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Abstract

Background & objectives:  Plasmodium falciparum, the causative agent of the most serious form
of malaria, infects about 5–10% of the world human population per year. It is well established that
the erythrocytic stages of the malaria parasite rely mainly on glycolysis for their energy supply. In
the present study, the glucose utilisation of erythrocyte population with parasitaemia levels similar
to that of malaria patients was measured. The results allowed us to assess the effect of the parasites
on the glucose utilisation of the vast majority of uninfected erythrocytes.

Methods: Using [2-13C]glucose and nuclear magnetic resonance (NMR) technique, the glucose
utilisation in normal red blood cell (RBC) and P. falciparum infected red blood cell (IRBC)
populations was measured. The IRBC population consisted of > 96% RBC and < 4% of parasite
infected red blood cells (PRBC). The glycolytic enzymes were assayed to assess the effect of
infected red cells on the enzymatic activities of uninfected ones.

Results: The rate of glucose utilisation by IRBC was considerably higher than that of RBC. Upon
addition of 25% v/v conditioned culture medium (CM) of IRBC, RBCs exhibited a significant
decrease in glucose utilisation. The CM could directly inhibit the activities of RBC glycolytic
enzymes—phosphofructokinase (PFK) and pyruvate kinase (PK), without interfering with the
activity of the pentose phosphate pathway enzyme—glucose-6-phosphate dehydrogenase
(G-6-PD).

Interpretation & conclusion: The present study showed that the clinical level of P. falciparum
infected RBCs (< 4% parasitaemia) significantly enhance the glycolytic flux as well as down-
regulate the glucose utilisation rate in the majority of uninfected RBC population. The mechanism
of inhibition seems to be direct inhibition of the regulatory glycolytic enzymes—PFK and PK.
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Introduction

Plasmodium falciparum, the causative agent of ma-
laria, infects about 5–10% of world’s population and

kills about 2 million children every year. The para-
site goes through a complex life-cycle and the eryth-
rocytic stages of P. falciparum are responsible for
the pathology in humans. Hypoglycemia and lactic
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acidosis are often associated with severe malaria, and
one of the reasons for hyperlactatemia or acidosis is
assumed to be the increased anaerobic glycolysis by
the infected erythrocytes1,2. During its intra-
erythrocytic growth phase, the malarial parasite re-
lies mainly on glycolysis for its energy require-
ments3,4. Activation of several enzymes of the glyc-
olytic pathway has also been reported in studies per-
formed with parasite-enriched population and with
red cell-free parasites. It has been documented that
the parasite-infected red blood cells (PRBCs) utilise
glucose at a rate much higher than that of the normal
red blood cells (RBCs)5-7. The emphasis of these
studies has been to assess the glucose utilisation ca-
pabilities of the parasite or parasite-infected red cells.

In a malaria patient the percent of parasite infected
RBC rarely exceeds 3–4%, and is generally around
0.1–1% (4,000–40,000/µl)8. Thus in a patient blood,
which contains largely uninfected RBCs, is there any
influence of the small fraction of PRBC on the glu-
cose utilisation of the vast majority of uninfected
RBCs? We have attempted to address this question
by studying the metabolites produced by a red cell
population (IRBC) containing 0.5–4% PRBC using
NMR spectroscopy. In this report we present obser-
vations which demonstrate the remarkable ability of
a small parasitised RBC cohort (IRBC) to down-
modulate glucose utilisation in normal uninfected red
blood cells, possibly through some secreted
product(s).

Material & Methods

Red cells: Human blood was collected from 25–27
year old healthy individuals with A+ blood group in
ACD (38 mM citric acid, 75 mM sodium citrate, 136
mM glucose) as the anticoagulant. Informed and free
consent was obtained from the donors. The cells were
pelleted, buffy coat was discarded to remove the leu-
kocytes, and the erythrocytes were washed thrice
with RPMI (RPMI 1640 supplemented with 27 mM
NaHCO3, 25 mM HEPES, 0.35 mM hypoxanthine).

