based on the
assumption that there is only a single intracellular glucose pool and depends on the assumed
kinetics of glucose transport. However, with a reversible Michaelis-Menten equation for the
transport step, the conclusion remains qualitatively the same. Although no definitive
conclusion concerning the flux control coefficient of the glucose transporter should be
drawn from these calculations, they do prove that a low internal glucose concentration in
itself is insufficient to conclude that glucose transport has a flux control coefficient of 1.
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There are more indications that glucose transport has a flux control coefficient lower
than 1. First, the inhibition of the glucose carrier by phloretin [56] is much stronger than the
inhibition of the flux by this inhibitor [54]. Secondly, the measured Km of the glucose carrier
for glucose is 2 mM [52]. For the steady-state flux an apparent glucose K,,, of 0.49 mM was
estimated [54], although the flux deviated from Michaelis-Menten kinetics. If the carrier had
a control coefficient of 1, one would expect the carrier and the flux to have identical
kinetics.
The summation theorem for flux control coefficients demonstrates that the sum of the
flux control coefficients in a pathway is equal to 1. If the flux control coefficient of the
glucose carrier is lower than 0.5, other steps in glycolysis should have some control.
A second step that possibly exerts some control on the glycolytic flux, is the
glycosomal GAPDH. 7'. brucei has two GAPDH isoenzymes, of which one is localized in
the cytosol and the other is imported into the glycosome [30, 57]. Both the cytosolic and the
glycosomal GAPDH are inhibited by 3-bromopyruvate, which binds covalently to the
active-site cysteine of the enzyme. Barnard et al. [58] showed that 3 11M of 3bromopyruvate caused a 50% inhibition of the total GAPDH activity in vivo, while 6 [IM
was required to inhibit the glycolytic flux by 50%, suggesting that GAPDH might exert
some control on the flux. From amino-terminal sequencing of a protein binding to ["C] 3bromopyruvate, it turned out that the inhibitor reacts preferentially with the glycosomal
GAPDH isoenzyme. The inhibition of glycolysis can not be explained by inhibition of the
pyruvate transporter or PYK, because these proteins have a K. above 100 RM for 3bromopyruvate [58]. It can, however, not be excluded that other cysteine containing
enzymes or transporters are also inhibited by 3-bromopyruvate.
Some control might be exerted by the processes that utilize the ATP produced in
glycolysis, but the evidence is incomplete and contradictory. Oligomycin, which inhibits the
mitochondrial H+-ATPase, was found to inhibit oxygen consumption and pyruvate
production, with a concomitant dissipation of the electric potentials across the mitochondria]
membrane and the plasma membrane, when glucose is the substrate [11, 59]. If the
mitochondria of bloodstream form trypanosomes are not involved in ATP synthesis, the 14+ATPase should work in the direction of ATP utilization. The inhibition of this ATP
utilization might cause a lack of cytosolic ADP for the PYK reaction, thereby inhibiting
glycolysis. The [ATP]/[ADP] ratio decreased rather than increased, however, upon
incubation with oligomycin [11, 59]. Furthermore, with glycerol as a catabolic substrate, the
pyruvate production and oxygen consumption rates were insensitive to oligomycin, which
does not fit with the explanation either. Direct inhibition of the upper part of glycolysis by
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oligomycin could not be demonstrated [59]. These experiments were all carried out with
non-growing cell suspensions. Even if the glycolytic flux is controlled partially by ATPutilizing reactions in such suspensions, these reactions may lack control in growing cells,
because growth requires more ATP.
In conclusion, a more detailed and quantitative analysis is required to determine the
distribution of control in trypanosome glycolysis.

Control of mammalian glycolysis
One cannot expect to find that the control of glycolysis is the same in all mammalian
cells. Different tissues have each their specific function in the body and, as a consequence,
differ in their overall metabolic pattern. The importance of glycolysis may vary from one
cell type to another, and it can also be influenced by developmental, hormonal or nutritional
factors. Furthermore, the variations in glycolysis may involve different isoenzymes, each
with their specific kinetic properties and mechanisms of activity regulation [60].
So far, only a limited number of studies have been reported which provide
information about the flux control coefficients in mammalian cells. Rapoport et al. [61]
doubled the activity of HK, PFK, GAPDH and PYK in human erythrocyte lysates by
addition of purified enzymes and determined the effect on glucose consumption and lactate
production. Only HK and PFK were found to exert a positive flux control. The flux
increased about 30 and 40 %, respectively, upon addition of these enzymes. Major control
by these enzymes in red blood cells was consistent with the predictions from a kinetic model
[61, 62]. Since this study was performed with cell lysates, any control exerted by transport
steps has been missed. Control of glycolysis in human erythrocytes by HK was confirmed in
an analysis by Magnani et al. [63]: cells were loaded with exogenous enzyme, by hemolysis
and resealing. A 15-fold increase in HK activity resulted in a doubling of lactate production.
A comprehensive study dealt with glucose utilization and glycogen synthesis in
perfused rat heart [64]. The distribution of control in the pathway was calculated from the
elasticity coefficients. These were determined from in vitro enzyme kinetics and in vivo
metabolite concentrations. It was found that control in heart cells was variably distributed
among several enzymes, depending upon substrate availability, hormonal stimulation and
other changes of conditions. PFK was not included in the analysis, however, and the
GAPDH reaction was assumed to be in equilibrium. In the absence of insulin most control
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within the glycolytic branch was shared by the glucose transporter in the plasma membrane
and HK (together 0.6); the ratio C tjransport

C HK varied between 0.5 and 0.7. The analysis

confirmed the conjecture that control by the glucose transport step was abolished by insulin.
Investigations of glycolysis in erythrocytes from patients with Down's syndrome
have shed some light on the control exerted by PFK. These patients have an extra copy of
chromosome 21 on which the gene encoding PFK is located. Of all glycolytic enzymes only
PFK was overexpressed significantly compared to control cells. The 50% increase of the
PFK activity did not lead to a significant increase of the rate of glucose consumption under
physiological conditions [65]. The data are consistent with a flux control coefficient of 0.2
or lower. If the concentration of inorganic phosphate was increased above its physiological
level or if the redox state of the cells was changed by addition of methylene blue, the flux
was significantly increased in Down's syndrome erythrocytes as compared to control cells.
One possible explanation is that GAPDH has some control under physiological conditions,
but upon activation it loses control to PFK.
Schuster and Holzhatter [66] investigated the effects of large enzyme deficiencies in
erythrocyte glycolysis. Their results are of special interest for the design of
antitrypanosomal drugs. Both erythrocytes and trypanosomes live in the mammalian
bloodstream and depend solely on glycolysis for their free-energy supply. Any drug directed
against trypanosomes should also reach the erythrocytes. Furthermore, erythrocyte ATP
synthesis should be controlled by the glycolytic enzymes and transporters, while in other
cell types ATP synthesis may be (partly) controlled by the enzymes of the Krebs cycle or by
the respiratory complexes. Of all mammalian cell types erythrocytes may, therefore, be
expected to be most sensitive to drugs directed against trypanosome glycolysis. On the basis
of a very detailed model of erythrocyte metabolism, comprising in vitro kinetics of the
enzymes involved in glycolysis, the pentose phosphate pathway, glutathione reduction and
ATP utilization, it was concluded that these cells were most susceptible to deficiencies of
HK, PFK, ENO, PYK, 2,3-bisphosphoglycerate phosphatase and glutathione reductase. In
contrast, a decrease of the activities of ALD, GAPDH or PGK to 5% of the normal level was
predicted not to cause any clinical symptoms [66]. These results should be considered with
some care, however, since the uptake of glucose, which may be very important, was not
included in the model and all ATP utilizing processes were lumped into one linear equation.
If the glucose transport exerts some control on the flux in reality, the other steps should have
less control than predicted by the model and the erythrocyte should be even less sensitive to
inhibition of ALD, GAPDH and PGK. According to the model ATP utilization had a large
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flux control coefficient. If this is incorrect due to the simplified rate equation, other steps
would have more control than predicted. Then the cells would be more sensitive to
inhibition of these enzymes. The conclusion that erythrocytes are more susceptible to
inhibition of HK, PFK, ENO, PYK, 2,3-bisphosphoglycerate phosphatase and glutathione
reductase than to inhibition of ALD, GAPDH and PGK should remain true, since the rate
equations within the ATP producing module are accurate.

Scope of this thesis
Glycolysis is of central importance to the free-energy transduction in many living
organisms. This thesis addresses the question how glycolysis is controlled in bloodstream
form T. brucei. As described above, this glycolytic pathway is organized in a very special
way. An ultimate goal of this and of other studies is to compare the distribution of control in
various organisms, in which glycolysis is organized and regulated in different ways. Such a
comparison may help us to understand why free-energy metabolism has evolved so
differently in different organisms. An important application of this study could be the
optimization of the rational choice of drug targets.
Apart from scientific and medical reasons, there are practical arguments for making
T brucei a good model organism. First, the bloodstream form of this organism depends
completely on glycolysis for its supply of ATP. Its glycolysis lacks branches through which
a substantial flux runs, such as a citric acid cycle or the synthesis of storage carbohydrates.
Glycolysis must, therefore, be fully controlled by its own enzymes and transporters and,
possibly, by the processes utilizing the ATP produced in this pathway. Secondly, the
kinetics of most glycolytic enzymes from T. brucei have been studied in great detail,
including the reverse reaction of reversible enzymes and in some cases the effects of
products on irreversible reactions (see Chapter 2 for references). This made it possible to
study the control distribution of trypanosome glycolysis by mathematical modelling.
In Chapter 2 a model of trypanosome glycolysis, including all available enzyme
kinetic data, is constructed and validated on the basis of literature data.
In Chapter 3 this model is used to calculate how the glycolytic flux is controlled
under various conditions. It will be shown that the distribution of flux control among the
glycolytic enzymes in trypanosomes is almost the opposite of what has been deduced about
this distribution in mammalian cell types. There are, therefore, several targets for
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antitrypanosomal drugs with a high probability of enhanced selectivity (Eq. 1.6 and 1.7). To
investigate the possibilities for drug design further, the effects of large enzyme deficiencies
on the flux will be studied. The control by the glucose transporter will be shown to depend
strongly on parameter values and external conditions. It is likely that the transporter rapidly
gains or loses control under slightly changing conditions in the bloodstream. This makes it
difficult to predict to what extent the transporter controls the glycolytic flux in vivo.
Accordingly, chapters 4 and 5 focus on the control exerted by the glucose transporter.
To determine a flux control coefficient experimentally, it is necessary to vary the
activity of one enzyme or transporter selectively and measure the change of its activity and
the change of the steady-state flux separately. In Chapter 4 an improved assay to measure
the rate of glucose transport is developed. This assay is faster than existing assays and,

therefore, less influenced by subsequent metabolism.
In Chapter 5 the control exerted by the transporters of pyruvate and glucose is
determined experimentally.
In Chapter 6 consequences of the compartmentation of trypanosome glycolysis are
studied. Two kinetic models, one containing a glycosome and one in which its contents have
been diluted in the whole cytosol, will be compared under different conditions with respect
to flux, metabolite concentrations and ability to adapt to changing conditions. These models
do not support the hypothesis that the glycosome serves to maintain the high glycolytic flux
in trypanosomes (see above), but lead to an alternative view on the consequences and,
possibly, the function of the glycosome.
In Chapter 7 implications of the findings in this thesis and lines for further research
will be discussed.
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Glycolysis in bloodstream form Trypanosoma
brucei can be understood in terms of the
kinetics of the glycolytic enzymes
In trypanosomes the first part of glycolysis takes place in specialized microbodies: the
glycosomes. Most glycolytic enzymes of Trypanosoma brucei have been purified and
characterized kinetically. In this chapter a mathematical model of glycolysis in the bloodstream
form of this organism is developed on the basis of all available kinetic data. The fluxes and the
cytosolic metabolite concentrations as predicted by the model were in accordance with data
available for non-growing trypanosomes, both under aerobic and under anaerobic conditions.
The model also reproduced the inhibition of anaerobic glycolysis by glycerol, although the
concentration of glycerol needed to inhibit glycolysis completely was lower than determined
experimentally. At low extracellular glucose concentrations the intracellular glucose
concentration remained very low. Only at 5 mM of extracellular glucose, free glucose started to
accumulate intracellularly, in close agreement with experimental observations. This biphasic
dependence of the intracellular glucose concentration on the extracellular glucose concentration
could be related to the large difference between the affinities of the glucose transporter and
hexokinase for intracellular glucose. The calculated intraglycosomal metabolite concentrations
demonstrated that enzymes that have been shown to be near equilibrium in the cytosol, must
work far from equilibrium in the glycosome in order to maintain the high glycolytic flux in the
latter.

Introduction
In several respects glycolysis in trypanosomes differs from glycolysis in other
cukaryotes. In these parasites most glycolytic enzymes occur sequestered in a specialized
organelle closely related to peroxisomes [1] (for reviews see: [2, 3, 13, 71]). As in
I his chapter (without the appendix) has been published previously: Bakker, B.M., Michels, P.A.M.,
Opperdoes, F.R. and Westerhoff, H.V. (1997) I Biol. Chem. 272, 3207-3215.
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trypanosomes 90% of the protein content of these microbodies consists of glycolytic
enzymes, they are called glycosomes. In glycosomes glucose is converted to 3phosphoglycerate (3-PGA), which is metabolized to pyruvate in the cytosol. The NADH
produced in the glycosomes by glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is
used to reduce dihydroxyacetone phosphate (DHAP) to glycerol 3-phosphate (Gly-3-P).
Subsequently, Gly-3-P is reoxidized by molecular oxygen via a glycerol-3-phosphate
oxidase (GPO) in the mitochondria and DHAP returns to the glycosomes. In the organelles
there is no net ATP production or consumption by glycolysis, since the consumption of ATP
by hexokinase (HK) and phosphofructokinase (PFK) is balanced by phosphoglycerate
kinase (PGK). Only in the cytosol there is net glycolytic ATP production by pyruvate kinase
(PYK). Under anaerobic conditions Gly-3-P is converted to glycerol with the concomitant
production of ATP via the reverse action of glycerol kinase (GK) [1, 13-15]. Unlike the
corresponding enzymes in most other organisms, the glycosomal HK and PFK of
trypanosomes are hardly subject to allosteric regulation [16-18]. In trypanosomes not PFK,
but PYK is activated by fructose 2,6-bisphosphate [19-21], and consistently, 6phosphofructo-2-kinase and fructose-2,6-bisphosphatase are found in the cytosol [22].
Trypanosoma brucei, the parasite that causes African sleeping disease in humans and
nagana in livestock, is transmitted by the tsetse fly. When living in the mammalian
bloodstream T. brucei has neither a functional Krebs cycle nor oxidative phosphorylation
nor does it store any carbohydrates. Consequently, complete inhibition of glycolysis kills the
organism. Because of the differences between mammalian and trypanosomal glycolysis, this
pathway is a major potential target for drugs against the African sleeping disease [33]. Many
of the glycolytic enzymes of trypanosomes resemble, however, the corresponding enzymes
of the hosts of the latter. A drug that interferes strongly with trypanosome glycolysis may
well compromise this metabolic pathway in its host where glycolysis is also essential.
Consequently, it is important to design drugs that strongly inhibit glycolysis in
trypanosomes, but only weakly that of their hosts. This design task is complicated by the
fact that the effect of modulation of an enzyme activity on a metabolic flux also depends on
the properties of other enzymes in the metabolic pathway [43, 62, 72]. Nevertheless, recent
developments may well bring such rational drug design within reach. For, in the past decade
most glycolytic enzymes of T brucei have been purified and characterized extensively, both
structurally and kinetically. Furthermore, fluxes and glycolytic intermediates have been
measured under various conditions. Although the individual enzyme kinetic data are
available, their implications for the glycolytic pathway as a whole have not been evaluated,
nor has it been attempted to predict the effect on glycolysis even for a drug for which the
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effects on its target enzyme are known.
In this paper we relate the functioning of glycolysis in bloodstream form T. brucei to
the known kinetics of the individual trypanosome enzymes. To this end a detailed computer
model of trypanosomal glycolysis has been constructed, including all available enzyme
kinetics. The model distinguishes itself from other elaborate kinetic glycolysis models in the
sense that the kinetic parameters are not adjusted to fit the measured metabolite
concentrations [73-75]. T. brucei is a very suitable organism for this type of modelling,
because its glycolysis lacks many branches (cf. in other organisms [64]), because the
glycosomal enzymes lack allosteric regulation and because most trypanosomal enzymes
have been characterized under the same experimental conditions. The model predicts how
the steady-state glycolytic flux and metabolite concentrations depend on the substrate and
product concentrations and the enzyme-kinetic parameters in non-growing cells. It explains
certain aspects of cell physiology, but also makes us aware which data are still lacking for a
deeper understanding.

Materials and methods
This section describes how the model was constructed and which equations were
used.
,toichioinetry and conserved moieties
The model contains the glycolytic pathway, including the branch to glycerol and the
utilization of ATP (Fig. 2.1). The two glucose-transport steps, i. e. across the plasma
membrane and the glycosomal membrane, were lumped into one, because in kinetic
experiments no distinction between them has been made so far [52]. The glycosomal
membrane was taken to be impermeable to metabolites [5], except for those that need to be
transported across this membrane (Fig. 2.1). Nothing is known about the kinetics of the
transport of 3-PGA, Gly-3-P and DHAP. These steps were assumed to be in equilibrium and
mutually independent. The concentration of inorganic phosphate in the glycosome was
assumed to be saturating (see Appendix for an experimental test of this assumption). At
steady state adenylate kinase (AK) should be at equilibrium. When the known kinetics of
glucosephosphate isomerase (PGI) [68] and triosephosphate isomerase (TIM) [29] were
implemented explicitly, these enzymes operated close to equilibrium (the ratio of the steady-
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state product and substrate concentrations divided by the equilibrium constant exceeded 0.8
for both reactions) and, therefore, they were further treated as equilibrium reactions. This
facilitated the calculations with hardly any effect on the outcome. Experimentally it has been
shown that the cytosolic enzymes phosphoglycerate mutase (PGM) and enolase (ENO)
operate near equilibrium [26]. Accordingly, they were treated as if in equilibrium. Finally,
the transport of glycerol out of the cells was assumed to be in equilibrium. The kinetics of
all other enzymes and the transport of glucose and pyruvate were implemented explicitly in
the model.
Four moiety-conservation relations were derived from the stoichiometry as depicted
in Fig. 2.1 by using the metabolic modelling program SCAMP [76]. These correspond to the
adenine nucleotides in the glycosome and the cytosol, respectively, the nicotinamide
adenine nucleotides in the glycosome and the organic phosphate that is not exchanged with
inorganic phosphate. None of the reactions modifies these sums:
(Eq. 2.1)

[ATP], + [ADP], + [AMP], = C1
[ATP], + [ADP], + [AMP], = C2
[NADH]g + [NADI = C3
[Gly - 3 - P]g Vg + [Gly - 3 - 13], + [DHAP]
+ [Glc - 6 - P]g

Vg ±

[Fru - 6 - P]g

Vg

(Eq. 2.2)
(Eq. 2.3)
g Vg

[DHAP], V,

2[Fru -1,6 - BP]g Vg + [GA - 3 - Pig Vg (Eq. 2.4)

+ [1,3 - BPGA]g Vg + 2[ATP]g Vg [ADP]g Vg = C4 . Vg
to the glycosomal concentration. V,
The [], refers to the cytosolic concentration and the
is the cytosolic volume and Vg the glycosomal volume in 1.11 per mg cell protein. In Eq. 2.4
[]g

the concentrations of Fm-1,6-BP and ATP are multiplied by a factor of two, because these
metabolites contain two phosphate groups that are transferred to other organic compounds.
As Gly-3-P and DHAP were assumed to equilibrate across the glycosomal membrane, Eq.
2.4 simplified to:
([Gly - 3 - P] + [DHAP]) 1+
+ [GA - 3 - P]g

+

V
V

+ [Glc - 6 - Pig + [Fru - 6 - P]g + 2[Fru -1,6 - BP],
6

_ _
(q. 2.5)

[1,3 - BPGA]g 2[ATP]g + [ADP]g = C4

in which:
[Gly-3-P] [Gly-3-P]g = [Gly-3-P],

(Eq. 2.6)

and:
(Eq. 2.7)
[DHAP] [DHAP]% = [DHAP],
The two distinct pools of adenine nucleotides occur as a consequence of the assumed
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Figure 2.1 The stoichiometric scheme of the model of glycolysis in bloodstream form T. brucei. The
reactions 3, 6, 9, 13, 15 and 17, 19 and 20 were treated as equilibrium reactions. 1: transport of glucose
across the plasma membrane and the glycosomal membrane; 2: HK; 3: PGI; 4: PFK; 5: ALD; 6: TIM; 7:
GAPDH; 8: PGK; 9: transport of 3-PGA across the glycosomal membrane, PGM and ENO; 10: PYK; 11:
pyruvate transport across the plasma membrane; 12: GDH; 13: transport of Gly-3-P across the glycosomal
membrane; 14: GPO; 15: transport of DHAP across the glycosomal membrane; 16: GK; 17: transport of
glycerol across the glycosomal membrane and the plasma membrane; 18: ATP utilization; 19: glycosomal
AK; 20: cytosolic AK.
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impermeability of the glycosomal membrane for these compounds. The fourth conserved
moiety (equations 2.4 and 2.5) is also a consequence of the compartmentation. If glycolysis
occurred in one compartment, ATP utilization (reaction 18 in Fig. 2.1), for example, would
modify this sum. As the glycosomes occupy 4.3 % of the total cellular volume [77], the ratio
Vc /Vg amounts to 22.3. C2 and C4 were estimated from [26], by using that 1 g wet weight
corresponds to 80 mg of protein and 1 ml of total cellular volume corresponds to 175 mg of
total cell protein [77]. C, and C3 were chosen arbitrarily, but their values hardly affected the
results. The values were: C, = 3.9 mM, C2 = 3.9 mM, C3 = 4 mM and C4 = 120 mM. This
value for C4 is just saturating: an increase does not affect the flux. C 4 is high, because [Gly3-P] and [DHAP] are multiplied by the factor 1+ V,./Vg . Only when [Gly-3-P] and
[DHAP] become low, this high sum implies high concentrations of the glycosomal

Table 2.1 The V,„„_, values in the catabolic direction (V) for all enzymes included in the model. The
V„,,„.'s of the glycosomal enzymes were derived from the reported glycosomal enzyme concentrations and
from the turnover rates (1c.,,) reported after in vitro measurements. Other V„,„, values were based on reported
transport and activity assays. The V„,„, of pyruvate transport was estimated as described in the text.
Enzyme

Concentration

lcu (amol min-1

(% of cell protein)

(mg enzyme)-1)

(nmol
(mg cell protein)-1)

[25]

glucose transport
HK
PFK
ALD
GAPDH
PGK
PYK
GDH

106.2 [52]
625

0.25

250a

0.39

200 [17]

780

1 .23

15 [69]

184.5

0.50

294 [30]

1470

0.16

400 [93]

640
2.6.103[15]

0.25

170b

425

GPO

368 or 0" [94]

GK

0 or 200'

pyruvate transport

160

A.-M. Loiseau, unpublished result.
M. Callens, D. Kuntz, 0. Bos and F. Opperdoes, unpublished results.
To simulate aerobic conditions GK was switched off (V,„„ = 0) and to simulate anaerobic
conditions GPO was switched off (see Substrate and product concentrations),
The V„„, of GPO was expressed as nmol Gly-3-P mind (mg cell protein)-I . Two molecules
of Gly-3-P are converted per molecule of 02.
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metabolites. This did not occur in the simulations reported in this chapter (results not
shown).
Kinetic equations
All available literature data (Tables 2.1 and 2.2) on trypanosome enzyme kinetics
have been obtained at 25 °C, except for glucose transport (37 °C) [52].
The kinetics of GPO and the transport of pyruvate across the plasma membrane were
described by irreversible Michaelis-Menten kinetics:
v=V

+ S/KS
1+ S/Ks

(Eq. 2.8)

in which S is the substrate concentration. The measured rate of zero-trans pyruvate influx
was well below the steady-state rate of pyruvate production [78]. This may be due to
asymmetry of the transporter, but most probably the long time-scale of the uptake assay (30
s) [78] also led to an underestimation of the rate, because pyruvate cannot be metabolized
and accumulates. Therefore the V,„. for efflux was adjusted so that the pyruvate
concentration in the model agreed with the measured intracellular pyruvate concentration of
21 mM [79].
The kinetics of HK were described by a Michaelis-Menten type equation for two
substrates:
Si S2
KS1 KS2

v = V+

(

(Eq. 2.9)

(1+ S2 )
Ks2
KS1 Kpi
in which SI is ATP, S2 is intracellular glucose and P, is ADP. Thus the competitive product
inhibition by ADP was included. Glucose 6-phosphate (Glc-6-P) had no effect on the rate
1+ Si +

[16].
The kinetics of GAPDH, PGK, glycerol-3-phosphate dehydrogenase (GDH) and GK
were described by a reversible Michaelis-Menten equation for two non-competing productsubstrate couples:
S1
v = V+

S2 V — Pi P2

KS1 KS2 V+ KP1 KP2

P
S
+ I
1+
Ksi K p1

(Eq. 2.10)

C1+ 52 + P2

KS2 Kp2

33

Chapter 2
Table 2.2 Kinetic parameters of the enzymes described by Michaelis-Menten-type kinetics
A) One-substrate reactions

K, (mM)

Enzyme

GPO
1.7 (Gly-3-P) [94]
pyruvate transport 1.96 (PYRC) [78]

B) Two-substrate reactions

Enzyme

VW+

HK[16]

Ks, (mM)

K„ (mM)

K„ (mM)

K„ (mM)

0.116 (ATP)

0.1 (Glci„)'

0.126 (ADP)

0.15 (GA-3-P)
0.05 (1,3-BPGA)b

0.45 (NAD')
0.1 (ADP)b

0.1 (1,3-BPGA)

0.02 (NADH)

PGK [93]

0.67
0.0291'

1.62 (3-PGA)

0.29 (ATP)

GM'

0.07

0.85 (DHAP)

0.015 (NADH)

167

5.1 (Gly-3-P)

0.12 (ADP)

6.4 (Gly-3-P)
0.12 (Gly)

0.6 (NAV)

GK [14]

GAPDH [30]

0.19 (ATP)

' A.-M. Loiseau, unpublished result.
b

Conjectured, in agreement with an equilibrium constant of 3.3.10' in the catabolic direction [95].

