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ABSTRACT The rate of glucose transport across the
plasma membrane of the bloodstream form of Trypanosoma
brucei was modulated by titration of the hexose transporter
with the inhibitor phloretin, and the effect on the glycolytic
f lux was measured. A rapid glucose uptake assay was devel-
oped to measure the transport activity independently of the
glycolytic f lux. Phloretin proved a competitive inhibitor. When
the effect of the intracellular glucose concentration on the
inhibition was taken into account, the f lux control coefficient
of the glucose transporter was between 0.3 and 0.5 at 5 mM
glucose. Because the f lux control coefficients of all steps in a
metabolic pathway sum to 1, this result proves that glucose
transport is not the rate-limiting step of trypanosome glyco-
lysis. Under physiological conditions, transport shares the
control with other steps. At glucose concentrations much
lower than physiological, the glucose carrier assumed all
control, in close agreement with model predictions.

Trypanosoma brucei is a unicellular, eukaryotic parasite that
causes African sleeping sickness in humans. For its carbon and
free-energy metabolism, this organism depends entirely on gly-
colysis. Drugs against this organism may therefore be targeted at
its glycolytic enzymes. One of the main challenges is the design of
selective drugs, which do not only kill the parasite, but leave the
host cells unharmed. We have proposed that Metabolic Control
Analysis can be used as a tool to increase the selectivity of drugs
(1, 2). The idea is that inhibiting an enzyme that controls the flux
in the parasite to a great extent, but that does not, or to a lesser
extent, control the flux in the host cells, should increase the
selectivity of drugs.

Metabolic Control Analysis (3–6) offers a method to de-
termine quantitatively to what extent an enzyme or transporter
controls a metabolic f lux. The control exerted by an enzyme
on a steady-state flux can be determined by modulating the
activity of that enzyme, at constant activities of all other
enzymes. The flux control coefficient is operationally defined
as the relative change of the flux divided by the relative change
of the modulated enzyme activity (cf. Eq. 1, below). If the flux
changes proportionally to the enzyme activity, this enzyme is
truly rate-limiting, and its f lux control coefficient is 1. If an
enzyme has a flux control coefficient of 0, it does not control
the flux at all. Experimentally determined flux control coef-
ficients have been anywhere between 1 and 0 (7–9) and, in
some cases, in branched pathways, 21 (3). In an ideal meta-
bolic pathway, the sum of the flux control coefficients of all
enzymes is always 1 (10, 11). From the perspective of Meta-
bolic Control Analysis, an enzyme is a promising drug target

if it has a high flux control coefficient in the parasite but a low
flux control coefficient in host cells.

The transport of glucose into the cell has been viewed as the
rate-limiting step of T. brucei glycolysis (12–15). However,
compelling evidence is lacking (1). When the more precise
Metabolic Control Analysis was used, it became clear that the
concept of a single ‘‘rate-limiting step’’ does not apply to
trypanosome glycolysis (2).

Calculations, based on the available enzyme kinetics, showed
that glucose transport need not be the rate-limiting step of
glycolysis in the bloodstream form of T. brucei (2). At low glucose
concentrations (i.e., ,4 mM), the glycolytic flux was indeed
controlled by glucose transport. When going from 4 to 8 mM
blood glucose, however, a proportion of control shifted to other
enzymes in the glycolytic pathway (2). At the normal blood
glucose concentration of 5 mM, the calculated flux control
coefficient of the glucose transporter depended strongly on the
kinetic parameters of the transporter and the glycolytic enzymes.
Because these are known to finite accuracy, it was impossible to
predict at which glucose concentration the transporter lost the
control of the flux and how control was distributed under
physiological conditions. Therefore, we here measured the flux
control coefficient of the T. brucei glucose transporter directly.

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 (8, 16). In no eukaryotic cell has the control exerted
by a glucose transporter on the glycolytic f lux been determined
directly: i.e., by varying the amount or activity of the trans-
porter. In perfused rat heart, the control of glucose use was
determined indirectly from in vivo concentrations of glycolytic
intermediates and in vitro enzyme kinetics. The glucose trans-
porter (Glut4) was thus predicted to have substantial f lux
control in the absence of insulin but to lose control on
stimulation by this hormone (17). In muscle cells, the rate of
glycogen synthesis was controlled by either glucose transport
or hexokinase, or by these steps together (18). Direct mea-
surement of the control exerted by glucose transport is com-
plicated by the multiplicity of glucose-transporter genes in
most eukaryotes (19, 20) and by the fact that manipulation of
their expression is more difficult than in enteric bacteria.
Furthermore, inhibitors of glucose transport, if available, are
often competitive, and their direct effect on the transporter
does not only depend on the extracellular glucose concentra-
tion but also on the intracellular glucose concentration.

