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Summary------------------------------------------------------------------

The metabolism of glutamine was studied in erythrocytes infected 
with Plasmodium falciparum, comparatively to normal cells, in 
presence or not of DON (6-diazo-5-oxo-L-norleucine) or acivicin, 
two glutamine antagonists which have been shown to inhibit the 
growth of P. falciparum in vitro.

Extracellular glutamine was partially converted into glutamate

using two routes corresponding to γ-glutamyl transpeptidase (GGT) 
and glutaminase activities. In cells infected with mature tropho­
zoites, the observed enhancement of the glutamine influx and of 
the glutamate formation was consistent with the enhancement of 
GGT and glutaminase activities.

Résumé : Métabolisme de la glutamine chez l’érythrocyte infesté par Plasmodium falciparum.
Le métabolisme de la glutamine dans les globules rouges infestés 

par Plasmodium falciparum est étudié, comparativement aux cel­
lules non infestées, en présence ou non de DON (6-diazo-5-oxo-L- 
norleucine) ou d’acivicine, deux antagonistes de la glutamine qui 
ont la propriété d’inhiber la croissance de P. falciparum in vitro.

La glutamine extracellulaire est partiellement convertie en glu­

tamate selon deux voies correspondant à des activités de type 
γ-glutamyl transpeptidase (GGT) et glutaminase. Dans les globules 
rouges infestés par les formes trophozoites, on observe une aug­
mentation de l’entrée de la glutamine et de la formation de gluta­
mate. Le résultat est en accord avec l’augmentation des activités 
glutaminase et GGT.

using two routes corresponding to γ-glutamyl transpepti­
dase (GGT) (EC 2.3.2.2.) and glutaminase (EC 3.5.1.2.). 
Furthermore, we studied the interaction of two glutamine 
antagonists: DON (6-diazo-5-oxo-L-norleucine) (Reed et al., 
1980) and acivicin ([2S, 3S]-&-amino-3-chloro-4,5-dihydro-5 
isoxazole acetic acid) (Gardell and Tate, 1980) which have 
been shown to inhibit the growth of P. falciparum in vitro 
(Elford, 1983).

MATERIALS AND METHODS

Chemicals, solvents and reagents were of the highest available 
purity. Water was distilled twice. L-7 -glutamyl-glutamine, o-phthal- 
aldehyde, DON, Dowex resins, RPMI were from Sigma; gluta­
mine, glutamic acid from Janssen and L-γ-glutamyl-glutamyl- 
glutamine from Bachem. Acivicin was purchased from The Upjohn 
Co (Kalamazoo) and L-(U14C) glutamine (SA 200 mCi/mmol) 
from CEA France. [14C] oxoproline was prepared from [14C] glu­
tamine (Dubourg and Devillers, 1956).

Just before use, glutamine was chromatographied on Dowex-lX2 
anion exchange resin. The fractions eluted with water were col­
lected and the purity of glutamine was verified by HPLC (Mori- 
neau et al., 1989).

Protein concentration was measured according to Lowry (1951),
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During the development of the human malaria parasite 
Plasmodium falciparum in the erythrocyte, glutamine plays 
a central role: adequate supply of L-glutamine is effecti­
vely necessary for optimal growth of Plasmodium in vitro 
(Divo et al., 1985). It can be anticipated that glutamine 
plays a key role as a source of nitrogen in the biosynthesis 
of proteins or nucleic acids. Furthermore, erythrocyte is 
essentially impermeable to glutamate (Ellory et al., 1983) 
and it has been proposed that glutamine may be the pre­
cursor of glutamate which is incorporated into the gluta­
thione pool.

In this work, we studied the metabolism of glutamine 
in erythrocytes infected with P. falciparum comparatively 
to that of normal cells. From our results, it appears that 
extracellular glutamine is partially converted into glutamate
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using bovine serum albumin as standard. TLC were performed 
on silica gel chromatoplates Merck 60 F254. The development sol­
vent was butanol, pyridine, acetic acid, water: 4/6/1/4. Detection 
was performed by spraying with ninhydrin. Oxoprolin was visua­
lized after treatment with 4N HCl. HPLC measurements were moni­
tored as previously described (Morineau et al., 1989). Scintillation 
counting was performed with an Inter-technique SL-30 spectro­
meter by the external standard method, using emulsifier scintil­
lator 299 (Packard).