' M. Callens, D. Kuntz, 0. Bos and F. Opperdoes, unpublished results.

The transport of glucose was described according to a 4-state model for a facilitated
diffusion carrier [55]. The experimental data [51] may indicate that the carrier is slightly
asymmetric. However, the V„,,„ measured for efflux is lower than that for influx, while the
for efflux is higher. As this would lead to a net flux in the absence of a glucose gradient,
the apparent asymmetry was neglected. Rewritten into a Michaelis-Menten-like form the
equations became:
v glucose transport = V

[Glc]ow
KG1c + [Glc]out + [Glc]in + a • [Glc]out [Glc]in /KG,

(Eq. 2.11)

in which [Glc],„, and [Glc];„ are the extracellular and intracellular glucose concentrations,
respectively, and KGic is 2 mM [52]. From the assumed symmetry of the carrier and from the
finding that the V„,,„ for equilibrium exchange was twice as high as the V„,„x for zero-trans
influx, the factor a was calculated to be 0.75.
The rate of PFK exhibits a slightly cooperative dependence on the concentration of
fructose 6-phosphate (Fru-6-P):
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([Fru - 6 - P]) n i [ATP] )
+
vPFK = V (

Km,Fru6P

1+
\

Km,ATP
TI N
([Fn.iP]) . (1+ [ATP] j
Km,Fru6P

.1

(Eq. 2.12)

KmATP

in which Ic„,Fn,6p = 0.82 mM, Km,A-rp = 2.6-10-2 mM and n = 1.2 [17, 18].
The rate of PYK depends cooperatively on the concentration of PEP:
[PEP] i

[ADP]

( Km,PEP

1)pyK = V+ (

Kni,ADP

(Eq. 2.13)

PEP] VI I (1 + [ADP] )

([

Km,ADP

1 + Km,PEP i
in which Km,pEp = 0.34(1 +

[ATP],
[ADP] ) mM,
0.57 mM 0.64 mM

ADP = 0.114 mM [80] and n =

2.5 [20, 21]. The equation for Km,pEp was fitted to the measurements of this parameter at
different concentrations of ATP and ADP [20]. Variable activation of PYK by fructose 2,6bisphosphate [20] was neglected, as the concentration of this compound was largely
saturating in bloodstream form trypanosomes in the presence of glucose [22] and
consequently it is unlikely that it plays a regulatory role under these conditions.
Aldolase (ALD) works according to an ordered uni-bi mechanism. Glyceraldehyde 3phosphate (GA-3-P) dissociates from the enzyme before DHAP does [69, 81]. The rate
equation reads:
[Fru -1,6 - BP] V- [GA - 3 - P] [DHAP]
VALD = V +
1+

Km,Fru16BP V+ Km,GA3P Km,DHAP
[Fru - 1,6 - BP] [GA - 3- P] [DHAP] [Fru -1,6 - BP] [GA - 3 - P] [GA - 3 - P] [DHAP]
Km,Fru16BP

Km,GA3P Km,DHAP

Km,Fru16BP Ki,GA3P

Km,GA3P Km,DHAP

(Eq. 2.14)
[ATP ]g
[ADP]g [AMP]g
. V
+
+
in which T = 1.19, Km,Fru 1613P = 9 -10-3 1+
-F
0.68 mM 1.51 mM 3.65 mM

mM

,

Km,GA3P

=

6.710-2 mM, Km,DHAP = 1.540 mM and Ki,GA3p = 9.840-2 mM [69].
The hydrolysis of ATP in free-energy-requiring processes, such as motion,
biosynthesis and the maintenance of the proton gradients across the plasma membrane and
the mitochondrial membrane [11, 82], cannot be described by a simple and realistic equation
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based on the mechanism of these processes. Therefore, a phenomenological equation was
constructed. Under steady-state conditions the flux through pyruvate kinase should equal
ATP hydrolysis. In the absence of ATP the utilization rate should be zero. The ratios under
anaerobic and aerobic conditions were 1.2 and 2.9 [26], respectively, and the rate of
pyruvate production, and hence ATP utilization, under aerobic conditions was twice the rate
under anaerobic conditions [83]. As the relation between the rate of ATP utilization and the
[ATP]/[ADP] ratio seemed close to linear, we assumed:
VATP utilization =

[ATP]
k [ADP]

(Eq. 2.15)

This rate equation corresponds to a far-from-equilibrium Michaelis-Menten reaction with
dominant product inhibition. The value of k was adjusted to 50 nmol min-1 mg protein', so
that the calculated steady-state [ATP]/[ADP] ratio under aerobic conditions corresponded to
the measured ratio. Equation 2.15 should not be extrapolated to very high [ATP]/[ADP]
ratios.
Substrate and product concentrations
The extracellular concentrations of glucose, 02, pyruvate and glycerol were treated as
parameters of the system, which means that they were fixed for each steady-state
calculation. Glucose was 5 mM, which is the concentration the trypanosomes encounter in
the bloodstream [52]. 02 was taken to be saturating under aerobic conditions, while the flux
through GPO was completely blocked under anaerobic conditions by setting the V„,„, of
GPO to zero. In the absence of glycerol, 10% of the total flux went to glycerol under aerobic
conditions in contradiction with the corresponding experimental finding that no glycerol was
produced [83]. However, in the model only 0.5 1.1.M of glycerol was required to inhibit this
flux and at higher concentrations it was reversed. If one were to allow free accumulation of
glycerol, the GK reaction should reach equilibrium. The aerobic steady state was identical
but easier to compute if the V+ of GK was set to zero. The extracellular concentration of
pyruvate and both the extracellular and the intracellular concentrations of glycerol were zero
unless specified otherwise.
Differential equations
If a reaction in the pathway was considered to be in equilibrium, its products and
substrates were treated as a single metabolite pool. To this aim five pools were defined.
The sum of hexose phosphates in the glycosome is:
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[hexose-P]g = [Glc-6-P]g + [Fru-6-P]g
The sum of triose phosphates is:
[DHAP]c Vo + [DHAP]g
[triose - P] =

(Eq. 2.16)

Vg +

[GA - 3 - P]g Vg

Vtot

(Eq. 2.17)

+ [GA - 3 - P]g

[DHAP]Ll +
V g

+

vc

Vg

A pool [N] was defined by:
[3 - PGA](Vg + Vc ) + [2 - PGA], Vc + [PEP] c lic
[N]

(Eq. 2.18)

Vrot

in which [3-PGA]

(Eq. 2.19)

[3-PGA] = [3-PGA]g
[3 - PGA](1 +

V
V

Consequently: [N] =

+ [2 - PGA]c.

(

vc
v

vc
V
+ [PEP]c
V
V

(Eq. 2.20)

Finally two variables Pg and P, denoting the sums of high energy phosphates in the
glycosome and the cytosol, respectively, were defined:
(Eq. 2.21)
Pg = 2[ATP]g + [ADP]g
(Eq. 2.22)
2[ATP]c + [ADP]c
The following set of differential equations described the time-dependent behaviour of
glycolysis:
d[Glc]in _ V glucose transport - vHK
Vtot
dt

(Eq. 2.23)

d[hexose - Pig

vHK vPFK

(Eq. 2.24)

dt

Vg

d[Fru -1,6 - BP]- = v PFK vALD
Vg
dt

(Eq. 2.25)

d[triose - P] = 2 vALD vGAPDH vGDH vGPO
dt
Vrot

(Eq. 2.26)
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Table 2.3 The equilibrium constants at 25 °C of the reactions treated as equilibrium reactions 1951.
Enzyme

d[1,3-BPGA]g=

PGI

Keg
0.29

TIM
PGM
ENO
AK

0.045
0.187
6.7
0.442

GAPDH vPGK

dt

Vg

d[N] vpGK — vPYK

dt

(Eq. 2.28)

V/01

d[PYR], vPYK

vpyruvate transport

dt

Vc

d[NADH]

g

vGAPDH vGDH

dt
dP

g

(Eq. 2.29)

(Eq. 2.30)

Vg
vHK vPFK vPGK vGK

dt
dPc
dt

(Eq. 2.27)

Vg
vPYK v ATP utilization

Ve

(Eq. 2.31)

(Eq. 2.32)

The total intracellular volume Vt„, was taken constant at 5.7 Itl/mg total cellular protein [77].
The time t was expressed in minutes and the enzyme rates v in nmol min -1 (mg cell
protein)* In order to obtain the time derivatives of the concentrations in mM min-1, a
correction was made for the volume of the compartment in which a metabolite pool resides.
As the Km 's were expressed in mM, the metabolite concentrations were obtained in mM as
well.
To calculate a steady state all above time derivatives of metabolite concentrations
were set to zero. The resulting system of non-linear equations was solved numerically for
the metabolite concentrations. The concentrations of NADI- and Gly-3-P were calculated
from the conservation equations (equations 2.3 and 2.5, respectively). The other dependent
concentrations were calculated from the equilibrium conditions as described below.
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Equilibrium reactions
The equilibrium constants are found in Table 2.3. The transport of metabolites across
the glycosomal membrane was assumed to be driven only by concentration gradients of
these metabolites and consequently the corresponding equilibrium constants were 1. The
individual metabolite concentrations were calculated from the equilibrium pools as follows.
a) Glc-6-Pg f+ Fru-6-Pg
The equilibrium equation reads:
[Fru - 6 - P]g
[Glc - 6 - P]

(Eq. 2.33)

Keq,PGI
g

It follows from equations 2.16 and 2.33 that:
[hexose - P]g
[Glc - 6 - P]g =

(Eq. 2.34)

1 + Keq,PGI

When [Glc-6-13]g was known, [Fru-6-P]g was calculated from Eq. 2.16.
b) DHAPC 4-> DHAPg H GA-3-Pg
The equilibrium equation of TIM is:
[GA - 3 - P]g
[DHAP]

(Eq. 2.35)

= Keq,TIM
g

It follows from equations 2.7, 2.17 and 2.35 that:
[triose - P][1+

vc
Vg

v

[DHAP] =

(Eq. 2.36)

+ Keq,TIM
g
When [DHAP] was known [GA-3-P]g was calculated from Eq. 2.17.
1+

V

c) 3-PGAg 4-> 3-PGA, 4-> 2-PGA, <-4 PEP,
The equilibrium equations of PGM and ENO are:
[2 - PGA]g KecoGm

(Eq. 2.37)

[3- PGA]c
[PEP]
[2 - PGA]

= K eq,ENO

(Eq. 2.38)

g

From equations 2.19, 2.20, 2.37 and 2.38 it follows that:
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[N][1 + Vc

g

[3 - PGA] =

v,1

(Eq. 2.39)

[1+ (1+ K eq,pGm + Ke,bpGmK eq,ENO) vg )

When [3-PGA] was known, [2-PGA] and [PEP] were calculated from Eq. 2.37 and 2.38,
respectively.
d) 2ADPg -* ATPg + AMPS
The equilibrium equation is:
[AMP] [ATP]
g

g

= KecbAK

(Eq. 2.40)

[ADP] 2

g

Solving the equations 2.1, 2.21 and 2.40 gives a quadratic equation and the relevant solution
is:
[ATP]g =

—b
+1.113 2g — 4 a g c g
g
2a g

in which:
ag= 1 — 41{.,q

(Eq. 2.41)

(Eq. 2.42)

(Eq. 2.43)
bg = C, — Ps(1 — 41(eq,AK)
v
D
2
(Eq. 2.44)
cg
"-cq' g
The other solution of the quadratic equation gives negative concentrations of ADP and was
not considered. The concentrations of ADP and AMP were calculated from equations 2.21
and 2.1, respectively. To obtain the cytosolic concentrations [ATP]C, [ADP], and [AMP]C, P,
was substituted for Ps .
Numerical methods
The simulations were performed with the program MLAB (Civilized Software,
Bethesda, MD). First a time-dependent simulation was performed by integrating equations
2.23 to 2.32 with a Gear-Adams algorithm, until the system approached a steady state.
Usually the initial values of all independent variables were arbitrarily chosen to be 1.
Subsequently, the system of non-linear equations defining the steady state was solved with a
Marquardt-Levenberg algorithm, to which the final metabolite concentrations of the timedependent simulation were given as initial values. An imposed constraint was that all
concentrations should be positive and, if they were involved in a conserved moiety, they
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should be smaller than the corresponding conserved sum. Finally, starting from the obtained
solution a second time integration was performed to test the stability of the steady state. It
was examined whether the steady state was unique, by varying the initial metabolite
concentrations over a wide range. This never gave a different steady state, but this cannot be
considered a definite proof of uniqueness.

Results
Fluxes and concentrations under aerobic and anaerobic conditions
The first question we addressed was whether the combination of all information on
the in vitro kinetics of the glycolytic enzymes leads to realistic fluxes and metabolite
concentrations. We therefore calculated the steady-state glycolytic fluxes and metabolite
concentrations using the model as described above. The rate of glucose consumption hardly
changed upon a shift from aerobic to anaerobic conditions (Table 2.4). This is in agreement
with measurements by Visser [83] who observed that the sum of pyruvate and glycerol
production was the same under both conditions. Under aerobic conditions glucose was fully
converted to pyruvate, while under anaerobic conditions equimolar amounts of pyruvate and
glycerol were produced. The predicted cytosolic concentrations of DHAP, PEP, pyruvate,
Gly-3-P and [ATP]/[ADP] differed by less than a factor 2 from the measured cellular
concentrations [26, 79] (Table 2.5). The predicted concentrations of 3-PGA and 2-PGA
deviated more from the concentrations obtained experimentally. The model-calculated ratios
of the concentrations under aerobic and anaerobic conditions corresponded more closely to
the experimental ratios. The concentration of Gly-3-P increased by a factor of 4 upon the
shift from aerobic to anaerobic conditions, fully in agreement with the measurements [26].

For the cytosolic pyruvate concentration and [ATP]/[ADP] ratio under aerobic conditions
the correspondence between the model and the experiments was imposed, because the V„,ax
of the pyruvate transporter and the equation for ATP utilization were adjusted to fit these

concentrations. The [ATP]/[ADP] ratio and the flux under anaerobic conditions, however,
were kept free. Only the relation between the two was set by Eq. 2.15.
Interestingly, the calculated [ATP]/[ADP] ratios in the cytosol and the glycosome
differed by up to a factor of 6, as a consequence of compartmentation. The modelled
displacement from equilibrium of reversible reactions, expressed as F/Keq, was compared to
measurements in cell extracts [26] (Table 2.6). These measurements were dominated by the
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Table 2.4 The calculated steady-state glycolytic fluxes under aerobic and anaerobic conditions.
Flux

Consumption rate (nmol min-' (mg cell protein)"')
anaerobic
aerobic
71

glucose

73

02

73

0

pyruvate
glycerol

-147

-71

0

-71

cytosolic concentrations, as the glycosomal volume is only 4.3 % of the total cellular
volume. The measured log F/Keq of GAPDH corresponds fairly well with the value
predicted from the model. PGK and ALD were in the model further displaced from
equilibrium than they were experimentally. GDH was assumed to work in equilibrium by
Visser and Opperdoes [26], but according to the model this enzyme was far displaced from
equilibrium. This demonstrates that enzymes that are near equilibrium in the cytosol may
work far from equilibrium in the glycosome.
Glycerol titration under anaerobic and aerobic conditions
Under anaerobic conditions Gly-3-P is converted to glycerol by GK [13]. As the AG0'
of this reaction is strongly positive, glycerol effectively inhibits glycolysis at low
concentrations (50 % inhibition at 0.8 mM) [84]. In the model, glycolysis was also inhibited
by glycerol (Fig. 2.2), but even 0.1 mM glycerol reduced the glucose consumption by 96.1
%. Increasing the forward and reverse V„,,„ of GK, i. e. the amount of the enzyme, did not
increase the resistance to glycerol (result not shown). The model concentration of Gly-3-P in
the presence of 0.1 rnivI glycerol was 5.1 mM which is equal to the Km of GK for this
metabolite. Gly-3-P is involved in one conserved moiety and, as it equilibrates across the
glycosomal membrane, it is weighted by a factor 23.3. Thus a large decrease of other
concentrations in this sum is required to compensate for an increase of Gly-3-P (Eq. 2.5). It
was conjectured that C4 became a limiting factor under anaerobic conditions. Indeed, an
increase of C4, from 120 to 360 mM, substantially increased the flux in the presence of
glycerol (Fig. 2.2) with a concomitant increase of [Gly-3-P] (not shown). A tenfold increase
of the Km of GK for glycerol, and thus the equilibrium constant of GK, further improved the
, giy,„01 = 1.2 mM) gave
„,,K
glycerol resistance. A combination of both (C4 = 360 mM and KG
the maximum glycerol resistance. At a C4 of 360 mM, however, under aerobic conditions

42

Modelling trypanosome glycolysis
Table 2.5 The steady-state metabolite concentrations under aerobic and anaerobic conditions. The
values shown in brackets are the concentrations measured by Visser and Opperdoes [26]. To express the
latter concentrations in mM, it was taken that 1 g of wet weight corresponds to 80 mg of protein and that 1
ml total cellular volume corresponds to 175 mg of total cell protein [77]. Pyruvate was measured by Wiemer
et al. [79]. The equations and parameter values are specified under 'Methods'. To simulate aerobic
conditions VOK was set to zero, while under anaerobic conditions VGPO was set to zero.

Metabolite

Concentration (mM)
aerobic
anaerobic

aerobic

anaerobic

0.056
0.44

0.10
0.44

0.13

0.13

26

2.3

1.6 (2.6)

0.61 (1.1)

2.6 (2.3)

0.074
0.028
0.68 (4.8)
0.13 (0.59)
0.85 (0.74)

0.027
0.0097
0.46 (1.2)
0.085 (0.33)
0.57 (0.39)

1.5 (4.1)
1.5 (1.8)
1.5 (1.9)

pyruvate (c)

21 (21)

1.6

Gly-3-P (g)

1.1 (2.0)
0.036
0.48
2.9 (2.9)

4.2 (7.9)
0.040
0.29
1.4 (1.2)

glucose (c/g)
Glc-6-P (g)
Fru-6-P (g)
Fru-1,6-BP (g)
DHAP (c/g)
GA-3-P (g)
1,3-BPGA (g)
3-PGA (c/g)
2-PGA (c)
PEP (c)

[NADF]/[NAD1 (g)
[ATP]/[ADPJ (g)
[ATP]/[ADP] (c)

ratio

0.26 (0.25)

2.1 (2.4)

Table 2.6 Steady-state 17K, for the reversible glycosomal enzymes that were not assumed to be in
equilibrium. These were calculated with the equilibrium constants as they were implicitly used in the
kinetic equations. The values given in brackets are the F/Ke, ratios in cell extracts [26].

Enzyme

F/Ici

glucose transport

aerobic
1.1.10.2

2.1.102

ALD

1.8.10' (4.3)

2.4.10"

GAPDH

3.1.10" (8.9.10')

3.2.10"

PGK

3.6.10-3 (1.6.10.2)

4.2.10-3 (1.6.1W)

GDH

4.4-10' (1.0, assumed)

4.0.10-2 (1.0, assumed)

anaerobic
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Figure 2.2 The steady-state glucose
consumption rate under anaerobic
conditions as a function of the glycerol
concentration as modelled for various
combinations of C, and the K„, of GK for
glycerol.
1: C4 = 120 mM and K„. glycerol = 0.12 mM;
2: C4 = 360 mM and Km, giy,„0 = 0.12 mM;

_

"c3
E
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C

3: C4 = 120 mM and K4Loy,..i = 1.2 mM;
4: C4 = 360 mM and K,,.. gly,4,41 = 1.2 mM;

LT_
0 0.25 0.5 0.75
[glycerol] (mM)

1

All other equations and parameters can be
found under 'Methods'.

the glycosomal concentration of fructose 1,6-bisphosphate (Fru-1,6-BP) increased to 136
mM. The concomitant increase of the osmotic pressure in the glycosomes might then lead to
swelling or even bursting of the organelles. Obviously, simply increasing C, is not a realistic
option.
Under aerobic conditions glycerol can be used as a substrate. This was simulated by
including both GK and GPO in the model and by substituting glycerol for glucose. The
modelled rate of pyruvate production from 10 mM of glycerol was 80 % of the rate from 10
mM of glucose, while experimentally only 50-60 % was found [59, 84]. This discrepancy
of GPO was decreased by 40 % from 368 to 220 nmol Gly-3-P
disappeared when the
min' (mg protein)* Then the rate of pyruvate production at 10 mM of glucose was 134
nmol min' (mg protein)- ' compared to 79 nmol min' (mg protein)-1 (59 %) at 10 mM of
glycerol. Actually a GPO activity as low as 171 nmol Gly-3-P min-1 (mg protein)-' has also
been reported for bloodstream form T. brucei at 25 °C [85].
Variation of the extracellular glucose concentration: the model as interpreter
Using the silicone-oil centrifugation technique Ter Kuile et al. [52] demonstrated that
the intracellular glucose concentration [Glc],„ remained very low when the extracellular
glucose concentration [G1c]0,,, was kept below 5 mM. Above a [Glc],„, of 5 mM a drastic
increase of [Glc],„ was observed. The model reproduced this (Fig. 2.3A, full line), although
the calculated [Glc], remained lower than the measured [G1c];„. The difference between
model and experiment became most pronounced at the higher concentrations: at 10 mM of
[Glc],,„ the measured [Glc],„ was 1.9 mM, while the calculated [Glc],, was only 0.3. This
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Figure 2.3 The intracellular concentration of
glucose (A), the glycolytic flux (B) and the
glycosomal [ATP]/[ADP] ratio (C) as a function of
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full lines were calculated with the parameter set
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accumulation of intracellular glucose. The biphasic
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lost, when the K,„ of HK for glucose was changed to 2
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difference was due to the fact that the assay used does not distinguish between glucose and
Glc-6-P [52]. The Glc-6-P concentration averaged over the whole cell was 1.6 mM [26].
This concentration should not be confused with the calculated glycosomal concentration.
Subtraction of Glc-6-P gives a [Glc];,, of 0.3 mM, which fits the value calculated by the
model.
A mathematical model may serve to test the feasibility of proposed mechanisms.
Along this line it was investigated whether the biphasic increase of intracellular glucose
could be related to the fact that glucose transport has a twentyfold higher K„, for intracellular
glucose than HK. Indeed, when the model Km of HK was increased from 0.1 to 2 mM (Fig.
2.3, dashed lines) or when the K,,, of the glucose transporter was decreased from 2 to 0.1
mM (results not shown), the biphasic character of the curve disappeared.
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To understand this phenomenon, let us first examine the case in which glucose uptake
has a K„, of 2 mM and HK has a K. of 0.1 mM for intracellular glucose. An increasing
extracellular glucose concentration should cause an increased influx of glucose. As the K,,,
of HK is relatively low, a small increase of [Glc], should suffice to increase the flux through
HK so as to cope with the increased influx. In the limit to an extracellular glucose
concentration of zero, the derivative of vs,,,,,„e „.„„si„, to [Glc], is zero, which means that
initially the influx rate is insensitive to [Glc],„. This is what happens during the first phase
when at low [Glc],,„ the [Glc];,, remains low. At increasing [Glc]0,„ the influx increases
further, until [Glc], saturates HK, so that a further increase of [Glc]. does not lead to a
higher rate of phosphorylation. Consequently, [GIc],„ starts accumulating until it inhibits the
influx rate to the extent that a steady state is attained. This is what happens in the second
phase where [Glc], is accumulating. As the K.'s are so different there is only a very small
range of glucose concentrations at which both glucose transport and HK are sensitive to
[Glc], and, therefore, the switch between the two phases is very sudden.
If the K. of HK for [Glc],n were increased to 2 mM, a higher [Glc],„ should be
required to stimulate HK and this should already lead to a deceleration of glucose transport.
In this case there should exist a broad range of [Glc], values at which both the transporter
and HK are sensitive to [Glc],, so that no sudden switch should be expected. Consistently,
the calculated [Glc],„ was higher and the flux lower under these conditions.
Under both conditions, i.e. low and high K,,, of HK, the glycosomal [ATP]/[ADP]
ratio decreased drastically with increasing flux. This was required for the PGK further
downstream to be able to cope with the increased flux. A side-effect is, however, that a
decreasing [ATP]/[ADP] ratio inhibits the flux through HK. Thus, the increasing [Glc],,
serves partly to compensate for the decreased [ATP]/[ADP] ratio. If one treats HK and the
further metabolism of glucose as one block [86, 87], it has an even higher affinity for
glucose than HK on its own. This should make the biphasic shape of the [Glc],„ curve more
pronounced and, furthermore, it explains why the switch occurs when [Glc],„ is still below
the K„, of hexokinase for [Glc],„.
Sensitivity analysis
One cannot expect all kinetic constants taken from the literature to be precisely
correct. Therefore, we examined whether the results of our calculations depended strongly
on the parameter values. All parameter values were varied independently by plus and minus
50% (results not shown). The system always evolved to a new steady state. Three types of
responses were observed. Changes of some parameters, such as the equilibrium constant of
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AK, hardly caused any changes. In other cases only local effects were seen, e. g. variation of
the Km of PGK for ATP led to a small change of the glycosomal [ATP]/[ADP] ratio. Some
parameter changes led to global changes, mostly transmitted via the coenzymes. For
instance an increase of the Km of GAPDH for GA-3-P, led to a decrease of the flux, the
[ATP]/[ADP] ratio in both compartments, the [NADH]/[NAD1 ratio and the concentration
of 1,3-bisphosphoglycerate (1,3-BPGA), and, furthermore, to an increase of intracellular
glucose [Gle]m and triose phosphate. However, the effects on the flux were rather small. The
flux varied between 91 and 104% of the unmodulated flux when all possible parameter
changes were taken into account. Only if the amounts of enzymes were decreased (i. e. the
larger changes were observed, but always below 50%.