Glucose enters bloodstream-form T. brucei by facilitated
diffusion (21, 22). Many inhibitors of this process are available
(13, 15). To determine the flux control exerted by the trans-
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porter, the inhibition of the transport rate and of the steady-state
flux have to be measured in separate, independent experiments.
In previous studies, the steady-state glucose consumption flux
was used to characterize the kinetics of the glucose transporter
(15, 23). The assumption underlying these studies was that
glucose transport is the rate-limiting step of trypanosome glyco-
lysis. Because precisely this assumption is the object of our
investigations, this method could not be used here. Ter Kuile and
Opperdoes avoided this assumption when they measured the
uptake of radiolabeled D-glucose over 7.5 seconds by centrifu-
gation through oil (14). The measured zero-trans uptake rate,
however, was lower than the steady-state glucose consumption
flux (14, 15), demonstrating that these measurements underesti-
mated the zero-trans-uptake rate. Perhaps the increase of the
intracellular substrate concentration during the uptake assay
inhibited further influx or caused efflux (24–26). This problem
may be avoided by measuring the uptake of glucose over a shorter
time period (25).

Here we have used phloretin, a competitive inhibitor of
glucose transport into trypanosomes, to investigate experimen-
tally whether the glucose transporter fully controls the glyco-
lytic f lux under physiological conditions or whether it shares
the control with other steps. To deal with the aforementioned
complications, a new, more rapid assay of glucose transport has
been used, and the effect of intracellular glucose has been
analyzed quantitatively. We show that the flux control coef-
ficient of the T. brucei glucose transporter is between 0.3 and
0.5 at 5 mM of blood glucose and even increases at lower
glucose concentrations. This makes glucose transport a prom-
ising target for antitrypanosomal drugs.

MATERIALS AND METHODS
Chemicals. D-[U-14C] glucose was from Amersham Phar-

macia. Phloretin (3-[4-hydroxyphenyl]-1-[2,4,6-trihydroxyphe-
nyl]-1-propanone) was from Sigma. A phloretin stock solution
was prepared in 70% ethanol. The final ethanol concentration
in cell suspensions was ,1% and did not affect the results.

Cultivation of Trypanosomes. All experiments were per-
formed on the bloodstream form of T. brucei 427. Male, 300-g
Wistar rats were infected with T. brucei, and, after 4 days, the
parasites were isolated from the blood by DEAE-cellulose chro-
matography (DE52, Whatman) (27). The cells were washed by
centrifugation, were resuspended in a 90 mM TriszHCl buffer
containing 2.5 mM KCl, 77.5 mM NaCl, 5 mM MgCl2, 2 mM
Na2HPO4, and 50 mM glucose at pH 7.5 (to be referred to as
buffer A, modified from ref. 28), and were 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 mea-
sured by a filtration technique modified from a method to
measure glucose uptake in Saccharomyces cerevisiae (29). An
aliquot of cells was washed three times by centrifugation at 4°C
and was resuspended in a 90 mM TriszHCl buffer, which had been
thermostated at 37°C and contained 3.1 mM KCl, 96.9 mM NaCl,
5 mM MgCl2, 2 mM Na2HPO4, and 2 mM glycerol at pH 7.5. The
cells were incubated at assay temperature and were aerated for 1
minute. The trypanosomes suspension (50 ml) and D-[U-14C]
glucose (12.5 ml, at 53 the final concentration) were mixed and
incubated for ;5 seconds (measured accurately to 0.1 second).
Uptake was terminated by quenching 50 ml in 10 ml of buffer A,
maintained below 0°C on a salt-ice mixture. Cells were rapidly
collected by filtration on a glass microfibre filter (Whatman
GFyC). 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 by adding the labeled glucose
directly to the quenching buffer before the cells were added
separately. The blanks were further treated as samples. The
glucose concentration in the stock solution was measured by

NADH-linked enzymatic analysis (30) in an automatic analyzer
(COBAS FARA, Roche, Gipf-Oberfrick, Switzerland). Each
aliquot of washed cells was used for duplicate experiments. The
cells entered the scintillant within 3 minutes after resuspension.
If the washed cells were used for triplicate experiments, the
transport rate in the third experiment was lower because of a
deterioration of the cells after depletion of the carbon source,
glycerol, from the suspension. The protein concentration was
measured according to Lowry et al. (31) in each aliquot of cells
(typically 5–7 mgyml). Because the buffer weakly interfered with
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
milligram of protein was counted under the microscope: 1.94 3
108 cells per mg protein.