Preparation of cells

Experiments described in this paper were carried out starting 
from leukocyte free samples prepared according to (Srivastava et 
al., 1976). For the assay of GGT, membrane extracts were obtained 
from red blood cells as described (Srivastava et al., 1976). For 
the determination of glutaminase activity, leukocyte free erythro­
cyte lysates were prepared after removing hemoglobin by DEAE 
cellulose treatment (Broad et al., 1978).

Parasite culture

The NF 54 strain of P. falciparum obtained from D. R. Druilhe 
was maintained by using standard in vitro techniques (Trager and 
Jensen, 1976). Cultures were grown in flask containing growth 
medium (RPMI 1640 supplemented with 25 mM HEPES, 0.2 % 
(w/v) NaHCO3 and 10 % (v/v) inactivated serum AB+) and 
washed human erythrocytes at 1.0-2.5 % hematocrit. The growth 
medium was replaced daily and the cultures were gassed with a 
mixture of 90 % N2, 5 % C02 and 5 % 0 2. Synchronisation was 
carried out either with gelatin (Jensen, 1978), or with 5 % sor­
bitol (Lambros and Vandenberg, 1979). Immediately after sor­
bitol treatment, cultures consisted mainly of single and multiple 
ring-form infections. Three days later, cultures were always synchro­
nized and contained essentially erythrocytes with trophozoites and 
schizonts of P. falciparum.

Metabolism of glutamine

The experiments were carried out similarly starting from either 
normal erythrocytes or parasitized cells. The same group of infected 
and control cells were subjected to all the same procedure before 
used for parallel measurements.

Influx of glutamine

The cultured cells (50 µ1) were collected by centrifugation at 
0° C, washed twice with 0.154 M  NaCl and then suspended in
0.5 ml of RPMI-1640 without glutamine supplemented with 
(U-14C) glutamine (0.85 mM, SA 16 mCi/mmol). The cell suspen­
sion was gently agitated in a water bath at 37° C. Just before 
and at the end of the incubation, cell concentration was measured 
with a Coulter Counter.

After 30 min, the suspension was centrifuged at 0° C for 5 min 
at 2.000 g and the red cell pellet washed twice with saline. The 
supernatant was removed and the erythrocytes suspended in 1 ml 
of saline, lysed by two freeze-thaw cycles. Then, 0.2 ml of 15 % 
(w/v) trichloracetic acid was added and the mixture centrifuged 
for 30 min at 13.000 g.

Aliquot from supernatant, which contained the « total gluta­
mine », was assayed for [14C]. The supernatant was neutralized 
with 1N NaOH and chromatographed on Dowex 1X2 formate 
form. The column (h = 4 cm ; d = 1 cm) was eluted successively 
with H2O  (40 ml) and 1N formic acid (40 ml). The radioactive

aqueous fractions, which contained the « intracellular glutamine » 
were combined and measured by liquid scintillation counting. The 
radioactive acid fractions named « transformed glutamine » were 
collected, counted, lyophilized and analyzed: they contained glu­
tamic acid and oxoproline. Glutamic acid was estimated by HPLC 
(Morineau et al., 1989). Oxoproline was characterized by TLC 
and estimated by HPLC, compared to authentic labeled sample, 
by counting the fractionated eluate. Non enzymatic formation of 
5-oxoproline from glutamine was estimated from blank from which 
erythrocytes were omitted and substracted from the experimental 
values.

The data obtained from parasitized cells were extrapolated to 
100 % parasitemia using the following equation:

Rate 100 % parasitemia = [rate of infected culture -  rate of 
uninfected (1 -  P)]/P

where P is the fractional parasitemia (ring form + trophozoite 
+ schizont).

γ-glutamyl transferase assay

Membrane extract (containing 0.3 to 1 mg protein) was mixed, 
in a final volume of 1 ml, with 50 mM Tris HCl, pH 8.5 buffer 
containing 5 mM MgCl2 and 20 mM [14C] glutamine (SA 1 mCi/
mmol). After 30 min incubation at 37° C the reaction was termi­
nated by adding 0.25 ml of 15 % TCA. The mixture was centri­
fuged at 13.000 g for 20 min at 0° C. The supernatant was neu­
tralized by 1N NaOH and chromatographied on AglX2, formate 
form. The radioactive fractions eluted with 1N formic acid were 
lyophilized. Glutamate, γ-glu-gln and γ-glu-glu-gln were determined 
by HPLC (Morineau et al., 1989).