The washed RBCs were then resuspended in com-
plete RPMI (RPMI with 0.5% albumax). Asexual
stages of P. falciparum (3D7 strain) were cultured in
vitro and synchronised by sorbitol treatment as de-
scribed earlier9. Briefly, the cells were harvested
when maximum IRBCs were predominantly rings,
washed and treated with 5% sorbitol (in double dis-
tilled water) at 37ºC for 10 min, washed repeatedly
with RPMI, and subcultured with RBCs prepared as
described above. Parasites were maintained at 5%
hematocrit in complete RPMI at 37ºC in a humidi-
fied chamber containing 5% CO2. RBCs were har-
vested, washed and resuspended at 50–70% hema-
tocrit in complete RPMI containing D2O and used
for NMR spectroscopy. The experiments were start-
ed by adding solid [2-13C]glucose (Isotech Inc.) to
11 mM final concentration.

Mouse malarial parasites: The P. yoelii 17XL strain
was maintained by blood passage of parasitised
erythrocytes through BALB/c mice by intraperito-
neal injections. The maintenance and care of the ex-
perimental animals was carried out as per the guide-
lines for use of laboratory animals in research spec-
ified by the Animal Ethics Committee of the Insti-
tute. Parasitaemia was monitored using Giemsa
stained blood smears made periodically from infect-
ed mice. Male siblings were used for each set of ex-
periments.

Various treatments of the RBCs: For obtaining the
conditioned culture medium (CM) the parasite cul-
tures were synchronised, subcultured with fresh
RBCs at a final concentration of 0.5–4% PRBC and
incubated at standard culture conditions for 17–20
h. Supernatant from such cultures, filtered through a
0.22 µm filter, was used as the CM at a final concen-
tration of 25% v/v in the NMR experiments. For the
P. yoelii experiments, the blood plasma from  infect-
ed mouse was used as the condition medium after
filtration.

NMR experiments: 13C-NMR spectra on the RBCs
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were recorded at 125.78 MHz on a Bruker AVANCE
AV500 NMR spectrometer. The acquisition param-
eters were 225 ppm spectral width, excitation pulse
of 30º (5 µs), with a 1.2 s delay between pulses. The
transients (408 or 1280) were stored in 8192 data
points resulting in acquisition time of 0.15 s and a
digital resolution of 3.4 Hz/point. Gated decoupling
of the protons was achieved by applying a power of
18 dB only during acquisition to minimise the Nu-
clear Overhauser Effect from the connected protons.
The time domain spectra were subjected to expo-
nential multiplication leading to an additional line
broadening of 5 Hz before Fourier transformation.
Chemical shifts are in ppm with respect to sodium
3-trimethylsilyl propionate, which served as an ex-
ternal reference. For quantification, integrals of the
various resonances were determined using the Bruker
software and corrected as reported earlier10. Glucose
utilisation was determined essentially by the meth-
od reported for human RBCs11.

The effect of CM on invasion of erythrocytes by P.
falciparum merozoites: Conditioned medium, taken
from P. falciparum culture (Pf CM) or from normal
uninfected RBCs (UI CM), was added (25% v/v) to
synchronised parasite culture containing mature tro-
phozoites. After allowing one cycle of invasion (24
h after CM addition) the resultant parasitaemia was
estimated as mentioned above.

Preparation of cell lysates and enzyme activity as-
says:  RBC lysates were prepared by a modification
of the method described by Beutler12. The enzyme
activity in the cell lysates was followed spectropho-
tometrically as the oxidation of NADH to NAD (for
PFK and PK) or as the reduction of NADP to NAD-
PH (for G-6-PDH), by linking it to the formation of
various products in the presence of an excess of auxil-
iary enzymes12. After adding the cell lysate (10 µl),
the mixture was incubated at 37ºC for 10 min and
the reaction was started by adding 2 mM ATP for
PFK, and 5 mM PEP for PK, and 10 mM glucose-6-
phosphate for G-6-PDH. The decrease in NADH

(PFK and PK) or the increase in NADPH (G-6-PDH)
was measured at 340 nm for 5 min with a Perkin-
Elmer spectrophotometer and the slopes of the curves
were determined. The effects of CM on the enzyme
activities were assessed using RBC cell lysate to
which 25% v/v of the CM, from P. falciparum IRBC
culture (Pf CM), or from normal uninfected RBCs
(UI CM), was added.