In the new assay, a low concentration of glycerol (2 mM) was
provided as a carbon source during incubation of the cells before
the addition of labeled glucose. This was important to maintain
viability in the absence of glucose. The low glycerol concentration
should not affect glucose transport significantly because no direct
interaction of glycerol with the transporter has been demon-
strated (13, 14). The most important modification of the rapid
assay from the way it has been applied to yeast (29) was that the
filter on which the cells were collected was not washed. Previous
attempts to measure glucose uptake by filtration failed because
the trypanosomes were damaged in the procedure (32). Because
trypanosomes can stand vortexing and centrifugation, our hy-
pothesis was that the damage occurred on drying of the filter. If
the filter was washed, the measured ‘‘uptake rate’’ decreased by
90% compared to if the filter was not washed. Consistently, cell
counting revealed that only 10% of the cells could be recovered
intact from the filters. For measuring glucose uptake into try-
panosomes, washing away of adherent glucose is not essential.
First, glucose does not seem to adhere to the trypanosome’s
surface coat, as it does to the yeast’s cell wall. Secondly, their
glucose uptake system has a higher affinity for glucose, so that
lower concentrations were used than with yeast. At lower glucose
concentrations, the signal-to-blank ratio became higher. Any
extracellular glucose adhering to the filter or to the cells was
corrected for by the blanks. The lowest signal to blank ratio (at
20 mM glucose) was 2.

For comparison, the silicone-oil-centrifugation assay of
transport also was performed (14). The method of Ter Kuile
and Opperdoes (14) was used, except that the cells were
incubated for only 5 seconds with radioactive glucose, rather
than for 7.5 seconds or longer. When the inhibition of glucose
transport by phloretin was measured, the inhibitor was added
together with the radiolabeled glucose.

Flux Measurements. An aliquot of cells was washed three times
by centrifugation at 4°C and was resuspended in a 90 mM
TriszHCl buffer (pH 7.5) containing 3.1 mM KCl, 96.9 mM NaCl,
5 mM MgCl2, 2 mM Na2HPO4, and the indicated concentration
of glucose at 37°C. The rate of oxygen consumption was moni-
tored in a thermostated vessel with a Clark electrode. Part of the
cells was used to measure oxygen consumption, and the rest was
used for protein determination, as described above. Phloretin was
added to cells when they were consuming oxygen at steady state.
A new steady state was obtained rapidly. For determination of the
concentrations of other metabolites, the cells were kept in an
open, thermostated vessel and were aerated by bubbling 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 ml of the cell suspension into 37.5 ml of 15%
perchloric acid. Samples were vortexed, were centrifuged (5
minutes, Eppendorf table centrifuge, full speed), were neutral-
ized by mixing 80 ml of supernatant with 45 ml of 1 M K2CO3, and
were centrifuged again. The pH of the resulting supernatants was
checked with pH paper (pH 7–8). They were stored at 220°C
until further analysis within a week. Glucose, pyruvate, and
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glycerol were measured by NADH-linked analysis (30) in an
automatic analyzer (COBAS FARA, Roche).

Control Coefficients. The flux control coefficient of a step
i is defined as

Ci
J 5

~dlnJydp!ss

~­lnviy­p!stepi
, [1]

in which J is the steady-state flux, p is a parameter that only
affects the activity of step i, and vi is the activity of step i.

To measure the flux control coefficient of the glucose
transporter, a specific inhibitor of this step, phloretin, was
used. The effect on the oxygen consumption flux was mea-
sured, and the effect on the transport rate was calculated from
measured inhibition kinetics at constant concentrations of all
other metabolites (in particular, at constant intracellular glu-
cose). The flux was plotted against the transport activity (as a
fraction of the uninhibited value), and the flux control coef-
ficient was calculated as the slope of the curve at 100% (i.e.,
uninhibited) transport activity. When the effect of phloretin
was studied at a low concentration of glucose, the analysis was
complicated by substantial decrease of the glucose concentra-
tion during the measurements, causing decrease of the flux. To
calculate the effect of phloretin on the flux, a reference trace
was recorded in the absence of the inhibitor. Because phloretin
competed with glucose, 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 based on the fact that trypanosomes
consume one molecule of glucose per molecule of oxygen (33).