Discussion
We constructed and tested an integral kinetic model that describes the steady-state
behaviour of glycolysis in the bloodstream form of T. brucei quantitatively. The model
operates at the metabolic level [88]. Because transcription and translation have not been
included, the model may be applied only to cells that neither grow nor alter gene expression.
Such a situation occurs, for instance, in isolated cells in the absence of any nitrogen source,
but in the presence of glucose. The model contains experimentally obtained kinetic
expressions for most glycolytic enzymes in T. brucei. Because no information is available
on the kinetics of transport of metabolites across the glycosomal membrane, the transport of
glucose across the cytosolic and the glycosomal membrane was lumped and the other
transport steps across the latter membrane were assumed to be at equilibrium. Another
limitation was the fact that the enzyme kinetics had been measured at 25 °C, while
physiological studies had been performed at 37 °C. For this reason, relative changes of the
flux rather than absolute fluxes were considered when the model was compared to
experimental results. To the extent that the Km's of the enzymes depend on the temperature
and to the extent that the \cox's of different enzymes exhibit different temperature
dependencies, one should expect the steady-state metabolite concentrations to depend on the
temperature.
As all parameter values included in the model are based on measurements there may
be experimental errors in them. Therefore, it was tested how the model reacted to variations
of its parameters. Both local and global effects were observed. This was to be expected,

47

Chapter 2

because any realistic model should represent the flexibility of the living cell. However, the
effects were relatively small and particularly, none of the parameter changes affected the
stability of the steady-state. Therefore, we trust that minor adjustments of these parameters
will not overturn our conclusions.
The model constructed in this paper was virtually completely based on in vitro
determined enzyme kinetic data. It was not based on a data fit. In view of this, the model
predictions correspond remarkably well to experimental data. The relative changes of the
flux corresponded exactly, when aerobic and anaerobic conditions were compared. Also
most metabolite concentrations deviated less than a factor 2 from the measured
concentrations as far as these were available. The available concentrations have been
measured in cell extracts, so if the glycosomal concentration is neglected because of the
small relative volume of the glycosomes, they represent the cytosolic concentrations. As
they were expressed on the basis of wet weight, which is not very accurate, the ratios of
concentrations under aerobic and anaerobic conditions should be much more accurate than
the absolute concentrations. Indeed these ratios corresponded even better between model
and experiment. Only the ratio of the 3-PGA concentrations did not correspond (1.5
calculated versus 4.1 measured). This may indicate that the assumption of equilibrium of 3PGA transport, PGM and ENO is an oversimplification.
The intracellular glucose concentration as a function of the extracellular glucose
concentration is an interesting example, where the model does not only mimic the
experiments quantitatively, but also explains them. It was demonstrated that the biphasic
relation between the intracellular and extracellular glucose concentrations was caused by the
large difference of the Ic's of glucose transport and HK for intracellular glucose. As
glucose is transported via facilitated diffusion, i. e. down its concentration gradient, it is not
unlikely that the second transport step has an intermediate affinity. It remains to be
investigated how this will affect the intracellular glucose concentration in the model.
The main discrepancy between the model and the experiments, at least quantitatively,
concerned the anaerobic glycerol titration. Both in real cells and in the model glycerol fully
inhibited the glycolytic flux under anaerobic conditions, the difference being that much less
glycerol was needed in the model. The glycerol tolerance in the model could be improved by
shifting the equilibrium of GK more towards glycerol production and, more notably, by
increasing the conserved sum C4. A shift of the GK equilibrium is not realistic as the
enzyme kinetics have been determined in the presence of [Me], so that the equilibrium was
maximally shifted in the direction of glycerol [14]. An increase of C4 under aerobic
conditions led to an enormous accumulation of Fru-1,6-BP. The cause of this is that Gly-3-P
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contributes enormously to C4, because not only the glycosomal but also the cytosolic
fraction is included. Thus, an increase of the Gly-3-P concentration required to drive the GK
reaction leads to a relatively large decrease of other metabolite concentrations and vice
versa. This restriction may be relieved when the transport of Gly-3-P is coupled to the
transport of DHAP. In that case the conservation equation of organic phosphate groups that
are not exchanged with inorganic phosphate (Eq. 2.5), is replaced by two equations:
[Gly - 3 - P]g + [DHAP]g + [Glc - 6 - P]g + [Fru - 6 - P]g + 2 [Fru -1,6 - BP]g
+ [GA - 3 - P]g + [1,3 - BPGA]g + 2[ATP]g + [ADP]g = C4
and:
[Gly - 3- plc + [DHAP]c = C5

(Eq. 2.45)

(Eq. 2.46)

Then a change of the Gly-3-P concentration in the glycosome should have only small effects
on the other metabolite concentrations. This should also exclude the possibility of a high
osmotic pressure in the glycosomes in case of a drop of Gly-3-P and DHAP.
Intraglycosomal concentrations of Glc-6-P (4.4 mM), Fru-6-P (2.4 mM), Fru-1,6-BP
(1.9 mM), DHAP (7.1 mM), GA-3-P (0.47 mM) and 1,3-BPGA (0.77 mM) have been
estimated [27] on the basis of pulse-chase experiments [5]. Except for [Fru-1,6-BP], these
concentrations are one order of magnitude higher than the concentrations predicted by the
model. One reason for the discrepancy may be the fact that the model neglects sequestration
of metabolites by the enzymes, which may contribute substantially to the total metabolite
concentrations due to the high intraglycosomal enzyme concentrations [25]. However, the
concentrations given by Misset and Opperdoes were estimations. According to the pulsechase experiments [5] 20 to 30 % of hexose monophosphate (Glc-6-P plus Fru-6-P) and Fm1,6-BP were labelled in the first fast phase (15 s) and the remaining 70 to 80 % in the second
slow phase (500 s and longer). The time constant of labelling is related to the size of a
metabolite pool divided by the flux through this pool [89]. Biphasic labelling kinetics imply
that only part of a metabolite pool lies on the mainstream of metabolism, but do not specify
its location. The quickly labelled fraction was interpreted to be the glycosomal fraction and
the slowly labelled fraction to be the cytosolic fraction [5]. The phosphoglycerates and PEP,
however, were also labelled in two phases. The authors themselves suggested that PGM,
ENO and PYK might be attached to the glycosomes, but there is no direct evidence for this.
Even if the concentrations of the hexose monophosphates and Fru-1,6-BP were correct, the
estimated concentrations of DHAP, GA-3-P and 1,3-BPGA should be considered with care.
They were based on the average cellular concentrations and the assumption that also for
these metabolites the glycosomal fraction was 20 to 30 % of the total amount. We have
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shown, however, that at the measured enzyme activities ALD, GAPDH, PGK and GDH
must work further from equilibrium in the glycosome than in the cytosol to support the high
glycolytic flux. Therefore, one should perhaps refrain from extrapolating average cellular
concentrations to glycosomal concentrations. Obviously it becomes important now to
measure all glycosomal metabolite concentrations unambiguously.
Our model shows that most of the available experimental data are consistent with
each other: fluxes and concentrations are largely predicted by the known kinetic properties
of the enzymes. To optimize the model, extra data on the transport of metabolites across the
glycosomal membrane and on the intraglycosomal metabolite concentrations are required. In
the light of the good correspondence between the model and the experiments, we expect the
model to serve as a valuable heuristic tool. In particular we plan to use it to predict how the
glycolytic flux depends quantitatively on the different enzyme activities. This then may
prove to be very helpful in the search for new drugs against sleeping sickness.

AppendixIs the concentration of inorganic phosphate saturating?
In the model of trypanosome glycolysis that was developed in this chapter, it was
assumed that the concentration of inorganic phosphate saturated the enzyme GAPDH. If the
assumption is incorrect, the in vivo GAPDH activity should be lower than was measured in
vitro [30], and this may affect the results described in this and following chapters.
Therefore, this assumption was tested experimentally.
In a preliminary experiment T. brucei strain 427 was isolated and stored on ice in a
90 mM Tris/HC1 buffer containing 2.5 mM KCI, 77.5 mM NaCI, 5 mM MgC12 and 50 mM
glucose at pH 7.5 (as described in Chapter 4) in 3 aliquots containing 2 mM, 4 mM or 8 mM
of sodium phosphate, respectively. The rate of oxygen consumption by the cells was
measured (as described in Chapter 4) every 2 hours at 37 °C in the same buffer in which the
cells had been stored (see Chapter 4). Until 6 hours after isolation of the cells the oxygen
consumption rate remained constant and independent of the phosphate concentration (result
not shown).
In the mammalian bloodstream the concentration of inorganic phosphate is 0.4 - 0.5

' In collaboration with F.I.C. Mensonides.
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Figure 2.4 The effect of the extracellular concentration of inorganic phosphate on the glycolytic flux.
The steady-state oxygen consumption flux was measured at different phosphate concentrations during a 10
minutes incubation (A) or during a 40 - 50 minutes incubation (B). In panel B the flux was determined at 0
mM (0), 0.5 mM (solid triangles), 0.9 mM (open triangles) and 2 mM of extracellular phosphate (IP) as a
percentage of the flux at saturating phosphate concentration (2 mM) to correct for non-linearity of the
electrode signal. The buffer contained 90 mM Tris/HC1, 2.5 mM KCI, 77.5 mM NaC1, 5 mM MgC12, 50 mM
glucose and the indicated concentration of sodium phosphate (pH 7.5).

mM [90]. In a second set of experiments the inorganic phosphate concentration was varied
around 0.5 mM. The glasware in which the buffers were prepared, had been kept in 10%
HCl overnight and rinsed with Millipore water. The phosphate concentration was measured
each buffer [91]. Cells were isolated and stored in a buffer containing 2 mM phosphate
(Chapter 4). For each measurement the cells were washed 3 times by centrifugation
in

(Eppendorf table centrifuge, full speed) and resuspended in the same buffer containing
inorganic phosphate at the indicated concentration. The oxygen consumption flux was
measured at 37 °C. In short incubations (10 minutes) 0.5 mM phosphate was saturating (Fig.
2.4A).

The indicated phosphate concentration is the extracellular concentration, but the
assumption was that the intracellular concentration was saturating. Before the measurement
the cells had been stored at a saturating phosphate concentration. Little is known about
phosphate transport in trypanosomes. Possibly the cells contained enough phosphate to
sustain the glycolytic flux and if phosphate transport was very slow, it may not have leaked
out during the short incubations. To test this hypothesis the flux was monitored during 40 to
50 minutes (Fig. 2.4B). At zero phosphate the flux was lower, but it did not decrease in time.
There are a least two explanations why the glycolytic flux was not zero at zero phosphate. A
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trivial explanation is that the real phosphate concentration might be higher than zero, if the
standards that were made up in Millipore, also contained phosphate. Secondly, the cells may
accumulate phosphate actively. At the start of the experiment they contained phosphate. If
they are able to take up phosphate against a concentration gradient, as is Trypanosoma cruzi
[92], any phosphate that has not been washed away or has leaked out, might be taken up
again. Then the intracellular phosphate concentration could be much higher than the
extracellular concentration, but it may be expected to increase with increasing extracellular
concentration. Since the extracellular phosphate concentration is saturating at 0.5 mM, the
intracellular phosphate concentration should be saturating as well in that case.
In conclusion, the experiments described here are consistent with the assumption that
the intracellular phosphate concentration is saturating under physiological conditions, but do
not prove it. A more direct test would be to compare the intracellular phosphate
concentration with the K„, of GAPDH for this compound. So far the kinetics of glycosomal
GAPDH have only been studied at a single phosphate concentration [30].
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What controls glycolysis in bloodstream form
Trypanosoma brucei?
On the basis of the kinetic properties of the trypanosomal enzymes this chapter addresses the
question which step limits the glycolytic flux in bloodstream form Trypanosoma brucei. Most
surprisingly, there is no single answer: in the physiological range control shifted between the
glucose transporter on the one hand and aldolase (ALD), glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), phosphoglycerate kinase (PGK) and glycerol-3-phosphate
dehydrogenase (GDH) on the other hand. The other kinases, which are often thought to control
glycolysis, exerted little control. The utilization of ATP did not exert any control on the
glycolytic flux either. This was due to the low sensitivity of glycolysis to changes of the
cytosolic [ATP]/[ADPJ ratio. A strong inhibition of pyruvate kinase (PYK) could shift some
control to ATP-demand processes. We propose that a decrease of fructose 2,6-bisphosphate, an
activator of trypanosomal PYK, switches the control from the supply of ATP to its demand.
We also identified potential targets for anti-trypanosomal drugs by calculating which steps
need the least inhibition to achieve a certain inhibition of the glycolytic flux. The glucose
transporter appeared to be the most promising target, followed by ALD, GDH, GAPDH and
PGK. Quite unexpectedly, trypanosomes seem to possess a substantial overcapacity of
hexokinase (HK), phosphofructokinase (PFK) and PYK, making these 'irreversible' enzymes
mediocre drug targets.

Introduction
Trypanosoma brucei is a unicellular, eukaryotic parasite. It causes the African
sleeping sickness in man and a related disease, nagana, in livestock. When this organism
lives in the mammalian bloodstream it depends completely on glycolysis for its supply of
ATP, since it possesses neither a functional Krebs cycle nor oxidative phosphorylation nor
does it store any carbohydrate. Glycolysis in trypanosomes and in other members of the
In collaboration with P.A.M. Michels, F.R. Opperdoes and H.V. Westerhoff.
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Figure 3.1 The stoichiometric scheme of the model of glycolysis in bloodstream form T. brucei. The
reactions 3, 6, 9, 13, 16, 18 and 19 were treated as equilibrium reactions. 1: transport of glucose across the
plasma membrane and the glycosomal membrane; 2: HK; 3: PGI; 4: PFK; 5: ALD; 6: TIM; 7: GAPDH; 8:
PGK; 9: transport of 3-PGA across the glycosomal membrane, PGM and ENO; 10: PYK; 11: pyruvate
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membrane; 14: GPO; 15: GK; 16: transport of glycerol across the glycosomal membrane and the plasma
membrane; 17: ATP utilization; 18: glycosomal AK; 19: eytosolic AK.
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Kinetoplastida family differs substantially from the corresponding pathway in other
organisms (for reviews see: [2, 3, 13] and Chapter 1). First, the conversion of glucose to 3phosphoglycerate (3-PGA) takes place in specialized organelles, related to peroxisomes.
Since 90 % of the protein content of these organelles consists of glycolytic enzymes, they
have been called glycosomes [1]. The glycosomal membrane is hardly permeable to
metabolites [5]. Secondly, the NADH produced in glycolysis is reoxidized by molecular
oxygen via a mitochondria] Gly-3-P : DHAP shuttle (Fig. 3.1). Under anaerobic conditions
cquimolar amounts of pyruvate and glycerol are produced to maintain the glycosomal redox
and ATP balance [1, 13-15, 96]. Thirdly, the glycosomal enzymes are hardly regulated by
any of the compounds that strongly affect the corresponding enzymes in other organisms.
Most notably, in trypanosomes fructose 2,6-bisphosphate activates the cytosolic enzyme
PYK [19-21] rather than the glycosomal PFK [17, 18]. The physiological function of this
activation is elusive, since the fructose 2,6-bisphosphate concentration in the bloodstream
form substantially exceeds its activation constant for PYK [20, 22].
It has been suggested that the transport of glucose into the cells is the rate-limiting
step of glycolysis in bloodstream form trypanosomes [53]. Yet, our present day knowledge
of control of metabolism led us to re-evaluate the evidence for this statement (Chapter 1).
Since the development of Metabolic Control Analysis [41, 42], for reviews, see: [43, 45] it
is known that in general there is no single rate-limiting step in a metabolic pathway, but
control can be shared among several steps. The quantitative measure of the strength of the
control of the steady-state flux J through a pathway by an enzyme i in this pathway is given
by its flux control coefficient C1 . This coefficient is defined as the relative change of the
flux divided by the small, relative change of the activity of an enzyme i that causes the
change of the flux (for a more precise definition see: [49, 97] or Chapter 1). If this flux
control coefficient is 0, the enzyme does not limit the flux (e.g. [98]). If it is 1 the enzyme
can be considered rate-limiting since a change of the activity of this enzyme, e.g. by a
change of its concentration, leads to a proportional change of the steady-state flux (e.g.
[99]). Often, however, flux control coefficients anywhere between 0 and 1 are found [4648]. In such cases the summation theorem [41] predicts that other enzymes also exert
control, to such an extent that the sum of all flux control coefficients of all enzymes in the
pathway is 1.
To measure a flux control coefficient it is necessary to modulate the activity of the
enzyme of interest with small steps around the normal wild type level. For the trypanosome
glucose transporter this has not been done. Consequently, the evidence presented for the
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glucose transporter being rate-limiting is only indirect and qualitative. In the first place,
glucose, fructose and mannose were metabolized at different rates [53]. However, the
comparison of different substrates alone did not correspond to the small modulation required
for Metabolic Control Analysis. In addition, the modulation of the transport activity was not
quantified, nor did this experiment exclude control by phosphorylation. Also the low
intracellular glucose concentration (0.4 mM) has been taken as evidence that glucose
transport was rate-limiting [52]. However, a theoretical analysis, based on the kinetics of the
glucose transporter and HK, showed that 0.4 mM intracellular glucose may be consistent
with any flux control coefficient between zero and 0.5, but not 1 (Chapter 1), suggesting that
glucose transport, if at all important, is not the only step controlling trypanosome glycolysis.
Because bloodstream form trypanosomes depend completely on glycolysis for their
supply of ATP and because the organization of glycolysis in the parasite is very different
from that in the host cells, this pathway has been selected as a target for drugs against the
African sleeping sickness [33]. The selectivity of drugs might be enhanced by choosing a
target enzyme that has a high control in the parasite, but a low control in the host. There is
also a biotechnological interest in the control of glycolysis. For example, knowledge of the
distribution of control in yeast glycolysis might guide efforts to increase the glycolytic flux
in this organism to optimize the rising of dough and the production of ethanol. Finally, when
data becomes available concerning the distribution of control in different organisms, it will
be possible to relate the organization of glycolysis (regulation, compartmentation) to the
distribution of control.
Despite the great interest, it is not yet fully known for any organism how the control
of the glycolytic flux is distributed. In yeast, for example, many genes encoding glycolytic
enzymes (HK, phosphoglucose isomerase (PGI), PGK, PYK, pyruvate decarboxylase,
alcohol dehydrogenase) have been overexpressed manifold, but in none of the mutants the
glycolytic flux differed substantially from the wild type flux [100, 101]. This may be due to
several reasons. First, glycolysis in yeast (and many other organisms) is part of a much
wider metabolic network. Consequently, the glycolytic flux may be controlled by steps
outside glycolysis, such as the utilization of ATP, the respiratory branch and/or the synthesis
of storage carbohydrates. Also the glucose transporter is a good candidate, but it is difficult
to modulate its activity in yeast, since this organism possesses a large number of transporter
genes [102] and no selective inhibitor is available. Secondly, the effects of overexpression
are necessarily investigated at time-scales at which the cells may adjust the expression of
other genes. For example, the PFK overproducing cells contained decreased levels of 6phosphofructo-2-kinase. Thus, they compensated for the increased amount of PFK by
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decreasing the concentration of its activator fructose 2,6-bisphosphate [101]. Finally, when
the activity of an enzyme is increased, it often (but not always) loses control [50]. By using
overexpression mutants one, therefore, runs the risk of underestimating the control
coefficients.
The above mentioned problems with the determination of control coefficients do not,
or to a lesser extent, apply to bloodstream form Trypanosoma brucei. First, apart from the
utilization of ATP, there are no branches with a substantial flux. Secondly, the kinetics of
glycolytic enzymes from Trypanosoma brucei have been investigated thoroughly in a
limited number of laboratories under standard conditions. This has enabled us to develop a
detailed kinetic model of trypanosome glycolysis containing most glycolytic enzymes
(Chapter 2). The model calculations of the flux and the metabolite concentrations
corresponded unexpectedly well with experimental information. We here use the kinetic
data to calculate what controls trypanosome glycolysis under physiological conditions. It
will be shown that the distribution of control of trypanosome glycolysis depends strongly on
glucose supply.

Materials and methods
The kinetic model of trypanosome glycolysis that is used in this study, has been
described previously and its predictions have been compared to experimental results
(Chapter 2). It contains enzyme kinetics, measured with purified trypanosome enzymes, for
most reactions depicted in Fig. 3.1. The reactions catalysed by PGI, triosephosphate
isomerase (TIM), phosphoglycerate mutase (PGM), enolase (ENO) and adenylate kinase
(AK) are taken to be at equilibrium, either because their measured ratios of substrate and
product concentrations were close to equilibrium (PGM and ENO) [26], or because they
catalyse a dead-end branch (AK), or because they were close to equilibrium in initial model
calculations with explicit kinetics for these reactions (PGI and TIM). The glycosomal
membrane is assumed impermeable to metabolites [5], except to those that need to be
transported to allow glycolysis to proceed. Because of a lack of kinetic information, the
latter transport steps are assumed to be at equilibrium. The transport of glucose across the
cytoplasmic and subsequently the glycosomal membranes has been lumped into one kinetic
equation, because no distinction could be made so far [51, 52]. The concentrations of both
the adenine nucleotides (ATP, ADP, AMP) and the nicotinamide adenine nucleotides (NAD,
NADH) are treated as free variables, rather than fixed parameters of the system. Due to the
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compartmentation of the pathway, the model contains distinct pools of cytosolic and
glycosomal adenine nucleotides. In principle the model allows both dynamic and steadystate calculations, but the present study is limited to steady states only. Below, only the
changes that were made to the model are described. If not mentioned, the equations and the
parameters from Chapter 2 were used.
Kinetics

The kinetics of GDH have been determined more accurately (S. Marche, F.R.
Opperdoes and P.A.M. Michels, unpublished results): K„,, pimp = 0.1 mM, Km, Gio_p = 2 mM,
Km, NADH = 0.01 mM, Km, NAD4. = 0.4 mM and the ratio of the reverse and forward Vmax: VIV+
= 0.28. The specific activity of the purified enzyme in the forward direction was 213 umol
min' (mg enzyme)* The amount of GDH in the cell is 0.25 % of the total cell protein [25].
Expressed per total cell protein, V+ is then 533 nmol min' mg protein'. The kinetics used in
Chapter 2 were replaced by the new data.
In Chapter 2 the hexose kinases were taken insensitive to their products. Only an
indirect and weak effect of glucose 6-phosphate (Glc-6-P) on HK and of fructose 1,6bisphosphate (Fru-1,6-BP) on PFK was included in the model via the conservation relation
of bound phosphates. Under some conditions this might cause the set of equations defining
the steady state to be underdetermined. This would be the case, for instance, if ALD were
saturated with Fru-1,6-BP. Then none of the enzymes would sense the concentration of Fru1,6-BP, and consequently the latter could assume any value, only restricted by the conserved
sum. It has been reported that Fru-1,6-BP does inhibit PFK, by acting both on the V„,„, and
the Km for Fru-6-BP [18]. In the present study the following rate equation was used:
[ATP]
■
[Fm - 6- P]
Ki1
Km,ATP
K m,Fru6P
(Eq. 3.1)
vPFK - V+ (
[Fru -1,6- BP] + Kii) 1+ [Fru- 6- P] [Fru -1,6- BP] 1+ [ATP]
Km,ATP
J
Ki2
Km,Fru6P
in which Ku = 15.8 mM and K12 = 10.7 mM [18]. All other parameters held the same values
as described previously (Chapter 2). HK was reported to be insensitive to Glc-6-P [16]. Due
to salt effects and a high affinity of the enzyme for glucose (Km = 0.1 mM) a competitive
inhibition by Glc-6-P with a Km above 10 mM would not be measurable (J. van Roy and
F.R. Opperdoes, unpublished results). Under some conditions such a weak inhibition was
relevant to prevent unrestrained accumulation of Glc-6-P in the model and therefore, the rate
equation was modified to:
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[Glc]
Km,Gle

vHK = V+

1+

[Glc]

■

[ATP]
Km,ATP

[Glc - 6 - P]

Km,G1c Km,G1c6P 1

1+

[ATP]

[ADP]

(Eq. 3.2)

Km,ATP Km,ADP

K„,. G1c6p was taken to be 12 mM, which does not contradict the measurements. The other
parameters were not changed (Chapter 2).
The rate of PYK was assumed to be independent of the concentrations of its products,
ADP and pyruvate, unless otherwise mentioned. If the rate depended on the ATP
concentration, the following rate equation was used:
[PEP] )
VpyK = V

Km,PEP
[PEP]

[ADP],
Km,ADP
1 + [ADP], [ATP],

(Eq. 3.3)

Km,ADP Km,ATP

1 +[ Km,PEP)

Km ATP was taken 0.1 mM (equal to Km,ADP [80]) and the other parameter values were not
changed (Chapter 2).