Results & Discussion

Utilisation of [2-13C]glucose by P. falciparum in-
fected RBCs: The earlier studies on glycolysis in
Plasmodium infected red cells have been based on
either red cell-free parasites or enriched IRBC. In
our experiments, the level of parasitaemia (< 4%)
was similar to that reported in patients with clinical
symptoms of malaria. Thus, 13C-NMR spectra were
recorded for infected red blood cell population
(IRBC) under physiological conditions (0.5–4% par-
asitaemia, 50–70% hematocrit, 10–12 mM glucose,
pH 7.4 and 37ºC). The quantitative estimates of me-
tabolites and flux routed through various metabolic
intermediates were determined as described in Meth-
ods section. The IRBC cultures consisted mainly of
trophozoites (about 17–20 h post-synchronisation).
A typical NMR data profile is shown for the utilisa-
tion of [2-13C]glucose for both RBC and IRBC (3%
parasitaemia) (Fig. 1 a and b), and the data plotted
to show the rates of utilisation of glucose, and pro-
duction of [2-13C]lactate (Fig. 1 c and d). The rate of
glucose utilisation of the IRBC was found to be sig-
nificantly higher as compared to that of uninfected
RBC. Concomitantly the rate of [2-13C]lactate, which
originates through glycolysis, was found to increase
in the IRBC.

The intraerythrocytic asexual growth phase of P. fal-
ciparum has a single acristate mitochondrion and is
devoid of TCA cycle, relying mainly on anaerobic
glycolysis for its energy requirement13. Genes for
certain enzymes of TCA cycle are found in the Plas-
modium genome but these appear to be involved in



98 J  VECT  BORNE  DIS  43, SEPTEMBER 2006

mitochondrial redox control rather than energy me-
tabolism of the parasites14,15. The 13C-NMR spectra
showed no resonance(s) corresponding to labelled
glutamate carbon(s), and therefore, the signatures of
aerobic metabolism were not observed. The stoichi-
ometric production and accumulation of lactate con-
formed the earlier observations that neither the RBC
nor the IRBC possess a functional TCA cycle.

Parasitaemia and sub-stage dependence of the glu-
cose flux in IRBCs: Fig. 2 shows the glucose utilisa-

tion in IRBC over several experiments. The increase
in glucose utilisation was directly proportional to the
percent parasitaemia of IRBC, and was consistent
with rates observed earlier for P. falciparum IRBC
determined through other methods4. The glucose flux
clearly depended on the sub-stage of the infected red
cells (Fig. 3). The glucose utilisation was only mar-
ginally higher 2 h after synchronisation (Fig. 3a),
and the maximum rate of utilisation was observed
for the trophozoite stage, at about 24 h post-synchro-
nisation (Fig. 3 a and b).
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Fig. 1: Utilisation of [2-13C]glucose by human RBCs infected with malarial parasite P. falciparum. Stacked plot of the
time-lapse 13C-NMR spectra of RBC (a) and P. falciparum infected RBCs (IRBC) containing 3% parasitaemia
(b) after incubation with [2-13C]glucose. 13C-NMR spectra were recorded and the data processed as mentioned
in the methods section. Panels c and d show the concentration profiles of [2-13C]glucose and C2-lactate of
uninfected and infected red blood cells. The lines are linear fits for C2-glucose and C2-lactate obtained from the
data shown in (a) and (b) respectively
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The infected red cells showed enhanced utilisation
of glucose, and extrapolated to a value of ~100-fold
higher glucose utilisation in parasite-infected red
cells (PRBC), in agreement with values obtained
earlier4. The rate of glucose utilisation was propor-
tional to the percent parasitaemia and was highest
for the trophozoite stage (24 h post-synchronisation),
coinciding with the period of maximum metabolic
activity of the erythrocytic parasite.

Glucose utilisation in red cells isolated from mice
infected with murine malarial parasite, P. yoelii: In
addition to P. falciparum, glucose utilisation was also
measured in the murine model of P. yoelii. Results
qualitatively similar to P. falciparum were observed,
such as enhancement of glucose utilisation and lac-
tate production rates by IRBC (Fig. 4 a and b). We
have shown earlier the effect of conditioned culture
supernatant medium (CM) obtained from IRBC on
the glucose utilisation of RBCs16. A similar inhibi-
tion of glucose utilisation by normal mouse RBCs
in the presence of the blood plasma isolated from
infected mouse was observed (Fig. 4). However, the
parasitaemia was high (28%), and the glucose utili-
sation rate was only 1.4-fold higher than that of RBCs
from uninfected mice. Typically in murine malaria
samples, the parasitaemia values were higher, and
the glucose utilisation did not extrapolate to the 100-
fold levels, but was considerably lower. Since the