RESULTS
The Kinetics of Glucose Transport. The glucose transport

assay used in this paper was based on filtration of the cells,
allowing a shorter incubation of the cells with the radiolabeled
glucose and a more accurate timing than in the silicone-oil-
centrifugation assay (14). The Vmax measured after a 5-second
incubation exceeded the Vmax for a 7.5-second silicone-oil-
centrifugation assay (14). It was high enough to explain the
steady-state flux at saturating substrate concentration (Table 1).
The Km was lower in the new, more rapid filtration assay than in
the 7.5-second centrifugation assay (Table 1), implying that the
underestimation of the rate by the 7.5-second assay is most
significant at low glucose concentrations. This lower Km corre-
sponds better to the inhibition constant of glucose (0.90 6 0.04
mM) with respect to the transport of the nonmetabolizable
analogue 6-deoxy-D-glucose (13). For comparison, the silicone-
oil centrifugation method was performed at 5-second time scale.
The results of this more rapid centrifugation assay corresponded
to those of the new filtration assay (Table 1).

Phloretin Inhibits Glucose Transport Competitively. The
activity of the glucose transporter was modulated by titration

with phloretin, a general inhibitor of facilitated diffusion
transporters. This compound inhibited the erythrocyte glucose
carrier competitively (34). On the contrary, phloretin has been
reported to be a noncompetitive inhibitor of glucose transport
in bloodstream form T. brucei. However, this conclusion was
based on steady-state measurements rather than on initial
transport experiments, and no numbers were reported (15).
We reexamined this issue by using the 5-second glucose
transport assay. Phloretin increased the apparent Km for
glucose without any effect on the Vmax (Fig. 1). We conclude
that phloretin is a competitive inhibitor of the trypanosome
glucose transporter, with a Ki of 21 mM (Fig. 2).

Inhibition of the Glycolytic Flux by Phloretin. Subsequently,
the effect of modulation of the glucose transport activity on the
glycolytic flux was measured. Already low concentrations of
phloretin decreased the steady-state rate at which trypanosomes
consumed oxygen (Fig. 3). Under aerobic conditions, blood-
stream-form trypanosomes convert all glucose to pyruvate, with
the concomitant consumption of one molecule of oxygen per
molecule of glucose (33). Therefore, the rate of oxygen consump-
tion is a measure of the steady-state glycolytic flux. Trypano-
somes can, however, convert part of the glucose to glycerol
without using oxygen. Normally this only happens under anaer-
obic conditions. Indeed, also in the presence of phloretin, the
glucose was still fully converted to pyruvate (Fig. 4).

The Glucose Transporter Partly Controls the Glycolytic Flux
at a Physiological Glucose Concentration. 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 should equal
the effect on the zero-trans influx, and the flux control by the
carrier should be complete. At low concentrations, intracellular
glucose might reduce the steady-state flux to below the zero-trans
rate and reduce the flux control by the transporter to below 1 but
not yet affect the inhibition of the carrier by phloretin. In a first
approximation, this was assumed to be the case. At low extra-
cellular glucose concentration (0.36 mM), the glucose consump-
tion flux was almost proportional to the glucose transport activity
(Fig. 5). The slope of this curve should represent the flux control
coefficient of the glucose transporter. At a physiological extra-
cellular glucose concentration (5 mM), the flux was much less
sensitive to inhibition of the glucose transporter (Fig. 5), implying
that, in this case, the flux control coefficient was lower. When the
slopes of the curves in Fig. 5 were evaluated at 100%, the
calculated flux control coefficients were 1.2 and 0.42 at 0.5 and
5 mM of glucose, respectively.