The

transport of Gly-3-P and DHAP

Under anaerobic conditions bloodstream form T. brucei maintains its glycosomal
redox and ATP balance by producing equimolar amounts of pyruvate and glycerol (Fig. 3.1).
The AG0 ' of glycerol kinase (GK) does not favour the production of glycerol. An inhibition of
glycolysis by glycerol has indeed been measured under anaerobic conditions [84]. In the
original kinetic model (Chapter 2) the concentration of glycerol required to inhibit the flux
was much lower than had been found experimentally. The model assumed the transport of
Gly-3-P and DHAP across the glycosomal membrane to be independent of each other and at
equilibrium. Consequently, any increase of the glycosomal concentration of Gly-3-P was
accompanied by an identical increase of the cytosolic concentration of Gly-3-P. Both the
cytosolic and the glycosomal concentration of Gly-3-P participated in a conserved sum of
organic phosphate groups that are not exchanged with inorganic phosphate:
[Gly - 3- P]gVg + [Gly - 3 - P], V, + [DHAP]g Vg + [DHAP], V, + [Glc - 6 - P]g Vg
+ [Fru - 6 - P]
V + 2[Fru - 1,6 - BP]
V + [GA - 3 - P]
gV
g + [1 3 - BPGA]gVg
g g
g g
+ 2[ATP]g Vg + [ADP]g Vg = C4 •

(Eq. 3.4)

Vg

in which Vg is the glycosomal volume and V, the cytosolic volume. Since the cytosolic
volume was more than twenty times the glycosomal volume, any increase of the cytosolic
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Gly-3-P concentration led to an enormous drain of the of glycosomal metabolites. This
effect enhanced the inhibition of the anaerobic glycolytic flux by glycerol.
If the transport of Gly-3-P and DHAP occurred via an antiport mechanism, as
proposed by Opperdoes and Borst [1], the conserved sum of bound phosphates would split
into distinct glycosomal and cytosolic conserved sums:
6 - P]g + [Fru - 6 - P]g + 2[Fru -1,6 - BP]g
[Gly - 3 - P]g + [DHAP]
g

[G

le

+ [GA - 3 - P]g + [1,3 - BPGA]g + 2 [ATP] g + [ADP]g = C 4,antiporter

(Eq. 3.5)

and:
[Gly - 3 - P], + [DHAP], = C 5,antiporter

(Eq. 3.6)

Consequently, an increase of the glycosomal Gly-3-P concentration would not be
automatically coupled to an equal increase of the cytosolic Gly-3-P concentration.
Therefore, it was expected that the inhibition of anaerobic glycolysis by glycerol would be
much weaker. This hypothesis was tested by implementing a Gly-3-P : DHAP antiporter in
the model.
It was assumed that the antiporter was at equilibrium. Also TIM was taken to be in
equilibrium, as previously. Therefore, the triosephosphates were considered to behave as a
single metabolite pool:
[triose — P] =

[DHAP]V, + [DHAP]g Vg + [GA — 3 — 13]g Vg
V,01

(Eq. 3.7)

The time derivative of [Triose-P] remained exactly the same as in the model with the two
independent transporters (Chapter 2). The implementation of the antiporter entailed the
solving of a set of 5 equations with 5 unknowns, i. e. Eq. 3.5 to 3.7 and the equilibrium
constraints for TIM and the exchanger itself:
[GA - 3 - P

(Eq. 3.8)

[DHAmg -eq ,TIM

[Gly — 3 — Pic [DHAP]

g

— eq,antiporter
[Gly — 3 — P] [DHAP], K

(Eq. 3.9)

g

It follows that the cytosolic DHAP concentration is:
[DHAP], =
in which:
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(Eq. 3.10)

2a
a = Keq,TIM

V,
V

(Eq. 3.11)
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V
■
b = Q • (1 + K eq,um )+ —s- • C 5,antiporter — [Triose — P] 1+

V
g

V

c = — [Triose — P] •

eo,TIM

(Eq. 3.12)

(Eq. 3.13)

+ ,e •C5,antiporter
Vg

and:
Q = [DHAP]g + [GA — 3 — P]g + [Gly — 3 —
C4,antiporter — [Glc — 6 —

Pig — [Fru —

6—

Pig

Pig

(Eq. 3.14)

— 2[Fru — 1,6 — BP]g — [1,3 — BPGA]g — 2[ATP]g — [ADP]g
When [DHAP]e was known, [DHAP]g followed from equations 3.5, 3.6, 3.8 and 3.9:
[DHAP]g =

C5,

Q • [DHAP],
Keq,Tim • [DHAP],

(Eq. 3.15)

firma,. +

Subsequently, [Gly-3-11, [GA-3-P], and [Gly-3-P]g were calculated from equations 3.6, 3.8
and 3.9, respectively. All other equations in the model were as specified in (Chapter 2). The
values of C4,antiporter and the sum of the glycosomal adenine nucleotides (C1 ) have not been
determined experimentally. They were chosen: C1 = 6 mM and C4, antiporter = 45 mM.
(5 mM) was based on measurements of average concentrations of Gly-3-P and
DHAP in the cell [26]. To allow comparison of the model with and without the antiport

C5,antiporter

mechanism, the total amount of metabolites contained in C4 on the one hand and C4, antiporter
and C5,antiporter on the other hand was kept the same, i. e.:
(V,Ng)-05, exchange = 1 56.5 mM
C4 = C4, antiporter

(Eq. 3.16)

Indeed, the coupling of the transport of Gly-3-P and DHAP transport made the
anaerobic flux less sensitive to glycerol (Fig. 3.2). The K0.5 of glycerol increased 7.5-fold
from 10 gM (independent transport) to 75 gM (antiporter). Nevertheless, the calculated Ko
was still lower than the measured Ko (800 gM) [84]. Table 3.1 shows that the
implementation of the antiporter did not cause a substantial deviation of the model from the
experiments with regard to the flux and the metabolite concentrations as far as they could be
measured in cell extracts [26]. Only the modelled concentration of DHAP deviated more
than threefold from the experiments due to the antiporter, while it was correctly predicted if
the transport was uncoupled. The results that will be shown have been obtained with a Gly3-P : DHAP antiporter. It was checked that these results were virtually independent of the
mechanism of transport.
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Figure 3.2 The inhibition of the glycolytic
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flux by glycerol under anaerobic conditions
depends on the stoichiometry of the
transport of Gly-3-P and DHAP. The solid
line represents the inhibition curve that was
calculated, if it was assumed that these
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line is the corresponding curve if their transport
was coupled by an antiporter. Details of the
model can be found in 'Materials and
Methods'.

Quantiffing control
The control of an enzyme i on a steady-state flux J was defined by its flux control
coefficient:
j ( d In J / dp ) v ( di / dp)
C=
(a/n v / ap) J ( av / )

(Eq. 3.17)

in which v is the rate of enzyme i, p is a parameter that only affects enzyme i and (av ap)
is the effect of the parameter change on v if the enzyme were isolated from the rest of the
metabolic pathway, i. e. at constant concentrations of all metabolites. The flux control
coefficient of an enzyme or transporter was calculated numerically by increasing its forward
(V +) and reverse (V -) maximal rate in proportion by 0.01% and calculating the steady-state
flux J both prior to and after this change.

was evaluated as:

V+

j
Ci =

(Eq. 3.18)
AV+
It was verified for every situation examined that the results obeyed the summation theorem:
E C/ = 1

(Eq. 3.19)

in which the summation is over all enzymes i in the pathway.
The sensitivity of an enzyme to a metabolite concentration was evaluated in terms of
its elasticity coefficient, defined by:
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Table 3.1 Glycolytic flux and metabolite concentrations. The steady-state glycolytic flux and metabolite
concentrations as they were calculated with independent transport of Gly-3-P and DHAP or with an
antiporter, are compared to experimental values [26]. The ratios of aerobic to anaerobic concentrations were
taken to avoid inaccuracy due to the conversion of amounts measured in nmoles per mg wet weight to
intracellular concentrations in mM. Since the measured concentrations represent a weighted average of
glycosomal and cytosolic concentrations, this average was also used for the [DHAP] and [Gly-3-P]
calculated by the model. The ratio of cytosolic and glycosomal volume was 22.3. Rates are expressed in
nmol min' mg protein' and concentrations in mM.

Independent transport of
Gly-3-P and DHAP
Aerobic Anaerobic Ratio

Gly-3-P : DHAP antiporter
Aerobic Anaerobic

Measured

Ratio

Ratio

0.99

1
2.4

Glucose
consumption
rate

74

74

1.0

ATP/ADP,

3.0

1.5

2.0

3.0

1.5

2.0

ATP/ADPg

1.0

0.63

1.6

0.94

1.7

0.55

0.17

8.82

74

75

DHAP,

1.1

0.41

2.7

1.5

DHAP,

1.1

0.41

2.7

1.1

0.67

1.6

DHAP.„„g,

1.1

0.41

2.7

1.5

0.20

7.5

2.3

3-PGA

0.68

0.47

1.5

0.69

0.47

1.5

4.1

2-PGA

0.13

0.087

1.5

0.13

0.088

1.5

1.8

PEP

0.86

0.58

1.5

0.86

0.59

1.5

1.9

Gly-3-P,

3.5

5.8

0.6

3.5

4.8

0.73

Gly-3-Pg

3.5

5.8

0.6

2.6

19.7

0.13

Gly-3-Pg,,gge

3.5

5.8

0.6

3.5

5.7

0.61

avi
vi ax;

0.25

(Eq. 3.20)

in which Xj is the concentration of metabolite j. Partial derivatives were taken at constant
concentrations of the other metabolites at their steady-state values. Numerically elasticity
coefficients were determined by calculating v, and X in the steady state, increasing Xj by
0.01% and calculating the change of vi.
Control coefficients and elasticity coefficients are related by connectivity theorems.
The connectivity theorem for intracellular glucose is, for example:
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HK
glucose transport,
✓
\--HK ' Gkin — 0
\-- glucose transport • 6 Glcin

(Eq. 3.21)

This means that the process which is more sensitive to intracellular glucose, has the lower
control. This can be understood intuitively, because the more sensitive process tends to
adapt to a change elsewhere in the system.
If specific conditions are fulfilled [87], a group of enzymes may be treated as a single
module. In the section concerning the control by ATP utilization this principle was applied.
The glycolytic pathway was simplified to two modules: one producing cytosolic ATP
(supply) and one consuming it (demand) ([43, 86, 103]). For this system the following
modular connectivity theorem holds:
* demand

* supply

'
supply . 6 [ A TPJ, / [ ADP] Cdemand• [ATPLUADP], \--supply

0

(Eq. 3.22)

in which the asterisk emphasizes that these elasticities apply to the whole module rather than
to a single reaction. The summation theorem for the flux control coefficients remains:

J
C—Jsupply r,
' demand = 1

(Eq. 3.23)

Together equations 3.22 and 3.23 yield:
(Eq. 3.24)

J
'demand =
1

* demand
6
[ATP], / [ADP],
* supply
E
[ ATP],/ [ ADP],

* ,demand
is negative (product inhibition) and ` [ ATPJ,4 ADP], positive,
Usually * s"PPIY
[ATP],/[ADP],
is between 0 and 1. To calculate the control of PYK on the flux through the
so that C emand
de
supply module (C147PlY ), the cytosolic [ATP]/[ADP] ratio was fixed at its steady-state
value.
Analogously a modular analysis was performed to understand the distribution of
control between the glucose transporter and the rest of metabolism. The metabolite linking
these two modules was intracellular glucose. The corresponding connectivity theorem is:
.* metabolism 0
(Eq. 3.25)
Cj
metabolism`Glc
'glucose transportCglucose
Glcin transport
In this equation Cmjetabolism is the sum of the flux control coefficients of all steps in the
module. Together with the summation theorem, this yields:
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1
C kucose
j,
transport = (1 _ eglucose transport / *Emetabolism
Glcin

(Eq. 3.26)

Glcin

and G, upon
The modular elasticity coefficient is equal to the co-response coefficient of J
any parameter change outside the module. The V„,„„ of the glucose transporter was varied by
0.01% and the elasticity coefficient was calculated from:

/J
* metabolism =
6
Glcin
AGkin / Gkin

(Eq. 3.27)

Substrate and product concentrations
The extracellular concentrations of glucose, pyruvate and glycerol were kept constant
at 5 mM, zero and zero, respectively, unless mentioned otherwise.

Software
Moiety conservation relations were determined with the program SCAMP [76]. The
simulations were performed with MLAB (Civilized Software, Bethesda).

Results
The control of the glycolytic flux under physiological conditions
The first question we addressed was which reactions or transport steps control the
glycolytic flux of trypanosomes in the mammalian bloodstream. Although this is a very
constant environment in many respects, the cells may encounter extracellular glucose
concentrations varying between 4 and 8 mM [104, 105]. The oxygen concentration is
saturating throughout the vascular system [71]. The extent to which glucose transport limits
glycolysis under these conditions, was calculated. Whereas glucose transport controlled the
flux at low extracellular glucose concentrations, control readily escaped the transporter at
the higher glucose concentrations, to be taken over by ALD, GAPDH, PGK and GDH
together (Fig. 3.3). The traditional concept of a single rate-limiting step is useless for
understanding trypanosome glycolysis. The control was condition-dependent and was shared
by several steps at high glucose concentrations. Furthermore, there was no relationship,
whatsoever, between the extent to which any of the enzymes controlled the glycolytic flux
and its distance from equilibrium (Table 3.2). At 5 mM of glucose the glucose transporter
controlled the flux for more than 90 %, but the irreversible enzymes HK, PFK and PYK
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were further displaced from equilibrium than the transporter and exerted hardly any control.
The control by glucose transport is highly variable
The above calculations depend on many kinetic parameters, all of which have been
measured with finite accuracy and some of which may be subject to biological variation or
regulation. Therefore, the sensitivity of the results to inaccuracies in the parameter values
has been investigated by varying the V„,„, values of all enzymes around their default values
at 5 mM of glucose. It turned out that most flux control coefficients depended weakly on the
enzyme activities around their measured values. A most surprising exception was the flux
control by the glucose transporter, which depended strongly on the activities of various
processes. Under aerobic conditions a relatively small increase of the activity of the
transporter above the measured value already caused its flux control coefficient to drop to
zero (Fig. 3.4). Also reduction of the V„,„ of ALD, GAPDH or PGK shifted the control
from the transporter to other enzymes.
In view of the uncertainty of the exact V,„„, of the glucose transporter and possible
variation between trypanosome populations or between individual cells within populations it
is hard to predict where in the curve of Fig. 3.4 a trypanosome will be. What can be
predicted is which enzymes do control the flux at increased transport activities. To this end
the transport activity was increased by 30 % and the flux control distribution was calculated
again. ALD, GAPDH, PGK and GDH assumed most of the control. Again there was no
relationship between the flux control coefficients and the displacement from equilibrium
(Table 3.3).

66

Control of trypanosome glycolysis
Figure 3.4 The flux control coefficient of the
glucose transporter sharply decreases with
increasing transport activity. These results
were obtained at 5 mM extracellular glucose
under aerobic conditions. The full line was
obtained at default parameter values and the
dashed line was obtained when the K„, of
hexokinase for intracellular glucose was
increased from 0.1 to 2 mM. The markers
indicate the default forward V„,„,, (106.2 nmol
min-' (mg protein)'') at which all above results
were obtained. The forward and reverse V„,„,,
were varied proportionally to avoid changing
the equilibrium constant.
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Table 3.2 The control of the glycolytic flux (C;) and the displacement from equilibrium (F/K„)
under aerobic conditions. Flux control coefficients were calculated according to Eq. 3.18. The
displacement from equilibrium was quantified as the actual ratio of product to substrate concentrations (F)
divided by the equilibrium constant (1c1). The extracellular glucose concentration was varied between its
physiological boundaries. The most common blood glucose concentration is 5 mM.
4 mM glucose
Reaction
Glucose transport

C;/

r/Keq

0.95

5.5.10-3

5 mM glucose

race,
0.90

8 mM glucose
C't

6.1.10-3

0.63

9.2.10-3
<< 10-3

HK

0.02

« 10-3

0.02

<< 10'

0.04

PFK

0.00

<< 10-3

0.00

<< 10'

0.01

« 10-3

ALD

0.01

0.25

0.02

0.22

0.10

0.17

0.09

0.20

GAPDH

0.01

0.25

0.02

0.23

PGK

0.01

9.5.10'

0.02

7.2-10-3

0.06

3.4.10-3

PYK

0.00

« 10-3

0.00

« 10-3

0.01

<< 10-3
<< 10-3

Pyruvate transport

0.00

<< 10-3

0.00

« 10-3

0.00

GDH

0.01

8.0.10-3

0.02

8.4.103

0.06

9.1.10-3

GPO

0.00

<< 10-3

0.00

<< 10-3

0.01

<< 10-3

ATP utilization

0.00

0.00

0.00
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Why the control shifts suddenly from the glucose transporter to other steps*
It was investigated how the steep shift of control of the glucose transporter (Fig. 3.4)
could be understood. To this end the whole glycolytic pathway beyond glucose transport
was treated as one module [86, 87], referred to as 'metabolism'. The other module, the
glucose transporter, communicated to metabolism only via the intracellular glucose
concentration. When two modules communicate through a single metabolite, the module
that is most sensitive to changes of this intermediate, has the lowest flux control coefficient,
because it tends to adapt to changes in the other module. The sensitivities of both modules
towards intracellular glucose were expressed quantitatively by their elasticity coefficients
glucose transport and * e metabolism
(E
) The relation between the control coefficients and the
Glen

Glcin

elasticity coefficients is given by equation 3.26. Since the transporter is inhibited by
intracellular glucose and the rest of metabolism is stimulated by this compound
E

glu cos e transport
metabolism • s
is negative and *6
positive. From equation 3.26 it follows that
G
Glc,„

Table 3.3 The control of the glycolytic flux (C') and the displacement from equilibrium (17K,,) at
increased glucose transport activity. Both the forward and the reverse V„„„ were increased by 30 % to
138.1 nmol mind mg protein'. The extracellular glucose concentration was 5 mM. All other parameters
were the same as for Table 3.1.
Reaction
Glucose transport

C;1

171(eq

0.08

4.8-10-2

HK

0.05

<< 10-3

PFK

0.01

<< 10-3

ALD

0.28

0.15

GAPDH

0.23

0.21

PGK

0.15

1.8-10-3

PYK

0.01

<< 10-3

Pyruvate transport

0.00

<< 10'

GDH

0.17

9.610-3

GPO

0.02

<< 10-3

ATP utilization

0.00

•This section was modified from: Bakker, B.M., Michels, P.A.M. and Westerhoff, H.V. (1996). In:
Biothermokinetics of the living cell (Eds. Westerhoff,
Snoep, J.L., Sluse, F.E., Wijker, J. E. and
Kholodenko, B.N.), pp. 136-142, Biothermokinetics Press, Amsterdam.
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glucose transport *,metabolisml implies that the flux is controlled by glucose
Glen,

a low `Glcin

gsetransport
luco
transport, while at a high leoc.

*,met abolism the flux is controlled by other
Glcm

glucose transport and * Emetabolism are of the same order
steps in the pathway. Only when 1e G kin
G lcin
of magnitude, the control of the flux is shared between transport and metabolism.
It was hypothesized that the all-or-none behaviour of the flux control by the glucose
carrier was due to the fact that the Km of the transporter for intracellular glucose (2 mM) was
20-fold higher than the Km of hexokinase for this common intermediate (0.1 mM). Indeed,
when the Km of hexokinase for glucose was increased to 2 mM, the threshold effect
disappeared and the control of the transporter changed smoothly as a function of its V„„2,
(Fig. 3.4).
The relation between the Km of hexokinase and the shift of the control is complex,
metabolism is changed by the change of
because not only the relation between Glc„, and * E Glcin

K„„ but also Glc„, itself depends on this Km . In Fig. 3.5A the elasticity coefficients are
plotted as a function of Glc,,,, when the Km of hexokinase for glucose is 0.1 mM. At zero
glucose transport was zero and its absolute value increased proportionally to Glcm. On

Glc,n Glcin

was 1 at low Gk,„ but due to the high affinity of hexokinase for
the contrary * 6/metabolism
Gicm
Gicin it decreased steeply. Moreover, when the Vmm, of glucose transport was low, Glc,
remained low and only when the V., exceeded the wild type level, Glc„, suddenly started
E_tnetabolism approached zero and the flux could not

accumulating (Chapter 2). At this point * Glc in

increase. Therefore, Glc„, accumulated until it inhibited the influx of glucose so that the
latter equalled metabolism. Consequently, only when

EmGektabolism was low, did
in

glucose transport start to increase and, therefore, the range of transport activities at which

s G lcin
E

glu cos e transport and * e metabolisml had similar values was extremely narrow (Fig. 3.5B).
Glen,
G in

According to equation 3.26 this should lead to a sudden shift of control from the transporter
to other steps when the transport activity exceeds the threshold level.
When the Km of hexokinase for glucose was 2 mM,

* metabolism decreased much
E
Glcin
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Figure 3.5 The elasticity coefficients with respect to intracellular glucose (Glc,,,) as a function of the
intracellular glucose concentration (A and C) and the V„„,., of glucose transport (B and D), when the K„, of
hexokinase for glucose is 0.1 mM (A and B) or 2 mM (C and D). Full lines: g glucose transport . dashed lines:
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metabolism
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more slowly as a function of Gkin (Fig. 3.5C). Furthermore Glc,, increased already at low
vecose transport
glucose transport
(Chapter 2). As a result Glcin
started increasing at low
vglucose transport , while * metabolism
gluxcose transport (Fig.
E
remained high up to higher V,na
max
GIcin
3.5D) and consequently there was a much broader range of transport activities, at which the
control was shared.
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decreased much faster as a function of
From Fig. 3.5A it is clear that * Emetabolism
Glcin
Glc„ than can be explained on the basis of the Km of hexokinase (HK) alone. When Glc„
equalled this K„, (0.1 mM) the metabolic module was already virtually insensitive to a
HK n was still 0.5. The discrepancy was due to the decrease of the
change of Glc,, while soc
glycosomal ATP/ADP ratio with increasing Glc„ (cf. Chapter 2) until the rate of
phosphoglycerate kinase equalled the increased flux through the upstream enzymes. This
was a consequence of the compartmentation of the pathway, since the cytosolic ATP/ADP
ratio increased with increasing Glc„.

The distribution of control between the supply and demand for ATP
A main function of glycolysis is to supply the cell with the ATP necessary for all
free-energy-requiring processes. This is especially true for bloodstream form trypanosomes
in which glycolysis is the only source of ATP. Therefore, it was surprising that the
utilization of ATP had no control of the glycolytic flux (Tables 3.2 and 3.3). What caused
this lack of control by ATP utilization?
Zooming away from the details we considered the glycolytic pathway as consisting of
two modules: one producing cytosolic ATP (supply) and one consuming it (demand) [43,
86, 103]. In the model the only independent metabolic variable connecting these modules is
the cytosolic [ATP]/[ADP] ratio. The distribution of control between the supply and demand
modules should depend on their relative sensitivity to the common intermediate. Again, the
more sensitively a module responds to a changing cytosolic [ATP]/[ADP] ratio, the less
control on the flux it should have (see 'Materials and Methods' for mathematical details).
Therefore, the low control by the demand for ATP can be due to two reasons: either the
demand is extremely sensitive to changes of the [ATP]/[ADP] ratio or the supply is hardly
sensitive to this ratio. When we compared the elasticities of the supply and the demand
module, it turned out that the control by ATP utilization was so low, because the supply rate
of ATP was totally insensitive to the [ATP]/[ADP] ratio. The elasticity coefficient of the
supply rate was lower than 10-3 at [ATP]/[ADP] ratios between 1 and 8. Thus, the supply
module could not respond to changes of ATP utilization. Due to the compartmentation of
glycolysis, the cytosolic [ATP]/[ADP] ratio is only sensed by PYK. Not only was PYK itself
only weakly sensitive to the [ATP]/[ADP] ratio (its elasticity coefficient was -0.24 at 5 mM
of extracellular glucose), but it also had little control on the flux through the supply module
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Table 3.4 The inhibition of each individual enzyme, required to inhibit the flux by 10 and 50 %. These
results were obtained at 5 mM of glucose under aerobic conditions and at constant values of all other
enzyme activities. The forward and reverse V,, were varied simultaneously by the same percentage.
Reaction

% inhibition required for
10 % flux reduction

50 % flux reduction

Glucose transport

11

51

HK

77

93

PFK

87

93

ALD

44

76

GAPDH

53

84

PGK

61

85

PYK

94

97

GDH

56

83

(less than 0.002). Even if PYK was made more sensitive to the [ATP]/[ADP] ratio (an
elasticity coefficient of -0.9) by including product inhibition by ATP (Eq. 3.3), this was not
transmitted to the rest of the supply module due to the low control by this enzyme (still less
than 0.02). One way to increase the control of the supply flux by PYK and concomitantly
the flux control by the demand reaction, was to decrease the V„,„, of PYK to below 156 nmol
min-1 mg protein"' in the absence of product inhibition or below 780 nmol min-' mg protein-1
with product inhibition. This corresponds to only 6 % or 30 %, respectively, of the activity
measured by two independent groups [15, 80].
How can trypanosome glycolysis be inhibited effectively?
One intended application of this study is the identification of the best drug targets of
trypanosome glycolysis. Table 3.4 reports the extent to which each enzyme had to be
inhibited for the glycolytic flux to drop by 50 %. The glucose transporter appeared to be the
most promising candidate target, since only 51 % inhibition of the transporter sufficed to
inhibit the flux by 50 %. ALD, GDH, GAPDH and PGK, enzymes that under some
conditions shared control, were intermediate candidates. Surprisingly, HK, PFK and PYK,
enzymes that are often thought to control glycolysis, were the poorest candidates from this
perspective. They had to be inhibited by 93 % or more to reduce the flux by 50%. To
investigate whether these enzymes were present in excess, it was also calculated which
enzyme inhibition was required for a 10 % inhibition of the flux (Table 3.4). Again glucose
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transport was the most effective drug target, followed by ALD, GAPDH, GDH and PGK.
Indeed HK, PFK and PYK appeared to have a huge overcapacity.