Fig. 2: Effect of increase in parasitaemia on the glucose flux
in IRBCs. The results show the comparative glucose
flux % of IRBCs vs RBCs determined over 20
independent experiments

Fig. 3: Erythrocyte stage-specific glucose utilisation by P.
falciparum in two experiments (a and b). Glucose flux
in IRBC cultures has been plotted at (a): 2, 8, 12 and 24
h (parasitaemia 2.3%); and (b): 12, 17, 24 and 34 h
(parasitaemia 1.6%); post-synchronisation, respectively

0

100

200

300

400

0 1 2 3 4 5

PARASITAEMIA (%)

G
L

U
C

O
S

E
F

L
U

X
A

S
%

O
F

C
O

N
T

R
O

L

glucose utilisation was not that high, the higher in-
hibitory effect of blood-plasma indicates that either
there is inhibition at high parasite value, or that there
may be additional physiological factors present in
the blood-plasma. It is possible that various cytok-
ines, released during immune/stress responses to the
parasite infection, may be playing roles in such cas-
es. To address the effect of the conditioned medium,
therefore, we restricted ourselves to P. falciparum
cultures.
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cells at a final concentration of 0.5–4% infected RBC
and incubated at standard culture conditions for 17–
20 h. Supernatant from such cultures, filtered through
a 0.22 µm filter, was used as the CM. To rule out the
possibility of the CM compromising the infection of
RBCs by the parasite, the effect of CM (25%) on the
merozoite invasion of RBCs was evaluated (Fig. 5).
However, no significant effect of CM on the effi-
ciency of RBC invasion by merozoites, was observed
(Fig. 5).

To investigate the mechanism of this inhibition by
the CM, it was decided to check if the CM had any
direct inhibitory effect on the glycolytic enzymes of
the RBC. Three RBC enzymes involved in the glu-
cose metabolism, phosphofructokinase (PFK), pyru-
vate kinase (PK) and glucose-6-phosphate dehydro-
genase (G-6-PDH) were assayed after incubation
with culture supernatant from parasite-infected cul-
ture (CM-Pf) and from uninfected culture (CM-
Uninf) (Fig. 6). The CM from the parasite-infected
culture inhibited both the PFK and PK activities of
the RBC extract, while the G-6-PDH activity (re-
quired for the pentose phosphate pathway) remained
unaffected. The CM from uninfected culture (CM-
Uninf) had no effect on the activities of any of these

enzymes, showing that the CM from IRBCs specifi-
cally inhibited the regulatory PFK and PK enzyme
activities. Thus the CM from parasite infected cul-
tures can directly inhibit important host-glycolytic

Fig. 4: Effect of conditioned medium from P. yoelii infected mice on the glycolytic pathway of normal murine RBCs.
Figure shows the concentration profiles of (a) glucose and (b) lactate found in normal murine RBCs (  ), RBCs
from P. yoelii infected mouse (28.3% parasitaemia) (  ), and normal murine RBCs in the presence of CM
(blood-plasma) from P. yoelii infected mice (   )
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Fig. 5: The effect of conditioned medium (CM) on invasion
of erythrocytes by P. falciparum merozoites. CM (25%
v/v) was taken from P. falciparum IRBC culture at
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enzymes (PFK and PK) and possibly modulate glu-
cose utilisation of RBCs through these lowered en-
zymatic activities. We have recently demonstrated
that a drop in pH (occurring during glycolysis due
to massive lactic acid production) is selectively in-
hibitory to host PFK, but not for PK enzyme activ-
ity16. As opposed to pH, CM seems to affect both
PFK and PK enzyme activities. Currently we are as-
sessing the factor(s) present in the CM which may
be responsible for the inhibition of the enzyme
activities.