In a second approximation, the possible effect of the intracel-
lular glucose concentration on the inhibition by phloretin was
taken into account in the determination of the flux control
coefficient. At extracellular glucose concentrations of up to 5

Table 1. The glucose transport characteristics as determined with different methods at 37°C

Method
Apparent Vmax,

nmolzmin21zmgzprotein21 Apparent Km, mM

Transport Filtration, 5 seconds 167 6 11 (n 5 6) 1.2 6 0.2 (n 5 6)
Centrifugation through oil, 5 seconds 151 6 7 (n 5 6) n.d.
Centrifugation through oil, 7.5 seconds 91.6* 2.0*

Flux Steady-state O2-consumption rate 170 6 6 (n 5 15)

For comparison, the maximal steady-state O2-consumption rate at saturating (50 mM) glucose concentration at 37°C is given. The
standard errors of the mean in the filtration experiment and the oxygen consumption experiment are based on n completely
independent experiments, with cells isolated from different rats. In each independent replicate of the filtration experiment, the Vmax
and the Km were obtained by nonlinear regression from a data-set of at least six points, between 0.1 and 20 mM extracellular glucose,
measured in duplicate. Average 6 standard error of the mean of n such independent Vmax and Km determinations are given. The
Vmax of the 5-second centrifugation experiment was measured as the rate of glucose transport at 5.2 mM glucose. Here, n replicates
were performed with cells isolated from a single rat. n.d., not determined.
*From ref. 14.
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mM, the measured intracellular glucose concentration was pro-
portional to the extracellular glucose concentration (14).

An equation describing the effect of phloretin on the
steady-state transport kinetics was derived by using the King–
Altman method (42, 43). According to the 4-state carrier
model (24), the net steady-state uptake rate is

v 5

Vmax
f z

@S#out

Km,out
2 Vmax

r z
@S#in

Km,in

1 1
@S#out

Km,out
1

@S#in

Km,in
1 az

@S#out

Km,out
z
@S#in

Km,in

. [2]

FIG. 2. The inhibitor constant of phloretin is 21 mM. The apparent
Km of zero-trans-glucose influx depended linearly on the inhibitor
concentration. The inhibitor constant Ki was derived from this curve by
using the equation Km

app 5 Km(1 1 [phloretin]yKi). Each data point was
obtained by linear regression of a complete Michaelis–Menten curve,
containing at least 6 points between 0.1 and 20 mM glucose (or 40 mM
glucose in the presence of phloretin), measured in duplicate. The stan-
dard deviation was obtained from the nonlinear regression procedure.
Independent experiments with different isolates were treated as individ-
ual data points.

FIG. 4. Glucose is fully converted to pyruvate under aerobic
conditions in the presence of phloretin. Glucose (Œ), pyruvate (■), and
glycerol (F) have been monitored both in the absence (A) and presence
(B) of 100 mM phloretin. The sum of the concentrations of these
compounds (2 [glucose] 1 [pyruvate] 1 [glycerol], indicated by 3)
slightly increased, probably because of the evaporation of water from
the incubation vessel. The cell densities were 3.3 mg proteinyml (A)
and 2.5 mg proteinyml (B), respectively.

FIG. 1. Phloretin inhibits zero-trans-glucose influx competitively.
Glucose transport was measured rapidly (5 seconds) in the absence (F)
and presence (■) of 45 mM (A) or 91 mM (B) phloretin. The full lines
represent the fitted Michaelis–Menten curves. A, no phloretin: Vmax 5
169 6 2 nmolzmin21zmgzprotein21 and Km 5 0.73 6 0.01 mM. A, with
phloretin: Vmax 5 169 6 9 nmolzmin21zmgzprotein21 and Km 6 2.99 6
0.36 mM. B, no phloretin: Vmax 5 198 6 12 nmolzmin21zmgzprotein21 and
Km 5 1.85 6 0.38 mM. B, with phloretin: Vmax 5 193 6 5
nmolzmin21zmgzprotein21 and Km 5 6.35 6 0.39 mM. In the absence of
phloretin, ethanol was added to correct for any solvent effect. The data
in A were obtained with one batch of cells, isolated from a single rat. The
data in B were measured with another batch of cells, obtained from a
different rat.

FIG. 3. The steady-state oxygen consumption flux as a function of the
phloretin concentration at 0.36 (■, h) and at 5 mM glucose (F, E). The
open and closed symbols represent independent experiments that were
carried out with two batches of trypanosomes, isolated from different rats.
Each datapoint represents average 6 standard deviation of at least three
replicates.
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in which [S]out and [S]in are the extracellular and intracellular
glucose concentrations, respectively. Vmax

f and Vmax
r are the

forward and reverse Vmax values. Km,out and Km,in are the Km’s
for influx and efflux of glucose, respectively, and a is a
constant factor that distinguishes the kinetics of the 4-state
carrier from reversible Michaelis–Menten kinetics.