Discussion
This study addressed the question which steps control the glycolytic flux in
bloodstream form T. brucei. The unique situation that a sufficiently complete set of kinetic
data is available for a single condition, made it possible to calculate the answer to this
question.
The control of glycolysis in bloodstream form Trypanosoma brucei depended
considerably on the extracellular glucose concentration and the enzyme activities. Under the
conditions found in the bloodstream the control shifted between the transport of glucose on
the one hand and ALD, GAPDH, PGK and GDH on the other hand. HK, PFK and PYK had
no significant control under any of the investigated conditions, even though there are no
allosteric effectors that could counteract a change of the activity of these enzymes such as
there are in yeast [101]. The shift of control occurred when the glucose concentration was
varied over the physiological range or when the enzyme activities were varied mildly around
their wild-type levels.
The steepest shift of control was observed upon varying the activity of the glucose
transporter itself (Fig. 3.4). This result raised the question whether such a sharp drop of the
control by the glucose transporter could occur in living trypanosomes. Further calculations
revealed that it resulted from the large difference between the Km's of the glucose
transporter (2 mM) and HK (0.1 mM) for intracellular glucose in this model. If the Km's
were taken equal, the decrease of control became smooth (Fig 3.4). These results could be
understood from the relative elasticities of the glucose transporter and the rest of metabolism
with respect to intracellular glucose. Also an increase of the 'apparent' Km of HK for
glucose by a decrease of its Km for the product Glc-6-P caused a smoothening of the curve
(result not shown). However, the Km of 12 mM for Glc-6-P that was used here, is the lowest
Km that could be reconciled with all kinetic studies reported so far (see: 'Materials and
Methods'). In conclusion the kinetic basis for the rapid shift of control is very strong. Does
this shift serve a physiological function? Perhaps the trypanosomes work economically and
tend to maximize the ratio of the glycolytic flux over the amount of glycolytic protein. They
can achieve this by adjusting each enzyme activity until it is about to lose control. If this is
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true, it is unclear why the trypanosomes possess such a large overcapacity of HK, PFK and
PYK. It may be that these enzymes are not as active in vivo as they are in vitro due to
additional, still undiscovered regulation.
The results presented in this study do not agree with the consensus in the literature
that glucose transport is the rate-limiting step of trypanosome glycolysis [51-54]. In the
present study several possible conditions have been described under which the glucose
transporter did not, or only partially, control the glycolytic flux. Revisiting the primary
literature reveals that the only pertinent experimental evidence for glucose transport being
rate-limiting was the low intracellular glucose concentration (0.4 mM inside at 5 mM
outside) [52]. Indeed, if the intracellular glucose concentration were so low that the glucose
transporter could not sense it, the rest of metabolism would have to follow changes of the
rate of the transporter, implying that the transporter is rate-limiting. However, the
intracellular glucose concentration was not low enough. When in the present study the V„,„„
of the glucose transporter was increased in the presence of 5 mM of extracellular glucose,
the flux control by the glucose transporter had already dropped to 0.05 when the
intracellular glucose concentration reached 0.4 mM. Clearly, a low intracellular glucose
concentration does not suffice to prove that the glucose carrier is rate-limiting. This can be
understood from Figure 3.5A. At 0.4 mM intracellular glucose, the elasticity of metabolism
with respect to intracellular glucose had already dropped to zero, implying that any change
of the activity of the glucose carrier could not be transmitted to the rest of metabolism.
Our calculations used a single kinetic equation for the utilization of ATP. This
simplification obscured the many distinct processes that account for the total demand for
ATP in the cell, such as growth, motility, the uptake of nutrients, the maintenance of ion
gradients and internal pH and the breakdown of redundant cell material. Ideally, if one of
these processes is activated due to a change of the extracellular conditions, the others should
not slow down, but the supply of ATP, i.e. the glycolytic flux, should adjust to the altered
demand [43, 45]. There are two ways the cell can achieve this: either by making the supply
very sensitive to the cytosolic [ATP]/ [ADP] ratio or by making the demand reactions very
insensitive to this ratio. The former strategy ensures at the same time homeostasis of the
cytosolic [ATP]/[ADP] ratio. Hofmeyr and Cornish-Bowden [103] argued that 'the
regulatory performance of the system can be judged in terms of how sensitive the fluxes
respond to the external stimulus and to what degree homeostasis in the concentrations of the
internal regulators is maintained'. In the case discussed here this external stimulus could be
anything changing the demand for ATP and the internal regulator is the cytosolic
[ATP]/[ADP] ratio. Trypanosome glycolysis worked exactly the opposite way, hence would
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correspond to a poor regulatory performer. The control by demand was very low because the
supply module hardly sensed changes of the cytosolic [ATP]/[ADP] ratio. This was not
caused by a low elasticity of PYK for the cytosolic [ATP]/[ADP] ratio, but mainly by the
low flux control exerted by PYK on the supply flux. Even when PYK sensed changes of the
cytosolic [ATP]/[ADP] ratio, it did not transmit the signal to the rest of the glycolytic
pathway.
This result raises the question whether homeostasis of the [ATP]/[ADP] ratio is less
important for bloodstream form trypanosomes than one might think. Alternatively, if
homeostasis is important, are these cells unable to cope with changes of their environment
that affect the demand for ATP? On the one hand, the importance attached to homeostasis of
the ATP concentration was shaken by the finding that yeast cells survive oscillations of the
free energy of ATP hydrolysis with an amplitude of 2 kJ/mol [106]. On the other hand,
trypanosomes living in the bloodstream enjoy a relatively constant environment and in
contrast to the host cells living in the same environment, they do not need to respond to
hormonal signals. Probably the most dramatic event these trypanosomes experience, is the
transfer from the mammalian bloodstream to the midgut of the tsetse-fly. The 'long slender'
bloodstream form, which is dominant in the blood, does, however, not survive this sudden
transfer. Only the intermediate bloodstream form is able to adapt to the new environment
[107]. Our calculations predicted that a 90 % decrease of the activity of PYK was required
to shift the control to the demand for ATP. It is possible that fructose 2,6-bisphosphate, a
potent activator of PYK, plays an important role in the transition from the long slender to
the intermediate form of T. brucei. In bloodstream form trypanosomes PYK is saturated
with fructose 2,6-bisphosphate [20, 22]. It should be interesting to test if the intermediate
form has a strongly reduced concentration of this regulator and, consequently, a higher
control by the demand processes.
This study nicely illustrates problems that can be encountered in flux engineering. In
the example studied here, all control of the glycolytic flux resided in glycolysis itself,
including glucose transport. Yet, overexpressing any of the enzymes or transporters
individually would not lead to a substantial increase of the glycolytic flux. When the
transporter had all control, it rapidly lost it upon an increase of its activity, leading to a
negligible increase of the flux. Alternatively, the control was shared by a group of enzymes,
that individually had only small flux control coefficients

0.3). In view of this the flux

would be most effectively increased by overexpressing a group of four or five enzymes
simultaneously [108-110].
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The present study has strong implications for the design of anti-trypanosomal drugs.
Rational design of glycolytic inhibitors was always initiated at the level of individual
enzymes, without questioning in advance to which extent the inhibition of the enzyme of
interest would translate to inhibition of the glycolytic flux. The availability of the enzyme
kinetics of trypanosome glycolysis now made it possible to rationalize the latter issue. The
inhibition of the transport of glucose into the cells was much more effective than the
inhibition of any of the other steps. Until now the design and synthesis of inhibitors of
trypanosome glycolysis focused on the enzymes GAPDH [37, 38, 40, 111-113], PGK [39]
and ALD [111]. According to our model calculations inhibition of these steps should be less
effective than inhibition of glucose transport. Does this imply that all efforts should be
shifted to the synthesis of inhibitors of glucose transport? No, some certainly, but not all: the
difference of effectiveness between GAPDH and the glucose transporter may be overcome
by the design of an inhibitor of GAPDH or PGK that is twofold more effective at the level
of the single protein. Since the crystal structures of GAPDH [37, 38] and PGK [39] are
known, while the crystal structure of the glucose transporter is unknown, there is a fair
chance that this strategy will be the more fruitful. The real gain of our method may not be an
increase of effectiveness, but an increase of selectivity. A compound that inhibits a
trypanosome enzyme usually also inhibits the corresponding enzyme of the host. If one
optimizes the selectivity of the inhibitor at the enzyme level, the inhibition of the host
enzyme may be only very weak. If, on top of this, the enzyme of interest has little or no flux
control in the host, the compound should inhibit the flux many times more selectively than
the single enzyme. The next step of the search for the optimal drug target is, therefore,
Metabolic Control Analysis of the host's glycolysis.
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The kinetics of glucose transport in
Trypanosoma brucei
This chapter reports the kinetics of glucose transport in bloodstream form Trypanosoma
brucei as characterized with a rapid (5 s) assay. The rate of glucose transport was 2- to 3-fold
higher than reported previously for a 7.5 s assay [52]. The V„,„, measured with the new assay
was 167 ± 11 nmol mind mg protein'` and the K,„ was 1.2 ± 0.2 mM at 37 °C. This K„, agrees
with the inhibition constant of glucose for 6-deoxyglucose transport in bloodstream form T.
brucei [51]. At high glucose concentrations the uptake rate observed with the new, rapid
assay was high enough to explain the steady-state glycolytic flux. Nevertheless, at low
glucose concentrations the measured transport rates were still too low to explain the
glycolytic flux, measured as oxygen consumption rate. In contrast to a previous report [54],
phloretin acted as a competitive rather than a non-competitive inhibitor. Glycerol also
inhibited the incorporation of glucose during 5 s. By metabolic modelling it was shown that
this could be explained from a competition of hexokinase and glycerol kinase for glycosomal
ATP, without any direct interaction of glycerol with the transporter.

Introduction
Trypanosoma brucei is the parasite that causes the African sleeping disease. When
this organism lives in the mammalian bloodstream, glycolysis serves as its sole source of
ATP. Trypanosomes differ from their hosts in that the first seven enzymes of glycolysis,
catalysing the conversion of glucose to 3-phosphoglycerate, reside in specialized organelles,
called glycosomes [1]. Bloodstream form T. brucei takes up glucose via facilitated diffusion
(for reviews, see: [114, 115]). Therefore, the driving force for the transport process is the
concentration gradient of glucose itself. Although T. brucei possesses at least two distinct
hexose transport gene families (THT1 and THT2) [116], the bloodstream form expresses
predominantly THT1 [117] .
The kinetic characterization of facilitated diffusion transporters is inherently difficult.

In collaboration with B. H. ter Kuile, H.V. Westerhoff and M.C. Walsh.
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Since transport is driven by a concentration gradient of the substrate itself, its intracellular
concentration cannot exceed its extracellular concentration. During the uptake assay the
increasing intracellular substrate concentration may inhibit further influx or cause efflux.
Since the carrier kinetics can differ from a reversible Michaelis-Menten equation [55], this
inhibition can be much stronger than one might expect [118]. Even at a 100-fold excess
glucose concentration extracellularly, the intracellular glucose may inhibit the influx by
more than 40 % [119]. This phenomenon has led to misinterpretations. In Saccharomyces
cerevisiae glucose uptake was inhibited by cyanide when measured over 5 s, but cyanide
had no effect when transport was measured over 200 ms. From the 5 s experiment one might
wrongly conclude that the transporter is ATP-driven. The 200 ms experiment demonstrated,
however, that cyanide did not affect the transport of glucose, but its subsequent metabolism
[120].
Until now glucose transport in T. brucei has been measured by different methods.
The steady-state rate of glucose consumption has been used to characterize the glucose
transporter in bloodstream form and in procyclic trypanosomes [54, 121]. The assumption
underlying this work was that glucose transport was the rate-limiting step of trypanosome
glycolysis. On the basis of the kinetics of all enzymes of trypanosome glycolysis, however,
it was shown that glucose transport need not be rate-limiting. In fact, when the glucose
concentration exceeded 4 mM, other enzymes gradually took over control (Chapter 3). Ter
Kuile and Opperdoes did not make this assumption. They measured the uptake of
radiolabelled D-glucose over 7.5 s or longer by centrifugation through oil [52]. This was the
best method available until now. Nevertheless, even their most rapid measurements
underestimated the zero-trans-uptake rate. At all glucose concentrations the real zero-transuptake rate should be equal to or higher than the steady-state flux, but the measured rate was
lower [52, 54].
A more rapid glucose transport assay is required to discriminate between the kinetics
of the glucose transporter itself and those of glucose metabolism. Only such a distinction
would allow the determination of the extent to which the glycolytic flux is controlled by the
transport step. Furthermore, such an assay might clarify whether the observed inhibition of
glucose incorporation during 30 s into procyclic T. brucei by cyanide and FCCP [122, 123]
was due to inhibition of the transport of glucose or to inhibition of its metabolism via effects
on the glycosomal ATP concentration. This would resolve the question as to whether the
procyclic glucose transporter is facilitated or proton-motive-force dependent.
Here we present a method to measure the uptake of radiolabelled glucose over 5 s.
The rates are 2 to 3 fold higher than the rates measured previously [52] and are in better
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agreement with the steady-state flux.

Materials and methods
Chemicals
D_ [U_ I4C] glucose was from Amersham International. Phloretin was from Sigma. A
phloretin stock was made up in 70 % ethanol. The ethanol concentration in cell suspensions
was always kept below 1%.
Cultivation of trypanosomes
All experiments were performed with the bloodstream form of 7'. brucei stock 427.
Male, 300 g Wistar rats were infected with T brucei and the parasites were isolated from the
blood by DEAE-cellulose chromatography (DE52, Whatman) [124]. The cells were washed
by centrifugation, resuspended in a 90 mM Tris/HC1 buffer containing 2.5 mM KC1, 77.5
mM NaCI, 5 mM MgCl2, 2 mM Na2HPO4 and 50 mM glucose at pH 7.5 (later referred to as
buffer A, modified from [59]) and stored on ice. In this buffer the cells maintained a
constant motility and oxygen consumption capacity for at least 7 hours after isolation.
Glucose transport
The rate of glucose transport was measured by a filtration technique, modified from a
method to measure glucose uptake in S. cerevisiae [125]. An aliquot of cells was washed
three times by centrifugation at 4 °C and resuspended in a 90 mM Tris/HC1 buffer, which
had been thermostated at assay temperature (37 °C, unless specified otherwise) and
contained 3.1 mM KC1, 96.9 mM NaCI, 5 mM MgCl2, 2 mM Na2HPO4 and 2 mM glycerol
(unless stated otherwise) at pH 7.5. The cells were incubated at assay temperature and
five times the
aerated for one minute. Trypanosomes (50 ul) and D-[u*-14C] glucose (12.5
final concentration) were mixed and incubated for approximately 5 seconds (measured
accurately within 0.1 s). Uptake was terminated by quenching 50 pi in 10 ml of buffer A,
maintained below 0 °C on a salt-ice mixture. The cells were collected as fast as possible by
filtration on a glass microfibre filter (Whatman GF/C). They were not washed after filtration
to prevent the loss of the contents of broken cells. The filters were transferred immediately
to scintillation vials containing 10 ml of scintillant and radioactivity was measured in a
Beckman liquid scintillation counter. Blanks were measured in each experiment by adding
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labelled glucose to the quenching buffer before the cells. The glucose concentration in the
stock solution was measured by NADH-linked enzymatic analysis [126] in an automatic
analyser (COBAS FARA, Roche). Each aliquot of washed cells was used for duplicate
experiments. The whole procedure was finished within 3 minutes after the washing of the
cells. If the washed cells were used for triplicate experiments, the third measurement was
lower due to a deterioration of the cells after depletion of the carbon source, glycerol. The
protein concentration was measured according to Lowry [127] in each aliquot of cells
(typically 5 to 7 mg/ml). Since the buffer weakly disturbed the protein assay, the same
amount of buffer as present in the samples was added to the BSA standards. To allow
comparison of the obtained results to literature data, the number of cells per mg of protein
was measured: 1.94.108 cells per mg protein.
For comparison, the silicone oil centrifugation technique was also performed [52],
but on a 5 second time scale.
Oxygen consumption
The rate of oxygen consumption was monitored in a thermostated vessel with a Clark
electrode. The measurements were performed in a 90 mM Tris/HC1 buffer (pH 7.5),
containing 3.1 mM KC1, 96.9 mM NaC1, 5 mM MgC12, 2 mM Na2HPO4 and the desired
concentration of glucose. For each measurement an aliquot of cells was taken from ice,
washed three times by centrifugation at 4 °C and resuspended in the assay buffer at the
desired temperature. Part of the cells was used to measure oxygen consumption and the rest
was used for protein determination, as described above.
Simulations
The glucose transport measurements were simulated with the computer model of
trypanosome glycolysis, which has been described previously (Chapter 2) with the
modifications described in Chapter 3. Both glycerol kinase and glycerol-3-phosphate
oxidase were included to allow simultaneous metabolism of glucose and glycerol. The
simulations were designed to mimic the transport assay as closely as possible. The
simulation started from a steady state at 50 mM of extracellular glucose. At time zero the
extracellular glucose concentration was decreased to zero and the indicated glycerol
concentration was added. After 1 minute labelled glucose was given, the incorporation of
label in the intracellular metabolites was monitored for 10 s and the apparent uptake rate
was calculated, under the assumption of a constant rate of incorporation of label during 10 s.
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It was verified that the amount of label incorporated after 0.1 s corresponded accurately to
the zero-trans kinetics that were used as input in the model (cf. Eq 4.1).
To monitor the fate of the labelled glucose the model was extended to discriminate
between a labelled and an unlabelled pool of each metabolite. Therefore, the rate equations
of all enzymes and transporters were split in distinct forward (f) and reverse (r) rate
equations. In the rate equations of the glucose transporter an extra term appeared, which
cancels in the net rate equation [55]:
ou.
[Glc]
• +1.5 [Glc]out[Gle]in
vfglu cos e transport = vmax 1

Km

( K )2
[Glc]out + Pclin a [Glc]out [Gk]in
+
+
Km
Km
(Km )2

(Eq. 4.1)

and:
[Glc]in +15 [Gic]out[Gic]in
V glucose
r

transport = Vmax

K m * (K m )2
1+ [Gic]out + [GIc]in + a [Glc]out [Glc]in
Km

Km

(Eq. 4.2)

( Km )2

Since the carrier is almost symmetrical [51] (and Chapter 2) the intracellular and
extracellular K. were taken equal, as were the forward and reverse V„,„„ All parameter
values were the same as described previously (Chapter 2).
As in Chapter 2, the enzymes adenylate kinase, phosphoglucose isomerase,
triosephosphate isomerase, enolase, phosphoglyceromutase and the transport steps across
the glycosomal membrane were taken at equilibrium. Therefore, the following pools of
metabolites were treated as single metabolites:
[Glc]in =

[Glc], V, + [Glc]g Vg

(Eq. 4.3)

VI
(Eq. 4.4)

[hexose-P]g —= [Glc-6-P]g + [Fru-6-P]g
[triose — P] =
[N] =

[DHAP], V, + [DHAP]g

Vg +

[GA — 3 — P]g Vg

(Eq. 4.5)

Vt

[3 - PGA]gVg + [3 - PGA], V, + [2 - PGA], V, + [PEP] , V,
Vt

(Eq. 4.6)

The time derivatives of the total metabolite concentrations (labelled plus unlabelled) were
the same as described previously. The time derivatives of the labelled metabolite
concentrations (indicated by *) are given by:
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d[GIC*]in = (a v f
k 0 g.uCOSe transport —
dt
d[hexose — P

]g

glucose transport — vHK

VVE

=

(a 1 vHK - a 2 vPFK )/Vg

dt

(Eq. 4.7)

d[Fru —1,6 — BP*]g
+2 VPFK a 3v{LD a4vrALD )/Vg

dt

d[Triose — P*]
= 2a
dt

of

f
— 2a y r— a4vGAPDH
r APDH — a4of
GDH
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(Eq. 4.8)
(Eq. 4.9)

(Eq. 4.10)

+ a8v6DH + a8vGPO) / Vt
d[1,3 — BPGA

jg =

dt

(a4v6APDH a5v6APDH — a 5 vif,GK + a 6 vi"G.K )/Vg

d[N*
f
GK a6vPGK a6vPYK)/Vt
=
cc
5
v.
1
3
dt ]
*
d[pyruvate
(,„
=
k-6'PYK a7vpyruvate transport )/Vc
dt

(Eq. 4.11)

(Eq. 4.12)
(Eq. 4.13)

d[Gly — 3— P*]
(Eq. 4.14)
+4v6DH — a 8 v6DH — a 8vGPO a of VVE
dt
in which V denotes volume, the subscripts t, c and g total, cytosolic and glycosomal,
respectively, and:
a0 = [Gic* ioutAGIc]out,tot

(Eq. 4.15)

al —= [G1c* ]thl[Glc]in,tot

(Eq. 4.16)

a2 = [hexose — P*]g Ahexose —

11001

(Eq. 4.17)

a3 [Fru —1,6— BP*]g /[Fru —1,6— BP]oot

(Eq. 4.18)

a4 = [Triose — PV[Triose— P]tot

(Eq. 4.19)

a5 = [1,3— BPGA*]g /[1,3— BPGA]gg. tOt

(Eq. 4.20)

a6 —= [NV[N]tot

(Eq. 4.21)

a 7 = [pyruvate* ]c. Apyruvate],,, tot

(Eq. 4.22)
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[Gly — 3 — P*], = [GlY — 3 P ]g
a _ [Gly — 3 — P*]
g —
[Gly — 3 — F]gtot
[Gly — 3 — Plot [Gly — 3 P]
[Gly - 3 - P]

V, [Gly - 3 - P], + Vg [Gly - 3 - P]g

(Eq. 4.24)

Vt

* V„ [Gly - 3 - P ], + Vg [Gly - 3 - P
[Gly - 3 - P ] =
Vt

(Eq.4.23)

]g

(Eq. 4.25)

The subscript tot indicates the total concentration, i. e. labelled plus unlabelled. ao was
arbitrarily chosen 1 and the other a's were time-dependent and followed from the
simulation. The apparent rate of glucose uptake was given by:
apparent
v glucose transport = (Vt

[Glc ]in + Vg[hexose — P g + Vg [Fru —1,6 — BP ]
1
*
* 1
1
] + — V, [1,3 — BPGA ], + — Vt [N
+ — Vt [Mose —
6'
2
2
*
1
1
+—
2 V, [pyruvate ], + — Vt[Gly — 3 — ]) / (a0At)
2

in

(Eq. 4.26)

which At is the time elapsed since the addition of labelled glucose. In Eq. 4.26 the C3-

compounds were counted half, since they contained half the amount of label per mole, as
compared to the C6-compounds.

Software
The transport measurements were fitted to a one-component Michaelis-Menten
equation by non-linear regression with explicit weighting (Enzfitter). The simulations were
performed with MLAB (Civilized Software, Bethesda).

Results
.1Ieasuring glucose transport in trypanosomes
A new assay for glucose transport in bloodstream form T. brucei was developed.
This assay was based on filtration of the cells, allowing a shorter incubation of the cells with
radiolabelled glucose and a more accurate timing. The rate of glucose transport as measured
with the new, rapid assay followed Michaelis-Menten kinetics. The V„,ax measured after a 5
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s incubation was higher than the Vm„, reported in the literature for a 7.5 s silicone-oil
centrifugation assay (Table 4.1). Moreover, the Km was lower in the new, more rapid assay,
implying that the underestimation of the rate by a slow assay is most significant at low
glucose concentrations. This lower Km corresponds better to the inhibition constant of
glucose (0.90 ± 0.04 mM) with respect to the transport of the non-metabolizable analogue 6deoxy-D-glucose [51]. For comparison, the silicone-oil centrifugation method was
performed at 5 s time scale. The results corresponded to those of the new filtration assay
(Table 4.1).
In the new assay a low concentration of glycerol (2 mM) was provided as a carbon
source during incubation of the cells prior to the addition of labelled glucose. This low
glycerol concentration should not affect glucose transport significantly, since no direct
interaction of glycerol with the transporter could be demonstrated [51, 52]. The most
important modification of the rapid assay from the way it was applied to yeast [125], was
that the filter on which the cells were collected, was not washed. Previous attempts to
measure glucose uptake by filtration failed, because the cells were damaged in the procedure
[128]. Since trypanosomes can stand vortexing and centrifugation, our hypothesis was that
the damage should occur only upon drying of the filter. If the filter was washed, the
measured uptake rate decreased by 90 %, but if the filter was not washed, the labelled
glucose was retained on the filter. Consistently, it was found by cell counting that only 10%

Table 4.1 The glucose transport characteristics as determined with different methods.
For comparison the maximal steady-state 02-consumption rate is given. The standard errors of the mean in
the filtration experiment at 37 °C and the oxygen consumption experiment are based on completely
independent experiments, with cells isolated from different rats. The standard deviation in the experiment at
25 °C is based on the fit of the Michaelis-Menten curve (Fig. 4.1B) derived from a single batch of cells. The
V„„ of the 5 s centrifugation experiment was measured as the rate of glucose transport at 5.2 mM glucose,
in a single batch of cells.