In addition to differential effects on glycolysis, in-
fection by the parasite is also known to alter the
membrane of erythrocytes considerably. It is believed
that the period of maximum metabolic activity of
the parasite coincides with an increase in the  per-
meability of the infected erythrocyte membrane to a
range of small solutes and ions17-19. This enhanced
permeability of the infected erythrocytes has been
ascribed to (a) activation of endogenous quiescent
channels or (b) the induction of new permeation path-
ways having characteristics similar to anion selec-
tive channels20-22. It follows that the membrane of
the infected erythrocytes is significantly different

from that of uninfected21. Several parasite proteins
are transported to the red cell membrane23,24. The
hexose transporter Glut1 of RBC is the major glu-
cose transporter of RBC25. The single hexose trans-
porter present on the parasite membrane shows cer-
tain differences from Glut126,27. Thus the glucose
uptake and utilisation pathway of the parasite-infect-
ed erythrocytes is likely to be different from unin-
fected erythrocytes.

The pathological events that contribute to falciparum
malaria are the cerebral syndrome, anaemia, hypogly-
cemia and lactic acidosis1-4. In these assessments,
hypoglycemia is determined by the measurement of
the actual blood glucose levels. Our results suggest
a possibility of ‘functional’ pseudo-hypoglycemia
despite the presence of substantial glucose level in
the medium. The consequence of such pseudo-hy-
poglycemia in malaria patients is significant. At a
micro-level, where the percent parasite-infected
erythrocytes may be higher through sequestration or
rosetting28, the effect may be even higher. The glu-
cose utilisation rate of other host tissues exposed to
the parasite-infected erythrocytes (e.g. vascular en-
dothelial cells) remains to be assessed.

Fig. 6: Effect of conditioned medium (CM) from parasite-infected and uninfected cultures on the enzymes of RBC. Three
RBC enzymes involved in the glucose metabolism, phosphofructokinase (a), pyruvate kinase (b), and glucose 6-phosphate
dehydrogenase (c) were assayed after incubation with conditioned medium obtained from parasite-infected culture
(CM-Pf) and from uninfected culture (CM-Uninf). Enzyme activity is expressed as % of activity (of the same preparation)
in the absence of any CM
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Conclusion

In conclusion we showed that the low clinical level
of P. falciparum infected RBCs (< 4% parasitaemia)
utilise glucose at about 100-fold higher levels as com-
pared to the normal uninfected cells. Product(s) se-
creted by the parasite into the external medium down-
regulate the glucose flux of the uninfected RBC pop-
ulation. The mechanism of inhibition of glucose util-
isation in uninfected RBCs seems to involve inhibi-
tion of the regulatory glycolytic enzymes—PFK and
PK.

References

1. White NJ, Warrell DA, Chanthavanich P, Looareesuwan
S, Warrell MJ, Krishna S, Williamson DH, Turner RC.
Severe hypoglycemia and hyperinsulinemia in falciparum
malaria. N Engl J Med 1983; 309: 61–6.

2. Agbenyega T, Angus BJ, Bedu-Addo G, Baffoe-Bonnie
B, Guyton T, Stacpoole PW, Krishna S. Glucose and
lactate kinetics in children with severe malaria. J Clin
Endocrinol Metab 2000; 85: 1569–76.

3. Lang-Unnasch N, Murphy AD. Metabolic changes of the
malaria parasite during the transition from the human
to the mosquito host. Annu Rev Microbiol 1998; 52:
561–90.

4. Scheibel LW. Plasmodial metabolism: carbohydrate. In :
Wernsdorfer WH,  McGregor I, editors. Malaria. v  I.
New York: Churchill Livingstone 1988; p. 171–217.

5. Oelshlegel FJ Jr, Sander BJ, Brewer GJ. Pyruvate kinase
in malaria host-parasite interaction. Nature 1975; 255:
345–7.

6. Roth EF Jr, Raventos-Suarez C, Perkins M, Nagel RL.
Glutathione stability and oxidative stress in P. falciparum
infection in vitro: responses of normal and G-6-PD
deficient cells. Biochem Biophys Res Com 1982; 109:
355–62.

7. Roth EF Jr, Calvin MC, Max-Audit I, Rosa J, Rosa R.
The enzymes of the glycolytic pathway in erythrocytes
infected with Plasmodium falciparum malaria parasites.
Blood 1988; 72: 1922–5.

8. Molineaux L, Muir DA, Spencer HC, Wernsdorfer WH.
The epidemiology of malaria and its measurement. In:
Wernsdorfer WH, McGregor I, editors. Malaria. v II.
New York: Churchill Livingstone 1988; p. 999–1089.