A competitive inhibitor that binds to the carrier on the
outside affects not only Km,out, but also Vmax

r , Km,in, and a. This
inhibition is described by two inhibition constants: Ki1 which
was measured above, and Ki2. Ki2 was not measured. Theo-
retically, the ratio of these inhibition constants, Ki2yKi1, can
assume any value between 0.5 and infinity. Details are pub-
lished as supplemental data on the PNAS web site,
www.pnas.org.

The derived equation contains one unknown parameter
(Ki2yKi1). This parameter was varied between its theoretical
boundaries. Again, the effect of phloretin on the glucose
transport rate was calculated, but now at the measured,
steady-state intracellular glucose concentration, according to
the kinetic equations derived in the Appendix (which is pub-
lished as supplemental data on the PNAS web site, www.
pnas.org). JO2 was plotted against the rate of glucose transport,
and the slope of this curve at 100% represented the corrected
flux control coefficient. The results are listed in Table 2. It
turned out that the uncertainty in Ki2yKi1 was not very
important for the determination of the control coefficient at
low extracellular glucose concentrations. At 5 mM of extra-
cellular glucose, the uncertainty led to an uncertainty in the
control coefficient of ;0.2. This is barely significant as com-
pared to the experimental error, which is always high in control
coefficients, by their nature of being derivatives. Importantly,
the difference between the control coefficients at 0.5 and 5
mM of extracellular glucose clearly exceeds these differences.
Because the flux control coefficients of all steps in a pathway
sum up to one (3), the above results imply that the glucose
transporter shared the control of the flux with other steps at
5 mM glucose. At 0.36 mM glucose, it assumed all control.

DISCUSSION
The flux control coefficient of the glucose transporter in blood-
stream-form T. brucei was measured at 5 mM glucose, the most
common concentration in the blood (35, 36): It was between 0.3
and 0.5. At a low glucose concentration (0.36 mM), the flux
control coefficient of the glucose transporter was measured to be
1.2, in reasonable agreement with model calculations, which

predicted 1 at this concentration (2). In contrast to earlier
speculations (12–15), these results prove that glucose transport is
not the rate-limiting step of trypanosome glycolysis. Its flux
control coefficient depends on the conditions, and, at a physio-
logical glucose concentration, the glucose transporter exerts only
some 40% of the total control.

Previously, the flux control coefficient of the glucose carrier
was calculated as a function of the extracellular glucose concen-
tration by using a detailed kinetic model of trypanosome glyco-
lysis (2). Qualitatively, these calculations agree with the measured
control coefficients: 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 because this modeling result was highly sensi-
tive to the kinetic parameters. According to the model, the
glucose transporter had a flux control coefficient of 0.9 at 5 mM
glucose (2) whereas a value between 0.3 and 0.5 was measured.
Apart from the 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 (2, 37), as had been measured
by Ter Kuile and Opperdoes (14), although our present mea-
surements have indicated that it is more likely to be 1 mM (Table
1). When a Km of 1 mM was inserted in the model, the calculated
flux control coefficient of the glucose transporter was 0.45, which
agrees with the measured value.

Theoretically, the flux control by the glucose transporter
should approach 1 at low glucose concentrations (2), but a control
coefficient of 1.2 was measured. The experimental determination
of the control coefficient is more error-prone at low concentra-
tions of glucose than at high concentrations. At the lower
concentration, the decrease of the glucose concentration during
the flux measurement was relatively large, and, therefore, exten-
sive corrections were required. It is also possible, however, that
the Ki of phloretin was slightly overestimated because of the
presence of glycerol in the glucose-uptake assay. Under many
conditions, glycerol did not influence the uptake of glucose or
glucose analogues (13, 14). Nevertheless, we found that glycerol
inhibited the apparent uptake rate at high glucose concentrations
(result not shown). By using the model of trypanosome glycolysis
(2, 37), it was demonstrated that this inhibition may be fully
explained by metabolic effects, notably the competition of glu-

FIG. 5. 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, based on phloretin acting as a competitive inhibitor of
zero-trans influx with a Ki of 21 mM and assuming that the intracellular
glucose concentration was zero. At 5 mM of glucose (F, E), the flux was
less sensitive to inhibition of glucose transport than at 0.36 mM of glucose
(■, h). Open and closed symbols represent independent experiments with
trypanosomes isolated from different rats.