Method
37 °C, filtration, 5 s
25 °C, filtration, 5 s
37 °C, centrifugation through oil, 5 s
37 °C, centrifugation through oil, 7.5 s
37 °C, 0, consumption, 50 mM glucose
From [52].
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Figure 4.1 The rate of zero-trans-glucose influx. Glucose transport was measured rapidly (5 s) with the
new filtration assay (*) and compared to the steady-state oxygen consumption rate (0) at 37 °C (A) and
25 °C (B). The full lines represent the fitted Michaelis-Menten curves. The oxygen consumption rate did not
further increase up to 50 mM glucose (not shown).
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of the cells could be resuspended intact from the filters. For trypanosomes washing is not
essential. First, they do not possess a cell wall to which glucose may adhere. Secondly, they
have a relatively high affinity for glucose, so that low concentrations were used. Any
extracellular glucose adhering to the filter or to the cells, was corrected for by the blanks.
Then the worst signal to noise ratio (at 20 mM glucose) was 2.
The zero-trans-influx rate of glucose should be equal to or higher than the steadystate rate of glucose consumption. The steady-state oxygen consumption has been
determined as a measure of steady-state glucose consumption, since trypanosomes consume
1 molecule of oxygen per molecule of glucose [129] (and Chapter 5). At a saturating glucose
concentration the steady state flux indeed equalled the glucose uptake rate as measured over
5 s (Table 4.1). At subsaturating concentrations, however, a discrepancy was found (Fig.
4.1). This was consistent with the finding that the uptake of glucose was almost linear in
time at a high glucose concentration, but started to deviate from linearity at lower
concentrations (Fig. 4.2).
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Figure 4.3 Phloretin inhibits zero-trans-glucose influx competitively. Glucose transport was measured
rapidly (5 s) in the absence (•) and presence (0) of 45 AM (A) or 91 AM phloretin (B). The full lines
represent the fitted Michaelis-Menten curves. A, no phloretin: V„„„ = 169 ± 2 nmol min" mg protein" and
= 0.73 ± 0.01 mM. A, with phloretin:

= 169 ± 9 nmol min" mg protein-1 and K„, = 2.99 ± 0.36 mM.

B, no phloretin: V,„,„ = 198 ± 12 nmol min-1 mg protein-1 and K„, = 1.85 ± 0.38 mM. B, with phloretin: V„,„,
= 193 ± 5 nmol min"' mg protein' and K,, = 6.35 ± 0.39 mM. In the absence of phloretin, ethanol was added
to correct for any solvent effect. The data in graph A were obtained with one batch of cells, isolated from a
single rat. The data in graph B were obtained with another batch of cells.

86

Kinetics of glucose transport

8

Figure 4.4
The inhibitor constant of
phloretin is 21 n.M. The apparent K, of zerotrans-glucose influx depended linearly on the
inhibitor concentration. The inhibitor constant
K, was derived from this curve by using the
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.
equation:
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Inhibition of glucose transport by phloretin
Phloretin is a general inhibitor of facilitated diffusion transporters. It inhibited the
erythrocyte glucose carrier competitively [130]. In contrast, phloretin has been reported to
be a non-competitive inhibitor of glucose transport in bloodstream form T. brucei. This
conclusion was based on steady-state measurements, rather than initial transport [54]. We
reexamined this issue using the rapid glucose transport assay. Phloretin increased the
apparent Km for glucose, without any effect on the Vma, (Fig. 4.3). We conclude that
phloretin is a competitive inhibitor of the trypanosome glucose transporter, with a K, of 21
p.M (Fig. 4.4).
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A metabolic effect of glycerol on glucose transport
Glycerol (10 mM) inhibited the uptake of glucose and its analogue 2-deoxyglucose
during an incubation of 2 minutes [53]. In contrast, the uptake of 6-deoxyglucose was not
affected by glycerol up to 250 mM [51]. This suggests that glycerol does not interact
directly with the transporter itself, but affects glucose phosphorylation. One might expect
that such a metabolic effect is abolished or weakened during rapid uptake of glucose.
However, at a 5 s time scale glycerol already affected the rate of glucose transport (Fig. 4.5).
Both the apparent K. and V.., were decreased, leading to an inhibition that was most
pronounced at high glucose concentrations.
A detailed kinetic model of trypanosome glycolysis has been constructed previously
(Chapters 2 and 3). This model contains the measured kinetics of almost all enzymes of
trypanosome glycolysis. Here the model has been used to investigate whether glycerol could
inhibit rapid glucose transport via a purely metabolic effect. The simulations were designed
to mimic the experiments as closely as possible. Two slight modifications were made
compared to the experimental procedure. First, the model described glycolysis at 25 °C,
while the inhibition by glycerol has been measured at 37 °C. Therefore, glucose uptake was
simulated over 10 s rather than 5 s. Secondly, the modelled trypanosome glycolysis was
more sensitive to glycerol than real glycolysis. Under anaerobic conditions the measured
steady-state glycolytic rate was inhibited by 50% at 800 uM of glycerol [84], while the
model predicted that only 75 1.1M should be required (Chapter 3). First attempts to model
inhibition by glycerol were even further away from reality (Chapter 2), but a considerable
improvement was made by implementing an exchange transporter across the glycosomal
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Table 4.2 The model concentrations of adenine nucleotides depend on the glycerol concentration. The
concentrations of the adenine nucleotides, according to the model, after a one minute incubation in the
absence of glucose and with varying concentrations of glycerol, just before the addition of labelled glucose.
All parameters were the same as for Figure 4.6.
[Glycerol]

Glycosomal concentration (mM)

Cytosolic concentration (mM)

(PM)
0

[ATP]

[ADP]

[AMP]

[ATP]

[ADP]

[AMP]

6.00

0.00

0.00

0.30

1.26

2.34

75

0.33

1.71

3.96

2.73

1.01

0.16

150

0.11

1.11

4.78

2.73

1.01

0.16

300

0.04

0.69

5.27

2.73

1.01

0.16

membrane for Gly-3-P and DHAP (Chapter 3). The remaining discrepancy might be
explained by an accumulation of small errors in the equilibrium constants of GK, GDH and
possibly also other enzymes. To correct for the discrepancy, the glycerol concentrations in
these simulations were also taken an order of magnitude lower than the experimental
concentrations. It was assumed that neither glycerol nor any metabolite other than glucose
affected the glucose transporter directly. Even so, the simulated uptake of glucose during
10 s was reduced by glycerol (Fig. 4.6). In correspondence with the experiments, the
inhibition was stronger at higher glucose concentrations and glycerol decreased both the Km
and the Vmcm. Since only intracellular glucose directly affected the net rate of glucose uptake,

0 5 10 15 20
Time (s)

0 5 10

15 20

Time (s)

Figure 4.7 Simulated time course of glucose uptake. The influx of glucose was followed in time at 0.2
mM (A) and 10 mM (B) extracellular glucose, in the absence (full lines) or presence of 300 1AM glycerol
(dashed lines).
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the inhibition must have been transmitted by this intermediate. When glucose and glycerol
are present at the same time, they compete for glycosomal ATP. If this competition leads to
a decreased rate of glucose phosphorylation, free glucose will build up intracellularly and
inhibit the net influx rate. Indeed, in the simulations the glycosomal concentration of ATP
was decreased when the cells were preincubated with increasing concentrations of glycerol
(Table 4.2). In contrast, the cytosolic concentration of ATP increased with increasing
glycerol concentration, because trypanosomes convert glycerol to pyruvate with the net
production of one cytosolic ATP per glycerol. To improve the glucose transport assay
further one should either measure faster or find a medium in which the cell can be
preincubated without any carbon source (Fig. 4.7).
With hindsight, the question arises whether the competitive inhibition by phloretin
could be an artifact due to the presence of glycerol. According to model calculations,
however, glycerol did not affect the nature nor the affinity of glucose transport inhibitors
(result not shown).

Discussion
Glucose transport in T. brucei has been characterized on a shorter time scale than was
done previously. These more rapid measurements allowed a better approximation of the
zero-trans-influx rate and diminished the influence of glucose metabolism on the uptake
rates. This was reflected by the higher

and lower

At saturating glucose
At

concentrations the glucose transport rate was 1.8 times higher than determined previously
[52] and at low glucose concentrations, where the rate is proportional to V„,„,./K„„ the rate
was even 3 times higher. At high glucose concentrations the measured zero-trans-influx rate
was consistent with the steady-state glycolytic flux, measured as oxygen consumption rate.
With the new method the incubation time of the cells with the radiolabelled glucose can be
determined more accurately, since uptake is stopped instantaneously in the cold quenching
buffer. Furthermore, the method is less laborious than silicone-oil centrifugation. The new,
rapid transport assay may, therefore, be the most suitable method for the quantitative
characterization of transport processes in Kinetoplastids and other fragile cell types with
high transport activities.
However, even 5 s was not rapid enough to investigate the transport of glucose under
all conditions fully independently of its metabolism. This was illustrated by the inhibition of
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glucose uptake by glycerol. The simulations demonstrated that even without a direct
interaction between the transporter and glycerol, the rapid uptake of glucose was diminished
due to the indirect effect of glycerol on glucose phosphorylation. According to the model
this inhibition could be abolished by allowing a shorter incubation with radiolabelled
glucose. Glucose uptake in S. cerevisiae has been measured as fast as 10 ms to exclude the
in fluence of glucose phosphorylation. Under conditions where phosphorylation was
hampered due to a low ATP content, transport was only linear up to 200 ms [120]. These
very rapid measurements have been performed in a quench-flow apparatus, in which cells
were rapidly mixed with radiolabelled glucose, pushed through a variable length incubation
tube and sprayed in -40 °C methanol. Due to their cell walls yeast cells survive much higher
pressures than trypanosomes. Therefore, it is unlikely that this method is applicable to
trypanosomes.
The model of glycolysis in T. brucei qualitatively predicted the effect of glycerol on
the rapid uptake of glucose, without any direct effect of glycerol on the glucose transporter.
Even the type of inhibition was reproduced. Both in the experiments and the simulations an
apparently mixed (almost uncompetitive) inhibition was found. It has been reported
previously that glycerol had no effect on glucose uptake, measured over 30 s [52]. This may
be attributed to the fact that the inhibition was strongest at high glucose concentrations,
while the previous experiments were carried out at 5 mM glucose. The mixed inhibition
predicted by the model depended on the transport activity, relative to the enzyme activities.
If the glucose transport activity was doubled in the model, the apparent inhibition by
glycerol was almost non-competitive (result not shown). This indicates that the glucose
transport activity and the enzyme activities in the model are approximately correct relative
to each other, and supports the model prediction that the flux control by the glucose
transporter depends on the glucose concentration under physiological conditions
(Chapter 3).
The steady-state glycolytic flux depended almost linearly on the extracellular glucose
concentration until saturation was reached, while the 5 s uptake of glucose followed
Michaelis-Menten kinetics with a Km of 1.2 mM. In a double-reciprocal plot the steady-state
oxygen consumption rate reported here, exhibited the same curvature as the steady-state
glucose consumption [54]. The steady-state flux is saturated at a lower glucose
concentration than the glucose transporter itself, implying that the glucose transporter tends
to lose control at higher glucose concentrations. This is in qualitative agreement with the
model of trypanosome glycolysis (Chapter 3). In the model the transporter started to lose
control only above 4 mM, while the experiments reported here, suggest that this happens
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already at lower concentrations. The discrepancy may be explained by the fact that the
model contained a K,,, for glucose of 2 mM, while we have demonstrated here that it is most
probably 1 mM.
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Glucose transport controls the glycolytic flux
in Trypanosoma brucei for 30 to 50 °A
The flux control coefficient of the glucose transporter in bloodstream form Trypanosoma
brucei was measured by titrating with the glucose transport inhibitor phloretin. At 5 mM
glucose, a common blood glucose concentration, this transporter had a flux control coefficient
between 0.3 and 0.5. Since the flux control coefficients of all steps in a metabolic pathway
should add up to 1, this result proves that glucose transport is not the rate-limiting step of
trypanosome glycolysis. Transport shares the control with other steps. One of these steps was
the pyruvate transporter: its control coefficient as measured by titrating with the inhibitor
UK5099 was 0.09 at 5 mM glucose. At a low glucose concentration (0.5 mM) the glucose
transporter assumed all flux control, as was predicted in Chapter 3.
The glucose transporter did not control the cellular [ATP]/[ADP] ratio at 5 mM glucose. The
rate of the ATP utilizing reactions was more sensitive to the [ATP]/[ADP] ratio than was
assumed previously (Chapter 2). This supports the conclusion drawn in chapter 3 that
trypanosome glycolysis is controlled by the supply of ATP rather than by the demand for ATP.

Introduction
It has been assumed for a long time that the transport of glucose into the cell is the
rate-limiting step of glycolysis in Trypanosoma brucei [51-54]. However, compelling
evidence has been lacking (Chapters 1 and 3). Calculations based on the available enzyme
kinetics have shown that glucose transport need not be rate-limiting in the bloodstream form
of this organism. At low glucose concentrations the glycolytic flux was controlled by
glucose transport. At higher, but still physiological glucose concentrations, however, control
was gradually taken over by other enzymes (Chapter 3). The control exerted by the glucose
transporter depended strongly on the kinetic parameters. Therefore, it was difficult to predict
accurately at which glucose concentration the transporter lost the control of the flux and how
control was exactly distributed under physiological conditions.

In

collaboration with F.I.C. Mensonides, P.A.M. Michels, F.R. Opperdoes and H.V. Westerhoff.
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The control exerted by a glucose transporter on the glycolytic flux has not been
determined directly by varying the amount or activity of the transporter in any eukaryotic
cell. In the bacteria Escherichia coli and Salmonella typhimurium the glucose transport
activity has been varied by genetic means around wild-type level. It did not control the rate
of glucose oxidation [47, 131]. In perfused rat heart the control of glucose utilization was
determined indirectly from in vivo concentrations of glycolytic intermediates and in vitro
enzyme kinetics. The glucose transporter (Glut4) did have substantial flux control in the
absence of insulin, but lost control upon stimulation by this hormone [64].
Glucose transport into bloodstream form T. brucei occurs by facilitated diffusion
[114, 115]. Many inhibitors of this process are available [51, 54]. Phloretin is a competitive
inhibitor, that works instantaneously (Chapter 4). Using this inhibitor we investigated
experimentally whether the glucose transporter fully controls the glycolytic flux under
physiological conditions or whether it shares the control with other steps.

Materials and methods
Chemicals
Phloretin (3-[4-hydroxypheny1]- 142,4,6-trihydroxypheny1]-1-propanone) was from
SIGMA. A stock solution was made up in 70 % ethanol. The compound UK5099 (a-cyano13-(1-phenylindo1-3-ypacrylate) was a gift from Pfizer Ltd., Sandwich, Kent, U.K. UK5099
was dissolved in N,N-dimethylformamide (DMF). The concentrations of ethanol and DMF
in cell suspensions were always kept below 1% and it was checked that they did not affect
the results at these concentrations.
Cultivation of trypanosomes
T. brucei strain 427 was cultivated by infecting male Wistar rats. Cells were isolated
and stored on ice as described previously (Chapter 4).
Flux and metabolite measurements
An aliquot of cells was washed three times by centrifugation at 4 °C and resuspended
in the assay buffer at 37 °C. Most measurements were performed in a 90 mM Tris/HCI
buffer (pH 7.5), containing 3.1 mM KCI, 96.9 mM NaC1, 5 mM MgC12, 2 mM Na2HPO4 and
the indicated concentration of glucose. Only the UK5099 titration was performed in a buffer
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containing 62 mM sodium phosphate, 45 mM KCI, 0.2 mM bovine serum albumin (fraction
V) and 5 mM glucose (pH 7.2).
Oxygen was measured as described previously (Chapter 4). For determination of the
concentrations of other metabolites the cells were kept in an open, thermostated vessel and
aerated with water-saturated pressurized air. To check that the cell suspensions remained
aerobic, the oxygen concentration was monitored with a Clark electrode throughout the
experiment. Samples were taken by injecting 75 pi of the cell suspension into 37.5 pl 15%
perchloric acid. Samples were vortexed, centrifuged (5 min, Eppendorf table centrifuge, full
speed), neutralized by mixing 80 p.1 supernatant with 45 pl 1M K2CO3 and centrifuged
again. The pH of the supernatants was checked with pH paper (pH 7-8). They were stored at
-20 °C until further analysis within a week.
ATP and ADP were measured at room temperature with a luciferin-luciferase
monitoring kit (LKB) as described elsewhere [132]. Glucose, pyruvate and glycerol were
measured by NADH-linked analysis [126] in an automatic analyser (COBAS FARA,
Roche).
The protein content of the cell suspensions was measured according to Lowry [127].
Since the buffer weakly disturbed the assay, the same amount of buffer as present in the
samples was added to the BSA standards.
Control coefficients
The flux control coefficient of a step i is defined as:
C/

= (d ln J / dp)ss
(81n vi / ,)step

(Eq. 5.1)

in which J is the steady-state flux, p is a parameter that only affects the activity of step i, and
v, is the activity of step i.
To measure the flux control coefficient of the glucose or the pyruvate transporter
specific inhibitors of these steps were used: phloretin for the glucose transporter and
UK5099 for the pyruvate transporter. The effect on the oxygen consumption flux was
measured and the effect on the transport rate was calculated from measured inhibition
kinetics at constant concentrations of all other metabolites. The flux was plotted against the
transport activity (as a fraction of the uninhibited value) and the flux control coefficient was
calculated as the slope of the curve at 100 % transport activity. When the effect of phloretin
was studied at 0.5 mM of glucose, the analysis was complicated by the fact that the glucose
concentration decreased substantially during the oxygen consumption measurements,
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leading to a decrease of the flux in time. To calculate the effect of phloretin on the flux a
reference trace was recorded in the absence of the inhibitor. Since phloretin competed with
glucose (Chapter 4), the inhibition of the transporter depended on the actual glucose
concentration. The glucose concentration was measured at the start of the experiment and
the actual concentration at the moment of addition of the inhibitor was calculated by using
that trypanosomes consume one molecule of glucose per molecule of oxygen [129] (and
Table 5.1).

Results
The glucose transporter partly controls the glycolytic flux at a physiological glucose
concentration
To measure the control of the glucose transporter on the glycolytic flux, the activity
of the transporter was modulated by titrating with phloretin. Even low concentrations of this
inhibitor decreased the steady-state rate at which trypanosomes consumed oxygen (Fig. 5.1).
Under aerobic conditions bloodstream form trypanosomes convert all glucose to pyruvate,
with the concomitant consumption of one molecule of oxygen per glucose (Fig. 1.2).
Therefore, the rate of oxygen consumption is a measure of the steady-state glycolytic flux.
Trypanosomes can, however, convert part of the glucose to glycerol. Normally this only
happens under anaerobic conditions. It was checked that in the presence of phloretin the

Joe ( %of uninhibited Joe)

glucose was still fully converted to pyruvate (Fig. 5.2). The oxygen consumption flux
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Figure 5.2 Glucose is fully converted to pyruvate under aerobic conditions in the presence of
phioretin. Glucose (A), pyruvate (■) and glycerol (•) have been monitored both in the absence (A) and
presence of 100 ;AM phloretin (B). The sum of the concentrations of these compounds (2 [glucose] +
[pyruvate] + [glycerol], indicated by x) slightly increased, probably due to the evaporation of water from the
incubation vessel. The cell densities were 3.3 mg protein/ml (A) and 2.5 mg protein/ml (B), respectively.

Table 5.1 The aerobic fluxes in the absence and presence of
phloretin. These rates have been calculated from the data in Fig. 5.2
and oxygen consumption was measured in a separate experiment.
Flux (nmol min"' mg protein)
or flux ratio
no phloretin

100 AM phioretin

Glucose

-152

-129

Pyruvate

339

282

Glycerol

7

6

02

-158 ± 11

-88 ± 8

02 / glucose

1.0

0.7

Pyruvate / glucose

2.2

2.2

Glycerol /glucose

0.0

0.0
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Figure 5.3 At a low extracellular glucose concentration the flux is more sensitive to inhibition of
glucose transport than at a physiological glucose concentration. The activity of the glucose transporter
was varied by addition of various amounts of phloretin. The rate of glucose transport was calculated, using
that phloretin is a competitive inhibitor of zero-trans influx with a K, of 21 .tM (Chapter 4) and assuming
that the intracellular glucose concentration was zero. At 5 mM of glucose (0,0) the flux was less sensitive
to inhibition of glucose transport than at 0.5 mM of glucose (N, ❑). Open and closed symbols represent
independent experiments with trypanosomes isolated from different rats.

seemed to be inhibited more strongly than the glucose consumption flux (Table 5.1), but this
may have been due to experimental error.
The effect of phloretin on the zero-trans influx of glucose has been measured
previously (Chapter 4). To determine the flux control coefficient, the direct effect of the
inhibitor on the steady-state glucose transport rate must be known at constant concentrations
of all other reactants. The only known effector of the glucose transporter is the intracellular
glucose concentration. If there were no free intracellular glucose, the effect of the inhibitor
on the steady-state glucose transport rate equalled the effect on the zero-trans influx. In a
first approximation it was assumed that the intracellular glucose concentration was zero. At
a low extracellular glucose concentration (0.5 mM) the glucose consumption flux was
almost proportional to the glucose transport activity (Fig. 5.3). The slope of this curve
should represent the flux control coefficient of the glucose transporter. At a physiological
extracellular glucose concentration (5 mM) the flux was much less sensitive to inhibition of
the glucose transporter (Fig. 5.3), implying that in this case the flux control coefficient was
lower. If the slopes of the curves in Fig. 5.3 were taken at 100%, the flux control
coefficients were 1.2 and 0.42 at 0.5 and 5 mM of glucose, respectively.
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Table 5.2 The flux control coefficient of the glucose transporter ( Cgji°
u2cose transport ) depends on the
extracellular glucose concentration. The flux control coefficient was calculated from the data in Fig. 5.3,
either neglecting intracellular glucose or taking into account its measured concentration [52] as described in
the Appendix. For the unknown parameter K,2/K;, two extreme values were assumed. Irrespective of the
assumptions, the transporter had a substantially lower control at 5 mM glucose than at 0.5 mM glucose. A
further increase of K,JIC,, did not affect the flux control coefficients.

(mM)

Kdic

c J02

glucose transport

(mM)
1.2

0.5

0

0.5

0.04

0.5

0.5

0.04

1000

5

0

5

0.4

0.5

0.33

0.4

1000

0.51

5

1.2
1.2
0.42

In a second approximation the intracellular glucose concentration was included in the
determination of the flux control coefficient. Up to 5 mM extracellularly the measured
intracellular glucose concentration was proportional to the extracellular glucose
concentration. At 5 mM extracellular glucose the intracellular concentration was 0.4 mM
[52]. An equation for the effect of phloretin on the steady-state transport kinetics has been
derived (Appendix). This equation contains one unknown parameter (K12/K"). This
parameter was varied between its theoretical boundaries. The results are listed in Table 5.2.
Although there may be a minor uncertainty in the control coefficients, the difference
between the control coefficients at 0.5 and 5 mM of extracellular glucose is significant.
Since the flux control coefficients of all steps in a pathway sum up to one, the above results
imply that the glucose transporter shares the control of the flux with other steps at 5 mM
glucose, but not at 0.5 mM glucose.
The glucose transporter does not control the [ATMADP] ratio significantly
In the model of trypanosome glycolysis a simple, linear dependence of the rate of
ATP utilization on the cytosolic [ATP]/[ADP] ratio was assumed (Chapter 2).
Consequently, the predicted control coefficient of the glucose transporter with respect to the
cytosolic [ATP]/[ADP] ratio equalled its flux control coefficient (result not shown).
Experimentally, however, the effect of phloretin on the average cellular [ATP]/[ADP] ratio
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turned out to be much smaller than its effect on the flux (Fig 5.4). The measured
concentrations represent total amounts per cell and correspond to weighted averages of the
glycosomal and the cytosolic concentrations. The glycosomal volume is only 4.3 % of the
total cellular volume [77] and, therefore, the measured [ATP]/[ADP] ratio is probably
dominated by the cytosolic ratio.
When the flux was plotted as a function of the [ATP]/[ADP] ratio, an almost vertical
relationship was obtained (Fig. 5.5). One may consider trypanosomal free-energy
metabolism as consisting of two modules: one consuming ATP and one (glycolysis)
producing it [43, 86, 103]. Phloretin affects a step in the ATP producing module without
affecting the ATP utilizing module directly. In a steady state all rates are equal or differ by a
constant stoichiometric factor. Therefore, the plot of the oxygen consumption flux against
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the [ATP]/[ADP] ratio may be considered as the dependence of half the rate of ATP
utilization on the [ATP]/[ADP] ratio. Accordingly, the elasticity of the ATP utilizing
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reactions with respect to the cytosolic [ATP]/[ADP] ratio proves to be much higher than was
assumed in Chapter 2. When a proportional dependence of the rate of ATP utilization on the
[ATP]/[ADP] ratio was assumed, ATP utilization exerted very little control (Chapter 3). The
distribution of flux control among the ATP producing and the ATP consuming module
depends on the relative elasticities of these processes towards the cytosolic [ATP]/[ADP]
ratio [43, 86, 103]. As the ATP utilizing module turned out to be more sensitive to the
[ATP]/[ADP] ratio than assumed, its flux control coefficient should be even lower than
predicted in Chapter 3. The above results, therefore, confirm the conclusion that the
glycolytic flux is fully controlled by enzymes and transporters in the ATP producing module
and hardly by ATP consuming reactions. Trypanosome free-energy metabolism appears
supply driven rather than demand driven.
The control by the pyruvate transporter
In the kinetic model of trypanosome glycolysis, most of the control of the flux that
was not exerted by glucose transport, resided in aldolase, glyceraldehyde-3-phosphate
dehydrogenase, phosphoglycerate kinase and glycerol-3-phosphate dehydrogenase (Chapter
3). The rate equation for pyruvate kinase was taken to be insensitive to its product pyruvate.