9. Goswami A, Singh S, Redkar VD, Sharma S. Characteri-
zation of P0, a ribosomal phosphoprotein of Plasmodium
falciparum. J Biol Chem 1997; 272: 12138–43.

10. Jans AW, Willem R. A 13C-n.m.r. investigation of the
metabolism of amino acids in renal proximal convoluted
tubules of normal and streptozotocin-treated rats and
rabbits. Biochem J 1989; 263: 231–41.

11. Schrader MC, Eskey CJ, Simplaceanu V, Ho C. A carbon-
13 nuclear magnetic resonance investigation of the
metabolic fluxes associated with glucose metabolism in
human erythrocytes. Biochem Biophys Acta 1993; 1182:
162–78.

12. Beutler, E. Red cell metabolism: a manual of biochemical
methods. Philadelphia : Grune & Stratton 1984; p. 8–45.

13. Sherman IW. Biochemistry of Plasmodium (malarial
parasites). Microbiol Rev 1979; 43: 453–95.

14. Wrenger C, Muller S. Isocitrate dehydrogenase of Plasmo-
dium falciparum. Eur J Biochem 2003; 270: 1775–83.

15. Lang-Unnasch N. Purification and properties of
Plasmodium falciparum malate dehydrogenase. Mol
Biochem Parasitol 1992; 50: 17–26.

16. Mehta M, Sonawat HM, Sharma S. Malaria parasite-
infected erythrocytes inhibit glucose utilisation in
uninfected red cells. FEBS Lett 2005; 579: 6151–8.

17. Kirk K. Ion channels in the ‘malaria-infected’ infected
red blood cell. Physiol News 2003; 51: 17–9.

18. Kirk K, Saliba KJ. The membrane physiology of the
‘malaria-infected’ red cell. In:  Bernhardt I, Ellory JC,
editors. Red cell membrane transport in health and
disease. Berlin: Springer 2003; p. 569–85.

19. Kirk K. Channels and transporters as drug targets in the
Plasmodium-infected erythrocyte. Acta Tropica 2004; 89:
285–98.

20. Desai SA, Bezrukov SM, Zimmerberg J. A voltage-
dependent channel involved in nutrient uptake by red



MEHTA et al: GLYCOLYSIS IN PLASMODIUM FALCIPARUM 103

blood cells infected with the malaria parasite. Nature 2000;
406: 1001–5.

21. Kirk K. Membrane transport in the malaria-infected
erythrocyte. Physiol Rev 2001; 81: 495–537.

22. Ginsburg H, Stein WD. The new permeability pathways
induced by the malaria parasite in the membrane of the
infected erythrocyte: comparison of results using
different experimental techniques. J Membr Biol 2004;
197: 113–34.

23. Wickert H, Wissing F, Andrews KT, Stich A, Krohne G,
Lanzer M. Evidence for trafficking of PfEMP1 to the
surface of P. falciparum-infected erythrocytes via a
complex membrane network. Eur J Cell Biol 2003; 82:
271–84.

24. Adisa A, Albano FR, Reeder J, Foley M, Tilley L. Evidence
for a role for a Plasmodium falciparum homologue of

Sec31p in the export of proteins to the surface of malaria
parasite-infected erythrocytes. J Cell Sci 2001; 114:
3377–86.

25. Carruthers A. Facilitated diffusion of glucose. Physiol Rev
1990; 70: 1135–76.

26. Woodrow CJ, Penny JI, Krishna S. Intraerythrocytic
Plasmodium falciparum expresses a high affinity
facilitative hexose transporter. J Biol Chem 1999; 274:
7272–7.

27. Joet T, Eckstein-Ludwig U, Morin C, Krishna S.
Validation of the hexose transporter of Plasmodium
falciparum as a novel drug target. Proc Natl Acad Sci USA
2003; 100: 7476–9.

28. Sherman IW, Eda S, Winograd E. Cytoadherence and
sequestration in Plasmodium falciparum: defining the ties
that bind. Microbes Infect 2003; 5: 897–909.

Corresponding author: Dr. Monika Mehta, Department of Biological Sciences, Tata Institute of Fundamental Research,
Homi Bhabha Road, Mumbai–400 005 India
E-mail: monika@tifr.res.in

Received: 24 March 2006  Accepted: 28 July 2006