Table 2. The flux control coefficient of the glucose transporter
(Cglucose transport

JO2 ) depends on the extracellular glucose concentration

[Glc]out, mM [Glc]in, mM Assumed Ki2yKi1 Cglucose transport
J02

0.36 0 — 1.2 6 0.2
0.36 0.036 0.5 1.2 6 0.2
0.36 0.036 1000 1.2 6 0.2
5 0 — 0.42 6 0.09
5 0.4 0.5 0.35 6 0.08
5 0.4 1000 0.50 6 0.11

The flux control coefficient was calculated from the data in Fig. 5,
either neglecting intracellular glucose or taking into account its measured
concentration (14) as described in the Appendix (see supplemental data
at www.pnas.org). For the unknown parameter Ki2yKi1, two extreme
values were assumed. Irrespective of the assumptions, the transporter had
a substantially lower control at 5 mM glucose than at 0.36 mM glucose.
A further increase of Ki2yKi1 did not affect the values calculated for the
flux control coefficients. When zero intracellular glucose was assumed,
flux control coefficients were calculated by linear regression of the linear
parts of Fig. 5, i.e., without the highest phloretin concentration (lowest
flux). Both independent data sets were pooled. Fitted flux control
coefficients (slopes in Fig. 5) are given plus or minus standard error, as
obtained from linear regression. When intracellular glucose was taken
into account, the rate of glucose transport was recalculated as a function
of phloretin at fixed intracellular glucose concentration, as described in
the Appendix. Again, JO2 was plotted against the glucose uptake rate, and
flux control coefficients were calculated as described above.
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cose and glycerol for glycosomal ATP. According to the model,
the glycosomal ATP concentration dropped by .90% during the
preincubation with glycerol, which led to an underestimation of
the apparent glucose transport rate over the first 10 seconds. The
underestimation of the uptake rate was less at lower uptake rates.
Then, the metabolic capacity sufficed to prevent accumulation of
intracellular glucose. This should lead to an overestimation of the
inhibition constant and, consequently, also to a (slight) overes-
timation of the flux control coefficient.

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 (see the Appendix published as supplemental data on
www.pnas.org) 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 prin-
ciple, the analysis can be completed by measuring the inhibi-
tion kinetics in efflux experiments. The method developed in
this paper might be applied more widely to measure the control
exerted by other symmetrical facilitated diffusion transporters,
given that an uncertainty of 20% in a flux control coefficient
is generally considered acceptable.

An application of this study is the optimization of the design of
antitrypanosomal drugs. Inhibition of an enzyme or transporter
with a higher flux control coefficient in the parasite than in its
host should reduce the glycolytic flux in the former to a greater
extent than in the latter (1). Although glucose transport turned
out not to be the sole rate-limiting step, the finding that it exerts
part of the flux control warrants a stronger emphasis on the design
of inhibitors of this process. Structural differences between the
mammalian glucose transporters and the trypanosome glucose
transporter should allow the design of compounds that selectively
inhibit the parasite transporter (38). Because the sum of the flux
control coefficients remains one, the fact that the control by the
glucose transporter is lower than the model predicted (2) implies
that other enzymes should exert more control. According to that
model, control should shift to aldolase, glyceraldehyde-3-
phosphate dehydrogenase, phosphoglycerate kinase, and glycer-
ol-3-phosphate dehydrogenase, when the transporter lost it (2).
Inhibitors of T. brucei glyceraldehyde-3-phosphate dehydroge-
nase are available already (39, 40), and inhibitors of T. brucei
phosphoglycerate kinase are forthcoming, now that the crystal
structure of this enzyme is known (41). If indeed these enzymes
exert more control than was calculated previously, the perspec-
tives of killing the trypanosomes by inhibiting these enzymes have
improved. On the other hand, in view of the results of this paper,
the design of inhibitors of glucose transport seems equally, or
even more, urgent. First, because the remaining 60% of control
is approximately equally shared among four enzymes, their
individual flux control coefficients are substantially lower (on
average 0.15) than that of the glucose transporter. Secondly, we
have demonstrated experimentally that the flux control coeffi-
cient of the glucose transporter increases when the transport
activity is decreased because of a decrease of the extracellular
glucose concentration. The same is likely to happen when inhib-
itors are applied. These findings make the glucose transporter a
very promising target for drugs against Trypanosomiasis.
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