Consequently, there was no communication between glycolysis and the transport of
pyruvate out of the cells. When in this model pyruvate kinase was made sensitive to its
product, the pyruvate transporter assumed some of the control of the glycolytic flux [133].
However, this conclusion should depend strongly on the strength of the assumed product

Joe(%of u n in hi bitedJoe)

sensitivity of pyruvate kinase and on the rate equation of the pyruvate transporter, which has
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some uncertainties as well (Chapter 2). Therefore, the flux control coefficient of the
pyruvate transporter was measured.
UK5099 is a compound that specifically inhibits the pyruvate transporter [79]. The
steady-state oxygen consumption flux was inhibited by low concentrations of this inhibitor
(Fig. 5.6). UK5099 was reported to be a non-competitive inhibitor of pyruvate transport into
mitochondria [134]. Its KE for influx of pyruvate into bloodstream form trypanosomes was
49 tM [79]. Non-competitive inhibitors are suited for the determination of control
coefficients, because their effect is independent of the substrate and product concentrations.
Groen et al. [46, 135] derived that the flux control coefficient of a step i can be determined
from a titration with a non-competitive inhibitor I by:
=

—Kt clJ
J d[i]) ru_o

(Eq. 5.2)

When this formula was applied to the data of Fig. 5.6, the flux control coefficient of the
pyruvate transporter was 0.09.

Discussion
The flux control coefficient of the glucose transporter in bloodstream form T. brucei
was measured at 5 mM glucose, the most common concentration in the blood [104, 105]: it
was between 0.3 and 0.5. At a low glucose concentration (0.5 mM) the flux control
coefficient of the glucose transporter was found to be 1.2, in close agreement with model
calculations (Chapter 3). Refuting earlier speculations [51-54], our results prove that glucose
transport is not the rate-limiting step of trypanosome glycolysis. Its flux control coefficient
depended on the extracellular glucose concentration and at a physiological glucose
concentration the glucose transporter has only 30 to 50 % of the total control.
In Chapter 3 the flux control coefficient of the glucose carrier has been calculated as
a function of the extracellular glucose concentration. Qualitatively these predictions agree
with the control coefficients measured in this chapter: at low glucose concentrations the
glucose transporter exerted all control, but in the physiological range of glucose
concentrations, it lost part of the control. At which concentration this shift of control would
occur, could not be predicted reliably in chapter 3, since these results were very sensitive to
the kinetic parameters. According to the model the glucose transporter had a flux control
coefficient of 0.9 at 5 mM glucose, while a value of 0.3 to 0.5 was measured. Apart from the
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strong sensitivity of this flux control coefficient to almost all uncertainties in kinetic
parameters, there is one more specific explanation for the discrepancy: in the model the Km
of the glucose transporter was 2 mM, while further measurements indicated that it is more
likely to be 1 mM (Chapter 4).
The measurement of the control by the glucose transporter was complicated by the
presence of intracellular glucose, which influenced the direct effect of phloretin on this
transporter. The analysis that was developed to deal with intracellular glucose (Appendix)
yielded two inhibition constants of which only one was measured and the other was
estimated. This left us with a minor uncertainty in the control coefficients. In principle the
analysis can be completed by measuring the inhibition kinetics in efflux experiments. The
method developed in this chapter for estimating flux control coefficients with competitive
inhibitors, may well be applicable to other facilitated diffusion transporters.
The next question we asked in this chapter was which steps assume the control of the
flux when the transporter loses it. This question had been answered partly by modelling
(Chapter 3), but information was lacking to calculate the role of other transporters.
Experimentally, it was shown that the pyruvate transporter had a flux control coefficient of
0.1 at 5 mM glucose. This control coefficient was also determined by using a specific
inhibitor (UK5099). The inhibition constant of UK5099 was taken from [79], where it had
been calculated from the inhibition kinetics of pyruvate uptake during 45 s. Probably these
measurements were too slow to represent zero-trans-influx rates and the resulting K, and
therefore also the flux control coefficient of the pyruvate transporter must, therefore, be
considered as a rough estimate.
The results described in this chapter have implications for the design of
antitrypanosomal drugs. One of the aims of this thesis is to compare the distribution of the
control of the glycolytic flux in the trypanosome to that in its host, in order to identify good
target enzymes (see Chapter 1). In this chapter it has been shown experimentally that
trypanosome glycolysis can be inhibited effectively by inhibiting the glucose transporter.
The question arises whether the host's glycolytic flux is also controlled by glucose transport.
If not, the glucose transporter is a very promising drug target. In heart cells the flux control

coefficient of the glucose transporter depended on the presence of insulin [64]. Erythrocytes
are probably most vulnerable to drugs directed against trypanosome glycolysis, since both
trypanosomes and erythrocytes live in the bloodstream and depend completely on glycolysis
for ATP synthesis. Unfortunately, an elaborate, existing model of erythrocyte metabolism
lacks the glucose transporter [66]. The kinetics of the erythrocyte glucose transporter
(Glut 1) have been characterized extensively in zero-trans-influx and -efflux as well as
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equilibrium-exchange experiments [136]. Therefore, it should be possible to extend this
erythrocyte model and predict the flux control coefficient of the erythrocyte glucose
transporter. Furthermore, Glut 1 is sensitive to a variety of inhibitors, among which are
phloretin and cytochalasin B [136]. This should allow for an experimental determination of
its flux control coefficient, analogous to the analysis performed on the trypanosome glucose
carrier.

Appendix
Inhibition kinetics of the glucose transporter in the presence of
intracellular glucose
Since phloretin is a competitive inhibitor, the inhibition of the glucose transporter by
this compound may depend on both the extracellular and the intracellular glucose
concentration. The kinetics of the inhibitor have been measured in zero-trans-influx
experiments (Chapter 4). In these experiments the competition of the inhibitor with
extracellular glucose was investigated. In this appendix the question will be addressed to
which extent the intracellular glucose may affect the inhibition of the transporter by
phloretin.
Facilitated diffusion can be described by a 4-state model (Fig. 5.7A) [55]. Phloretin
does not enter the cells and can, therefore, only bind to the transporter on the outside (Fig
5.7B) [130]. The steady state kinetics of both reaction schemes were derived by using the
King-Altman method [137, 138]. The net steady-state uptake rate is:

v=

v
[gout. yr
[S]in
max
max
Km, out
K m,in
1 4_ [S]out + [S]in + a [S]out
Km,out Km,in

(Eq. 5.3)
Nit'?

Km, out K m,in

Without inhibitor (Fig. 5.7A) the kinetic constants are given by:
Vm
f,, = Tot N i / D1

(Eq. 5.4)

Vmr ax = Trot NT 2 / D2

(Eq. 5.5)

Km, out = D0 / D1

(Eq. 5.6)

Kmin = Do / D2

(Eq. 5.7)

104

Control by glucose transport
k1

T

out

k_4 Sow.

k4

T.

i

k 2 ilk 2 Sin

-3

T

k5
T

out

I

,
out

out S out

A

n

T.

S .n
S

k3

k
am-

T

a- T.

out

B

k.1

k-5 out
k-4 out

k4

k-2

k 2 Sin

V

k-3
out out

T. S.
tn I n

k3
Figure 5.7 The 4-state carrier model in the absence (A) and presence of a competitive
inhibitor (I) binding on the outside (B).

a =(D0D3)/(D1D2)

(Eq. 5.8)

in which T,0, is the total concentration of the transport protein and:
N1 = k_1k_2k_3k_4

(Eq. 5.9)

N2 = kik2k3k4

(Eq. 5.10)

D0 = (k_1 + ki)(k_2k_3 + k_21(4 + k3k4)

(Eq. 5.11)

D1 = k_4(k_2k_3 + k_ik_3 + k_ik_2 + k_ik3)

(Eq. 5.12)

D2 = k2(k3k4 + k1 k_3 + k1 k4 + k1k3)

(Eq. 5.13)

D3 = k2k_q.(k_3 + k3)

(Eq. 5.14)

fax . In its presence (Fig. 5.7B) the other kinetic constants
The inhibitor does not affect Vm
become:
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vrn,cr

(Eq. 5.15)

= Tot N2 /D2

1(c:if/LI = DP / Di

(Eq. 5.16)

2
Kmmin
P = D*0/ D*

(Eq. 5.17)

a aPP = (130133) / (D iD 2)

(Eq. 5.18)

in which:
Do = D0 + [I]out Ke1,5(k_i k_2k_3 + k_i k_2k4 + k-1 k3k4)

(Eq. 5.19)

D2 = D2 + Mout Keq,5(k2k3k4)

(Eq. 5.20)

K = k_5
eq' 5 k5

(Eq. 5.21)

The effect of phloretin on Viriw, and K,„,0„, has been measured (Chapter 4). According
to these measurements

Vmfax was not affected by the inhibitor, as was also derived above.

The effect on !cow is given by

Kam70,1 = K mow Do* / Do = Kmout 1+

Mow Keq,5k_i)
k_1 +

t, (Eq. 5.22)
°u
Km,out l ++ Kil
C

Kil has been measured. The effect of phloretin on Vnirax , Km.;,, and a does not only depend
on Do / D0, but also on D2 / D2 and must, therefore, be estimated.
Without any inhibitors present, the trypanosome glucose-carrier is almost
symmetrical ([51] and Chapter 2). In the following, perfect symmetry will be assumed. This
means that:

k1 = ki, k3 = k3, k2 = k, and ki = k2. Consequently,

axV,c,„ and Km out =

K„,.,„ in the absence of inhibitors. Since phloretin binds only to the outside, it breaks the
symmetry. From Eq. 5.22 and the symmetry assumption it follows that:
Kil =

k_ 1 + kl
5
Keg k_i

2

(Eq. 5.23)

Keq,5

Furthermore:
D2 1 +['lout K eq,5
.1+ [I]°out K eq,5 .1+ Mout
kik_3 kl kl
_
D2
K12
1 + 2 k4
— + k3
k3k4 k3 k4
and:
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v r,app

Vm
r ax

max

1+ [Ilout

(Eq. 5.25)

Ki2
1+ Mout
Kit

K aPP
m,in =

1+ ['lout

(Eq. 5.26)

Ki2

1+ Flout
ccapp = a

(Eq. 5.27)
1+ [flout
Ki2

1(12
Ki1

1++
k
1 —
k4 k3
2

(Eq. 5.28)

Since the elementary rate constants are unknown, the ratio K,2/K,1 can vary between 0.5 and
infinity. In the calculations the following constants were used:
Vm = Vm
r ax = 167 nmol min-1 mg protein-1 (Chapter 4)
Km.out =

Km,in

1.2 mM (Chapter 4)

a = 0.75 (Chapter 2)
= 21 p.M (Chapter 4).
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Compartmentation protects trypanosomes
from the dangerous design of glycolysis
In trypanosomes and other Kinetoplastids the first part of glycolysis takes place in specialized
organelles, called glycosomes. The function of this compartmentation of glycolysis is unclear.
This chapter examines the consequences of the compartmentation by comparing two models of
trypanosome glycolysis quantitatively: one containing a glycosome and another in which the
glycosomal enzymes and cofactors have been diluted in the whole cytosol. The results do not
support the widespread hypothesis that the glycosomes serve to maintain the high glycolytic
flux of trypanosomes. What then could be the function of the glycosomes?
The glycosomal hexokinase (HK) and phosphofructokinase (PFK) are not regulated by any of
the compounds that regulate these enzymes in other organisms. In other cell types a lack of
regulation of HK or PFK leads to unrestrained accumulation of hexose phosphates. We here
show that this is prevented in trypanosomes by their compartmentation of glycolysis: the
activities of HK and PFK are limited by the low glycosomal [ATP]/[ADP] ratio, since the net
production of ATP by pyruvate kinase (PYK) occurs only in the cytosol.
Trypanosomes do not store any carbohydrates. During starvation they run the risk of depletion
of cytosolic ATP. In the absence of a glycosome they cannot recover when glucose becomes
available, because there is no ATP for HK and PFK to start up glycolysis. Within the
glycosome, the sum of the concentrations of phosphorylated organic compounds is conserved,
since the phosphate group is only transferred from one compound to another, but not converted
to inorganic phosphate. This pool of phosphorylated metabolites may serve as a free-energy
buffer, available to start up glycolysis after brief starvation.
We propose that the glycosome has taken over the function of enzyme regulation and, partly, of
storage of carbohydrates. Once the glycosome was acquired, Kinetoplastids may have lost the
latter features and thereby the acquisition of the glycosome became an irreversible event.

Introduction
The glycolytic pathway of the unicellular, eukaryotic parasite Trypanosoma brucei
and of other members of the Kinetoplastid family differs in several respects from other

glycolytic pathways (for reviews, see: [2-4, 13] and Chapter 1). First, seven glycolytic
In collaboration with F.I.C. Mensonides, B. Teusink, P.A.M. Michels and H.V. Westerhoff.
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enzymes, converting glucose to 3-phosphoglycerate, reside in a specialized organelle: the
glycosome [1]. On average a bloodstream form trypanosome cell contains some 250
glycosomes, together comprising 4.3 % of the total cell volume [77]. Several data indicate
that the glycosomal membrane is impermeable to metabolites and coenzymes [5, 13].
Consequently, the glycosomal kinases (HK, PFK, phosphoglycerate kinase (PGK) and
glycerol kinase (GK)) interact with another ATP pool than the cytosolic PYK and the ATP
hydrolysing reactions. Secondly, enzymes that are highly regulated in other organisms, such
as HK and PFK, appear to be unregulated in trypanosomes [16-18]. For example, glucose 6phosphate (Glc-6-P) strongly inhibits mammalian HK I, II and III [139], but does not affect
trypanosome HK [16]. The importance of regulation of HK was demonstrated by a yeast
mutant which does not synthesize the yeast HK inhibitor trehalose 6-phosphate [140]. When
this mutant was challenged with glucose, the ATP concentration dropped, whereas Glc-6-P
accumulated [141-144]. It has been shown that the danger of unrestricted accumulation of
intermediates is always present, if the design of a pathway is such that ATP is first invested
before net production takes place. The investment of ATP makes the first enzymes virtually
irreversible and thereby insensitive to enzymes further down the pathway. Therefore, a tight
regulation of the first steps of such pathways is vital [145]. Until now it is unclear why
trypanosomes do not need such regulation.
Likewise it is not yet clear whether and how the compartmentation of glycolysis is
advantageous to trypanosomes. It has been speculated that the glycosome enables the
trypanosomes to maintain their high glycolytic flux. Confinement of the enzymes to a small
volume should overcome a possible diffusion limitation [13, 24, 25]. However, calculations
based on the catalytic turnover numbers and concentrations of the glycolytic enzymes and
on the diffusion of metabolites through the cell made a diffusion limitation unlikely, even if
the enzymes were dispersed over the total cell volume (Chapter 1).
The kinetics of the glycolytic enzymes of T. brucei are known. A detailed
mathematical model of glycolysis in bloodstream form T. brucei was developed in Chapters
2 and 3. At present such a model is the only way to investigate what should happen if
trypanosome glycolysis were not compartmentalized. In this chapter the behaviour of two
models will be compared: one with a glycosome and one with precisely the same amount of
the same enzymes, but diluted in the whole cytosol.
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Methods
Model description
Two models of trypanosome glycolysis, only differing in the presence or absence of
the glycosome, were compared. The model with the glycosome has been described
previously (Chapter 2, with the modifications in Chapter 3). The model without the
glycosome contains the following modifications from the original, compartmentalized
model:
1. Metabolite transporters across the glycosomal membrane are not required.
2. There is only a single pool of ATP, ADP and AMP, rather than distinct glycosomal and
cytosolic pools.
3. The sum of bound phosphates is not conserved anymore.
4. The same amounts of the same enzymes have been diluted in the whole cytosol.
This led to the following set of differential equations:
d[Glc]in = vglucose transport — VHK
Vtot
dt
d[hexose — P] = ,,HK vPFK
dt

(Eq. 6.1)
(Eq. 6.2)

Vtot

d[F —1,6 — BP] = vpFK - VALD
dt
Vtot

(Eq. 6.3)

d[triose — P]
dt

(Eq. 6.4)

2vALD

VGAPDH VGDH vGPO

Vtot

d[1,3 — BPGA]
dt

vGApDH - vpGK

d[N] vPGK - vpyK

dt

(Eq. 6.5)

Vtot

(Eq. 6.6)

Vtot

d[pyruvate]in = VPYK vpyruvate transport
dt
Vtot

(Eq. 6.7)

d[NADH] = vGApDH - vGDH
dt
Vtot

(Eq. 6.8)

d[Gly - 3 - P]
dt

(Eq. 6.9)

VGDH - vGK - vGpo

Vtot

111

Chapter 6

dP — vHK — vpFK + vpGK + vGK + vpyK - v ATP utilization
dt

(Eq. 6.10)

\Tug

in which:
[hexose-P] [Glc-6-P] + [Fru-6-P]

(Eq. 6.11)

[triose — P] [DHAP]+ [GA — 3 — P]

(Eq. 6.12)

and:
[N] = [3 - PGA] + [2 - PGA] + [PEP]

(Eq. 6.13)

[P] = 2[ATP] + [ADP]

(Eq. 6.14)

The enzyme rates v were expressed in nmol min-1 mg protein', the time t in minutes, the
metabolite concentrations in mM and the total cell volume V,01 in µl mg protein* The
enzyme kinetic equations were the same in both models and have been described previously
(Chapter 2, with the modifications in Chapter 3).
All simulations applied to aerobic conditions, at zero concentrations of the products,
pyruvate and glycerol. The sum of the concentrations of ATP, ADP and AMP was taken 4
mM, both in the cytosol in both models and in the glycosome in the model containing it.
Software
All simulations were performed with MLAB (Civilized Software, Bethesda). The
time dependent simulations were done with a Gear-Adams algorithm. Steady states were
solved by a Marquardt-Levenberg algorithm.
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Results
The effect of compartmentation on the glycolytic flux

Since it has been proposed that the high glycolytic flux in trypanosomes is due to the
compartmentation of glycolysis [13], the first question we addressed was whether the
glycolytic flux became higher if the enzymes converting glucose to 3-phosphoglycerate
were confined to the glycosome. The steady-state flux was calculated as a function of the
blood glucose concentration, both with and without the glycosome. At high physiological
glucose concentrations the glycolytic flux was slightly higher in the presence of the
glycosome than in its absence (Fig. 6.1). The difference was much too small, however, to
explain the function of the glycosome.
Regulation of HK and PFK
In the search for possible consequences of the glycosome, the steady-state
concentrations of all metabolites were calculated in the presence and absence of the
glycosome. Substantial differences between these two conditions were found for the
substrates and products of HK and PFK (Fig. 6.2). In the glycosome the concentrations of
Glc-6-P and Fru-1,6-BP remained within a narrow range, independently of the extracellular
glucose concentration. When the glycosomal membrane was removed, however, Glc-6-P
and Fru-1,6-BP accumulated up to 100 mM. If this would happen in reality, the cells would
probably burst or suffer from phosphate depletion.
There were two causes of the difference between the cells with and without a
glycosome. First, the sum of the concentrations of the organic phosphate that is not
exchanged with inorganic phosphate, is conserved within the glycosome (cf. Chapter 3).
This implies that the hexose phosphates can only exchange their phosphate with other
organic compounds and cannot accumulate above the total of organic phosphate. In the
absence of the glycosomal membrane this restriction disappears, so that the hexose
phosphates can accumulate. Secondly, the glycosomal [ATP]/[ADP] ratio behaved
completely independently of the cytosolic [ATP]/[ADP] ratio (Fig. 6.2D). When the
cxtracellular glucose concentration was increased, the intracellular glucose concentration
followed (Fig. 6.2A), thereby stimulating HK. In the absence of the glycosome HK and PFK
were further activated by the increasing cytosolic [ATP]/[ADP] ratio. These kinases were
only weakly inhibited by their products Glc-6-P and Fru-1,6-BP, respectively, so that these
metabolites could accumulate to very high concentrations before a steady state was reached.
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When HK and PFK were confined to the glycosome, they were inhibited by the decreasing
glycosomal [ATP]/[ADP] ratio and consequently, a steady state was reached at much lower
concentrations of Glc-6-P and Fru-1,6-BP.
In conclusion, the glycosome prevented unrestricted accumulation of the hexose
phosphates by the unregulated HK and PFK.
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In trypanosomes lacking the glycosomal membrane hexose phosphates accumulate to

extremely high levels. The steady-state intracellular concentrations of glucose (A), Glc-6-P (B) and Fru1,6-BP (C) were calculated both in the presence (full lines) and absence (dashed lines) of the glycosomal
membrane. Panel D shows the glycosomal (long dashed line) and cytosolic [ATP]/[ADP] ratio (full line) if
the glycosome is present and the cytosolic [ATP]/[ADP] ratio if there is no glycosome (short dashed line).
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Figure 6.3 The glycosome helps trypanosomes to recover after a transition from a low to a normal
blood glucose level. Trypanosomes consuming glucose in a steady state at 0.01 mM (A) or 0.05 mM
c tracellular glucose (B), were given 5 mM glucose after 60 s. The cytosolic ATP concentration was
calculated, both in the presence (full line) and the absence of the glycosome (dashed line).

The glycosome supplies the ATP required to initiate glycolysis after starvation
The design of glycolysis is such that ATP is invested first, before net production
takes place. The cell, therefore, should maintain a basal ATP level even during starvation to
be capable of utilizing glucose as soon as it becomes available. Trypanosomes do not
guarantee this basal ATP level by storing carbohydrates. Within the glycosome the sum of
the concentrations of phosphorylated metabolites is conserved, since the phosphate group is
transferred from one compound to another, but not converted to inorganic phosphate
(Chapter 2 and 3). The question arises whether this pool of phosphorylated metabolites can
serve as the free-energy storage required to start up glycolysis after brief starvation.
To test this hypothesis, cells were subjected to a low glucose concentration until a
steady state was reached. Suddenly, the glucose concentration was increased to a normal
level (5 mM). If the initial glucose level was too low (0.01 mM), the uncompartmentalized
cells did not recover when glucose became available (Fig. 6.3A). The cells containing a
glycosome, however, rapidly increased their cytosolic ATP concentration to a normal level
(Fig. 6.3A). At 0.01 mM glucose the cytosolic ATP concentration had dropped to zero,
irrespective of the presence of the glycosome. Consequently, if HK resided in the cytosol, it
had no ATP available to phosphorylate glucose when it was taken up. In contrast, the
glycosomal ATP concentration was high enough to saturate HK, when localized in the
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glycosome (Table 6.1). If the glucose concentration was not lower than 0.05 mM during the
preincubation, the uncompartmentalized cells maintained a sufficiently high ATP
concentration to allow 8 % of the maximal HK activity (Table 6.1). This allowed glycolysis
to start again, albeit hesitantly (note the initial drop in ATP) and more slowly than in cells
with a glycosome present (Fig. 6.3B)
In general the time needed for the transition from one steady state to another does not
only depend on the activities of the enzymes, but also on the size of the metabolite pools
they have to fill [89]. Glycosomes comprise only 4.3 % of the total cellular volume [77].
Consequently, the metabolite pools to be filled are smaller if part of glycolysis is localized
in the glycosome. We wondered whether this volume effect also contributed to the more
rapid transition time of the compartmentalized glycolysis (Fig. 6.3B). This was not the case.
When the glycosomal volume was varied between 50 and 200 % of its normal volume (at
constant concentrations of the conserved sums, either at constant total volume or at constant
cytosolic volume) no effect was observed on the dynamics of the cytosolic ATP
concentration during the transition from 0.05 to 5 mM glucose.

Table 6.1 At a low glucose concentration the ATP concentration can become too low to start up
glycolysis in the absence of the glycosome.
The steady-state adenine nucleotide concentrations were calculated at different extracellular glucose
concentrations. The percentage saturation of HK with ATP was calculated as
100%

[ATP] / KH
Z,Tp

, in which K„14,1 1-p is 0.116 mM and K,F1,!(iimp is 0.126

mPDp
1+ [ATP] / K,HZji-p + [ADP] / Kn,

mM. In the absence of a glycosome the cytosolic concentrations of [ATP] and [ADP] were used and if
HK was localized in the glycosome, the glycosomal concentrations of these compounds were used.
Glycosomal

Cytosolic
[CU]a,,, [ATP] [ADP] [AMP]

[ATP] [ADP] [AMP]

(mM) (mM) (mM) (mM)

(mM) (mM) (mM) % sat. HK

0.01

0.00

0.18

3.82

4.00

0.00

0.00

97

glycosome

0.05

0.08

0.74

3.18

3.99

0.01

0.00

97

without

0.01

0.00

0.00

4.00

0

glycosome

0.05

0.06

0.68

3.25

8

with
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Discussion
Above, consequences of compartmentation of glycolysis, as found in the parasites of
the order Kinetoplastida, have been investigated. This has been done by quantitative
comparison of two models of glycolysis in bloodstream form T. brucei: one with a
glycosome and one in which the glycosomal enzymes and cofactors had been diluted in the
whole cytosol. Here it will be discussed whether the differences between these two
conditions provide clues about a possible function of the glycosome.
The most widespread hypothesis concerning the function of the glycosome proposes
that it serves to maintain a high glycolytic flux [13, 24, 25]. Indeed T. brucei metabolizes
glucose very rapidly as compared to several mammalian cell types, but compared to some
other micro-organisms its glycolysis is not particularly fast (cf. Chapter 1). Furthermore, not
all Kinetoplastids have such a high flux; it may have been an adaptation of some of the
members of this group to their present, parasitic life, long after they acquired their
glycosomes [3]. Finally, the above calculations did not support the hypothesis. Cells with
and without compartmentation of glycolysis consumed glucose almost equally rapidly over
a wide range of blood glucose concentrations (Fig. 6.1). Calculations in chapter 1 have
shown that the glycolytic flux is limited by the catalytic activity of the enzymes rather than
by diffusion of metabolites from one enzyme to the next (Chapter 1). Therefore, diffusion
has been neglected in the present analysis. In a simple, linear metabolic pathway
compartmentation of part of the pathway should not affect the steady-state flux at all, unless
the transport of metabolites across the compartment membrane controls the flux. When the
pathway evolves towards a steady state, the concentration of each metabolite adjusts until
the enzyme producing it and the enzyme consuming it work at equal rates. The metabolite
concentration at which the steady state is reached is then independent of whether the
enzymes are localized in different compartments and, consequently, also the steady-state
flux, expressed per amount of biomass, is independent of compartmentation. In trypanosome
glycolysis, however, the situation is more complicated, since the cytosolic kinases interact
with another adenine nucleotide pool than the glycosomal kinases. The glycosomal ATP
concentration is determined by the balance between its production by PGK and GK and its
consumption by HK and PFK. The cytosolic ATP concentration is balanced by PYK and the
utilization of ATP in free-energy requiring processes. If the glycosomal membrane is
removed, there is only a single ATP concentration, which is balanced by all above processes
together. This explains the slight difference between the glycolytic flux in the presence and
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absence of the glycosomal membrane.
One conspicuous difference between trypanosomes and other eukaryotes is the lack
of regulation of HK and PFK in trypanosomes. Such regulation may serve to prevent futile
cycling due to the simultaneous activity of PFK and fructose-1,6-bisphosphatase.
Alternatively, it may serve to adjust the supply of ATP to its demand or to prevent
unrestrained accumulation of intermediates. Fructose-1,6-bisphosphatase, if present, is
localized in the cytosol, thus preventing futile cycling at the level of PFK and fructose- 1,6bisphosphatase [3, 23]. Inhibition of HK and PFK by ATP would not be an effective way to
adjust the supply and demand of ATP in trypanosomes, since the glycosomal [ATP]/[ADP]
ratio that is sensed by these enzymes, could be very different from the cytosolic
[ATP]/[ADP]. This was also demonstrated by the above calculations (Fig. 6.2D).
Unrestricted accumulation of intermediates occurs especially if enzymes in the beginning of
a pathway are kept far from equilibrium by the continuous investment of ATP. Therefore, a
tight regulation of such enzymes is necessary [145]. Indeed the products of the unregulated
trypanosome HK and PFK were accumulating up to 100 mM, if the glycosomal membrane
was removed. This 'phenotype' was reminiscent of the S. cerevisiae mutant that is unable to
synthesize the HK inhibitor trehalose 6-phosphate [141-144]. The uncompartmentalized
trypanosome and the yeast mutant differed by the fact that the ATP concentration dropped
only transiently in the trypanosome (Fig. 6.3B), while the yeast mutant maintained a low
ATP level as long as the hexose phosphates were accumulating. Possibly, the very weak
product inhibition in the trypanosome model was stronger than that of the yeast HK.
Another explanation may be that the HK activity is relatively high in yeast and, therefore,
contributes more to the total ATP utilization.
Interestingly, if the first part of glycolysis took place in the glycosomes, no
accumulation of hexose phosphates was observed and this was consistent with experiments:
the highest estimated concentrations based on experimental data are 4.4 mM Glc-6-P, 2.4
mM Fru-6-P and 1.9 mM Fru-1,6-BP [27]. The explanation is clear: if localized in the
glycosome the kinase activities were restrained by the decreasing glycosomal [ATP]/[ADP]
ratio. In contrast, if the glycosomal membrane was removed the kinases were stimulated by
the increasing cytosolic [ATP]/[ADP] ratio. Thus the compartmentation of the adenine
nucleotide pool in trypanosomes can substitute for the tight regulation of the kinases in yeast
and mammals.
It has been proposed that the glycosome was acquired as an endosymbiont during the
evolution of the Kinetoplastids [3]. From phylogenetic trees it has been concluded that the
glycosomal enzymes diverged from all other eukaryotes early in evolution [146, 147]. It is
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conceivable that some regulatory mechanisms were already present at that time [3]. While
the core structure of the glycolytic enzymes and their catalytic mechanisms have been
extremely well conserved during evolution, their regulation differs substantially among the
different phylogenetic groups [60]. Possibly, when Kinetoplastids acquired the glycosome,
their glycolytic enzymes were less tightly regulated than the present day enzymes of other
eukaryotes. If so, compartmentation of glycolysis should have given these cells an
advantage over other cells at that time. After acquiring the glycosome, Kinetoplastids may
have lost the then redundant regulation, thereby turning the compartmentation of glycolysis
into an irreversible event.
The investment of ATP in the initial steps of a pathway may not only lead to
overactive first steps, but also to a situation in which the pathway cannot get started due to a
depletion of ATP. This indeed occurred in the model where glycolysis was not
compartmentalized. In contrast, if the first enzymes were localized in the glycosome, the
conserved glycosomal pool of phosphorylated metabolites ensured a sufficiently high local
ATP concentration to utilize the available glucose after a short period of starvation. For T.
brucei this may be relevant, since it does not contain any storage carbohydrates to guarantee
a basal ATP production, if an exogenous carbon source is lacking.
In this study it was assumed that the pool of phosphorylated compounds was
completely conserved, but in reality this pool may be emptied slowly by hydrolysis of, for
example, glycosomal ATP or 1,3-BPGA. If so, this pool can serve as an ATP storage only
transiently. Consistently, T. brucei survives starvation for at most 10-15 minutes. During
longer periods of starvation Kinetoplastids may need storage carbohydrates. Indeed
Leishmania and Crithidia species contain sufficient polymannose (mannan) to survive
several hours of carbon starvation [148, 149].
If extracellular glucose was kept above a critical concentration, the cytosolic ATP
ratio remained high enough to allow the utilization of glucose when its concentration
increased to a normal level, even if no glycosome was present. Yet, the recovery was slower
in the absence of the glycosome. This could be attributed to the low cytosolic ATP
concentration as compared to the glycosomal ATP concentration, which led to a lower
activity of HK when localized in the cytosol. The smaller metabolite pools due to the small
glycosomal volume had a negligible effect on the rate of recovery.
It is difficult to infer from the above results which selective advantage a specialized
glycolytic organelle once offered to the ancestral Kinetoplastids. Yet, two possible functions
of the glycosome in present day trypanosomes were identified in this chapter: (i) it serves as
an alternative to a tight regulation of HK and PFK and (ii) it ensures a sufficiently high ATP
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level to initiate glycolysis after a brief period of starvation. An additional argument in
favour of these functions of the glycosome is that they do not only explain why glycolysis is
compartmentalized, but also why pyruvate kinase is not localized in the glycosome. Thus
the glycosome offers an alternative solution to the dangers connected to the special design of
glycolysis.
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General Discussion
This thesis has dealt with the control of glycolysis in bloodstream form Trypanosoma brucei
and with the consequences of the compartmentation of glycolysis in this organism. In this
chapter I will evaluate to which extent the questions asked in the beginning of this thesis have
been answered. Furthermore I will discuss which new questions have arisen and how they could
be addressed.

The control of trypanosome glycolysis
The central question addressed in this thesis was which steps control glycolysis in
bloodstream form Trypanosoma brucei. This question was addressed by two complementary
methods, i. e. measuring flux control coefficients and mathematical modelling.
Experimentally it was shown that at 5 mM glucose the glucose transporter exerted 30 to
50 % of the control of the glycolytic flux and the pyruvate transporter exerted 10 % (Chapter
5). According to the model of trypanosome glycolysis that was developed in Chapter 2 and
3, the flux control coefficient of the glucose transporter varied between 1 and 0.6, depending

on the blood glucose concentration. At slightly different parameter values the control by the
glucose transporter even dropped to zero. The blood glucose concentration varies between 4
and 8 mM. By combining the two methods it may be predicted that the flux control
coefficient of the glucose transporter varies around 0.4 under physiological conditions,
being maximal at the lowest glucose concentration.
In an ideal metabolic pathway the sum of the flux control coefficients of all enzymes
should be 1. The model predicted that the remaining control was exerted by the enzymes
ALD, GAPDH, PGK and GDH. Enzymes that are often referred to as 'key enzymes' such as
HK, PFK and PYK, did not have substantial flux control. Although the main purpose of
glycolysis is to supply the cell with ATP, the processes utilizing ATP did not control the
glycolytic flux at all. This was due to the fact that the ATP producing module (glycolysis)
was extremely insensitive to the cytosolic [ATP]/[ADP] ratio (as was shown by modelling
in Chapter 3), while the rate of ATP utilization depended strongly on this ratio (as was
found experimentally in Chapter 5).
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It may seem as if the control of trypanosome glycolysis has been fully elucidated. In
the model of trypanosome glycolysis, however, some simplifications were made, which may
influence the results. First, it was assumed that those metabolites that need to be transported
across the glycosomal membrane, had equilibrated completely across this membrane. Since
the glycosomal membrane is not freely permeable to metabolites, it may be expected that
there are glycosomal transport proteins for glucose, 3-phosphoglycerate, Gly-3-P and
DHAP. These transporters may exert (part of) the remaining control. Since these
transporters have not been identified yet, it is impossible to investigate their control
properties directly. A way out of this dilemma is to consider the glycosomal enzymes
together as a monofunctional unit. They fulfil all the conditions for being such a unit [87]:
1. There are no metabolites outside the glycosome affecting reactions inside the glycosome.
This is true since the glycosomal membrane is not freely permeable to metabolites.
2. There are no conserved sums exceeding the boundaries of the glycosome. This is true if
Gly-3-P and DHAP are transported by an exchanger, as was assumed in Chapter 3.
Otherwise the mitochondrial reaction catalysed by GPO should be included in the
monofunctional unit.
3. There should be only one independent flux linking the glycosomal reactions to the rest of
trypanosome metabolism. This is true under strictly aerobic or anaerobic conditions. At
intermediate oxygen levels there are two independent fluxes branching at Gly-3-P, either
to GK or to GPO.
If the glycosomal enzymes function as a monofunctional unit, the ratios of their flux control
coefficients are independent of shifts in control properties outside the unit, if the flux
remains the same [150]. If at the same flux part of the control is exerted by the glycosomal
transporters, the control coefficients of the glycosomal enzymes decrease proportionally.
The advantage of this property is that the flux control coefficient of only one of the
glycosomal enzymes needs to be measured and the others can be estimated from the model
provided that the latter is correct.
Within the glycosome the enzyme concentrations are very high, in some cases even
as high as the concentrations of their substrates (see Chapter 1). This may have special
consequences, which were neglected in our analysis until now. An assumption underlying
the enzyme kinetics used in the model is that the free metabolite concentrations are not
affected by the binding of metabolites to the enzymes. As the real glycosomal enzyme
concentrations are of the same order of magnitude as their substrate concentrations, such
sequestration of metabolites should take place. If the sequestration affects coenzymes (or,
strictly speaking, moiety conserved sums), this has implications for calculated steady-state
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fluxes, free concentrations and control properties. Under these conditions a control
coefficient may depend on whether a competitive or a non-competitive inhibitor is used to
measure it [49]. Furthermore, the high concentrations of macromolecules inside the
glycosome may promote the formation of enzyme-enzyme complexes and the channelling of
metabolites. In Chapter 1 it was argued that channelling is not required to overcome a
diffusion limitation. However, it has not been excluded that it occurs. Also channelling may
affect the flux control coefficients [49]. One could investigate the effect of enzyme-enzyme
interactions on the control of the flux in the following way. The glycosomal enzymes can be
co-purified [27] and control analysis of this truncated pathway can be performed by titrating
with single purified glycosomal proteins. All of these enzymes have been purified. The sum
of the control coefficients can be measured by varying the concentration of the glycosomal
extract. Enzyme-enzyme interactions can be stimulated by mimicking macromolecular
crowding by addition of polyethylene glycol or other inert macromolecules [151]. If
enzyme-enzyme interactions affect the control distribution, the control coefficients should
be different with and without polyethylene glycol. In the absence of polyethylene glycol the
sum of the flux control coefficients should be 1, but it may change if enzyme-enzyme

interactions occur. A similar approach was used to investigate the importance of complex
formation in the glucose phosphotransferase system of E. coli and it was demonstrated that
the sum of the control coefficients depended on the presence of polyethylene glycol [152].

It may be possible to measure the flux control coefficient of GAPDH by titration with
the inhibitor 3-bromopyruvate [58]. When inhibitors of other glycosomal enzymes, if
available, will be used, it should be tested whether they are specific for a single enzyme. An
alternative method is to modulate the expression of the corresponding gene in a controlled
way. For T. brucei a tetracycline-inducible expression system has been developed allowing
the modulation of the expression of a reporter gene over four orders of magnitude [153].

This method has been applied to express the gene encoding the cytosolic PGK isoenzyme in
bloodstream form of T. brucei, while wild type cells express this gene only in the insect
stage [4]. The two methods of measuring control coefficients, inhibitor titration and

modulation of gene expression, both have their specific advantages and disadvantages.
Moreover, they may give different answers. Inhibitors are not always specific for a single
enzyme. Also it is often difficult to determine the direct effect of the inhibitor on the enzyme
of interest in vivo. The effect of a competitive inhibitor, for instance, depends on the actual
intracellular or, in case of a glycosomal enzyme, intraglycosomal concentrations of
products, substrates and the inhibitor itself. If a glycosomal and a cytosolic isoenzyme are
present, the activity assay must discriminate between them. When gene expression is
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modulated, the two activities can be resolved by the isolation of glycosomes [27]. When a
reversible inhibitor is used the inhibition is likely to change during the isolation. The most
important difference between the two methods is the time-scale of the experiment. Often the
effect of an inhibitor can be measured immediately, while the effect of modulation of gene
expression can only be investigated after culturing the cells. During growth the cells may
adapt by changing the expression of other genes as well. For example, modulation of the
expression of the gene encoding the bloodstream form glucose transporter (THT1) might be
compensated for by changing the expression of the insect form glucose transporter (THT2).
A similar effect was found in E. coli where the cells appeared to compensate for modulation
of the expression of the W-ATPase by changing the expression of cytochromes [154, 155].
To validate the type of model developed in Chapter 2 and 3, inhibitor titrations are most
appropriate, since the model is limited to the metabolic level. Differences between the two
types of control coefficients may yield information about hierarchical regulatory loops [88].

Implications for drug design
One of the ultimate goals of the work described in the previous chapters is to improve
the selectivity of drugs against African sleeping disease by identifying target enzymes with a
high flux control coefficient in the parasite and a low flux control coefficient in the host
cells. In bloodstream form T. brucei the glucose transporter exerted 30 to 50% of the control
(Chapter 5) and it even gained all control upon inhibition (Chapter 3). Inhibition of the
glucose transporter is probably the most effective way to inhibit trypanosome glycolysis. It
is only a promising drug target, however, if either the structure of the trypanosome glucose
carrier differs substantially from the mammalian glucose carriers, so that sufficiently
specific inhibitors can be designed, or if the glucose transporter has only little flux control in
mammalian cells and does not rapidly gain control upon inhibition. The first criterion,
differences between the structures, may be relatively difficult to investigate, since
membrane proteins are more difficult to crystallize than water soluble proteins. The flux
control coefficient of the erythrocyte glucose carrier can be determined by extending the
existing model of erythrocyte metabolism [66] with the measured kinetics of the glucose
carrier [136]. In addition this flux control coefficient could be measured by titration with
one of the inhibitors phloretin or cytochalasin B [136]. A concern is the possible adaptation
of the trypanosomes to an inhibitor of glucose transport. If the bloodstream form is exposed
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to an inhibitor of THT1, it may adapt by expression of THT2. Therefore, an inhibitor that
recognizes both glucose carriers, may be most effective.
An attractive alternative is to apply a cocktail of compounds inhibiting those steps
that have the remaining flux control (probably ALD, GAPDH, PGK, GDH and pyruvate
transport). Since the measured control by the glucose transporter was lower than was
expected on the basis of model calculations, this approach has better perspectives than was
predicted in Chapter 3. In particular GAPDH and PGK are promising targets because their
crystal structures are known [37-39] and against GAPDH good lead compounds are
available already [40] (see also Chapter 1). A cocktail of inhibitors against these enzymes
has two advantages. First, these enzymes can be inhibited by more than 95 % in the
erythrocyte without any clinical symptoms [66]. Secondly, the use of cocktails of inhibitors
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Figure 7.1 The simulated effect of competitive inhibitors of GAPDH and PGK on the steady-state
glycolytic flux of T. brucei. The steady-state flux was calculated by using the model described in Chapter 2,
with the modifications of Chapter 3. The following rate equation was used for GAPDH and PGK in the

presence of a competitive inhibitor: v = V+

S, S2 V- P1 P2
Ksi Ks2 V+ KPH Kp2
(14. Si
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represent [GA-3-P], [NADI, [1,3-BPGA] and [NADH], respectively, in the equation for GAPDH, and
[1,3-BPGA], [ADP], [3-PGA] and [ATP], respectively, in the equation for PGK. In panel A the glycosomal
sum of the concentrations of the adenine nucleotides (C,) was 6 mM and the glycosomal sum of [NAV] and
[NADH] (CO was 4 mM. In panel B C, was decreased to 1 mM if PGK was inhibited, C3 was decreased to 1
mM if PGK was inhibited and both C, and C3 were 1 mM if both enzymes were inhibited.
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should slow down the occurrence of resistant parasite populations [34, 35].
On the basis of the model described in Chapter 2, others have argued that the
possibilities of killing trypanosomes by inhibition of steps in their glycolysis are very poor
[133]. One of the reasons is that most inhibitors are competitive and the cell will
automatically increase the concentrations of competing metabolites to overcome the
inhibition. These authors assumed, however, that intracellular inhibitor concentrations could
not increase above their K., which is too pessimistic. The most effective adenosine analogue
known has a K, as low as 100 nM for Leishmania GAPDH, without any effect on human
GAPDH up to the solubility limit, and even more effective inhibitors are expected soon (M.
Gelb, personal communication). Furthermore, the problem of increasing substrate
concentrations may be solved by using inhibitors that compete with coenzymes or other
substances involved in conserved sums, so that the increase of the concentrations of the
competing metabolites is limited. In Fig. 7.1 the predicted effects of a GAPDH inhibitor
competing with NADH and NAD+ and a PGK inhibitor competing with ATP and ADP are
shown. These compounds inhibited the flux most effectively, if the corresponding coenzyme
concentrations were low (Fig. 7.1B). The real concentrations of these coenzymes are
unknown. A combination of the two compounds inhibited the flux most strongly. These
results suggest that a combination of these compounds together with inhibition of the
biosynthesis or glycosomal import of the coenzymes may be very effective.
The identification of promising drug targets by comparison of the flux control
coefficients in the host cells and in the parasite, may prove to be a method with a wide
applicability, especially when the differences between the host and the parasite are very
subtle. The same method could be used, for example, to identify the best targets in
Leishmania species and in Trypanosoma cruzi. In contrast to T. brucei bloodstream cells,
these organisms contain Krebs cycle enzymes and functional respiratory chains. T. cruzi
bloodstream trypomastigotes, for instance, convert glucose to CO2, succinate, acetate and
minor amounts of L-lactate [156]. This not only complicates the analysis, but possibly also
distributes the flux control over more enzymes, each individual enzyme having a lower flux
control coefficient. The analysis can be simplified by using a modular approach. The freeenergy metabolism of Leishmania and T cruzi can be divided in the following three
modules: pyruvate production, mitochondrial pyruvate metabolism and ATP utilization.
From the measured or calculated elasticity coefficients of the three modules with respect to
pyruvate and the cytosolic [ATP]/[ADP] ratio, the flux control coefficients of the three
modules can be determined by the matrix inversion method [43, 157-160]. Depending on the
results a more detailed analysis of the module with the highest flux control may be carried
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out.
Even a step further is control analysis of the glycolytic pathway of Plasmodium, the
malaria parasite. When living inside the erythrocyte, this parasite converts glucose almost
entirely to lactic acid, as does its host cell. Infected red blood cells consume glucose ten- to
hundredfold more rapidly than uninfected cells [161, 162]. This increase of the flux was, at
least partly, explained by an increase of glycolytic enzyme activities, which were attributed
to distinct parasite enzymes [161, 162]. Most of the glycolytic genes from Plasmodium
falciparum have been cloned. The lowest amino acid identities to human homologues were
reported for HK (26%) [163], PGI (34%) [164] and lactate dehydrogenase (30%) [165].
Also the crystal structures of Plasmodium TIM [166] and lactate dehydrogenase [167]
yielded several key differences compared to human homologues that could be used to
develop new therapeutic leads. Before a mathematical model of Plasmodium glycolysis
comparable to the T brucei model can be made, the kinetics of most of the enzymes must
still be measured. Control analysis of the parasite glycolysis is further complicated, because
the parasite lives inside the host cells and depends on local substrate concentrations. On the
other hand, the differences between the host and its parasite may prove to be so small that
the additional selectivity offered by metabolic control analysis is essential.

Modelling as a tool for understanding of metabolism
A large part of the results described in this thesis was based on mathematical
modelling. To answer a question such as how the control of trypanosome glycolysis is
distributed, a detailed, quantitative model is almost indispensable. The alternative is to
measure all control coefficients by varying all individual enzyme activities and run the risk
that most of them are zero. However, even if a good model is available, important model
predictions should be validated. In the case of trypanosome glycolysis the flux control
coefficient of the glucose transporter could not be predicted reliably and it was, therefore,
measured. In fact the control coefficients of all enzymes that are predicted to exert
substantial control, should be measured and the results should be compared to the model
predictions. Only if experiments and model fully agree, we can state that we understand
trypanosome glycolysis quantitatively. This will probably entail several rounds of measuring
and model refinement. Another method to verify our understanding of control of
trypanosome glycolysis (or other metabolic pathways) is to compare the control coefficients
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measured directly by modulating the activity of an enzyme, to the control coefficients
obtained by the matrix method [157, 159]. In the latter method all relevant elasticity
coefficients are determined from in vitro or, if possible, in vivo enzyme kinetics and in vivo
metabolite concentrations. The control coefficients are then calculated by using the theorems
of metabolic control analysis [168]. This method relies on the assumptions (i) that all control
resides in the enzymes that are included in the analysis and not in any neglected branches,
and (ii) that all regulatory loops are included. If these assumptions are not fulfilled the
results of the matrix method may differ from direct measurements and thus yield new insight
in missing regulatory loops or the importance of branches in metabolism.
Modelling can also be used to increase our qualitative understanding of metabolism.
Examples in this thesis are the inhibition of initial glucose influx by glycerol and the
consequences of compartmentation of glycolysis. For such questions one may use less
detailed models, as long as essential features are retained. With a simple core model Teusink
et al., for instance, demonstrated the importance of regulation of the first steps in metabolic
pathways in which ATP is invested before net production of ATP takes place [145]. Also in
the aforementioned case of glycerol inhibition, there was only a qualitative agreement, while
the glycerol concentration required for inhibition differed between model and experiment.
Yet, this simulation served to demonstrate how indirect, metabolic effects can account for
the observed inhibition, although it does not prove this mechanism. The trypanosome model
lacking the glycosome provided us with possible answers to the question as to what might
occur, if the cells had no glycosomes, and gave us some clues about a possible function of
the organelle. It was shown that cells without glycosomal membranes might accumulate
hexose phosphates to very high concentrations. This could be prevented by a tighter
regulation of the HK and PFK, demonstrating that compartmentation of glycolysis is an
alternative to regulation of these kinases. Furthermore, the glycosome may serve as an ATP
storage to enable T. brucei to start up glycolysis after a brief period of starvation, even in the
absence of storage carbohydrates. Why Kinetoplastids have chosen for one solution and
most other cell types for another, remains a question for further research.
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