The experiments in presence of acivicin or DON were conducted 
similarly after preincubation with 20 mM inhibitor at 37° C for 
30 min.

Glutaminase assay

Purified hemolysate containing 0.5 to 1.0 mg protein was mixed, 
in final volume 1 ml, with 50 mM Tris HCl, pH 8 .6 , containing 
60 mM potassium phosphate, 0.2 mM EDTA and 10 mM L- 
[U-14C] glutamine (SA 1 mCi/mmol). After 30 min incubation at 
37° C, the reaction was treated as above for glutamate determina­
tion. Studies in presence of DON or acivicin were monitored after 
30 min preincubation at 37° C with 20 mM inhibitor.

RESULTS

The metabolism of glutamine was studied in erythrocytes 
infected with Plasmodium falciparum comparatively to 
normal cells.

Erythrocytes were incubated in RPMI-1640 medium con­
taining [14C] glutamine (0.85 mM). After 30 min, the cells 
were lysed and treated by trichloracetic acid (TCA). The 
TCA supernatant which corresponded to the « total intra­
cellular glutamine » was chromatographied on 
Dowex-1-anion exchange resin. The radioactive fractions 
eluted with water contained glutamine. The acidic eluate 
named « transformed glutamine » contained [14C] gluta­
mate and oxoproline (Table I) which were estimated by 
TLC and by HPLC. During the treatment of the reaction, 
non enzymatic formation of radioactive oxoproline was
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Table I. — Metabolism of [14C] glutamine in uninfected and 
P. falciparum infected erythrocytes.

Red cells

uninfected infected

Total glutamine 0.73a ± 0.14 5.63ab ± 0.40 (7.7)c
Glutamine 0.28 ± 0.12 0.33 ± 0.24 (1.2)
Transformed glutamine 0.10 ± 0.04 1.94 ± 0.63 (18.8)
Glutamate 0.018 ± 0.08 0.33 ± 0.17 (18.6)
Oxoproline 0.085 ± 0.03 1.53 ± 0.53 (18.0)

After 30 min preincubation in RPMI supplemented with [14C] 
glutamine, erythrocytes were treated as described in Materials and 
Methods. The same group of infected and control cells were used 
for parallel measurements: a) the results are expressed as pmol 
per 108 cells; b) values normalized to 100 % parasitemia; 
c) figures in brackets indicate the ratio infected cells/uninfected 
cells. The distributions of parasite form (ring form, mature tro­
phozoite, schizont) were (%) : 2.9-4.5-2.6; 2.3-2.7-2.4; 3.5-4.6-2.0. 
Values represent the mean of three duplicate experiments ± SD.

observed. The quantity formed was estimated from blank, 
without enzymatic extract and substracted from the expe­
rimental values.

Infected erythrocytes harbouring young parasite stages 
were isolated by the gelatin gradient method (Jensen, 1978) 
and incubated in RPMI medium containing [14C] gluta­
mine. Starting from three samples cultured at parasitemia 
of between 7 and 8 %, no significative change in the intra­
cellular glutamine accumulation and glutamate formation 
was observed.

Then, experiments were monitored starting from cells 
parasitized with mature trophozoites and schizonts. In this 
case, an enhancement of the total intracellular glutamine 
was found. When the data were extrapolated to 100 % 
parasitemia, the glutamine influx rose to 7.7 fold higher 
than that in uninfected cells. Similar, increases were mea­
sured for transformed glutamine, glutamate and oxopro- 
line formations (18 fold) (Table I).

From these results, it is apparent that glutamine can be 
deaminated intracellularly to glutamate. The formation of 
glutamate suggests a reaction catalysed either by glutami- 
nase (Kwamme et al., 1985) or GGT (Cook and Timothy, 
1986).

1983). So, the GGT activity was estimated from erythrocyte 
membrane using [14C] glutamine (20 mM, 0.1 mCi/mmol) 
as substrate. Glutamate, γ-glu-gln and γ-glu-glu-gln were 
determined by HPLC (Morineau et al., 1989). Enzymatic 
formation of oxoproline was not observed, after compa­
rison with a blank obtained without enzymatic extract.

GGT activity was measured in infected cells compared 
to uninfected. In normal erythrocyte, 0.48 ± 0,18 nmol of 
glutamine were transformed into glutamate per min and 
per mg protein. This value corresponds to the hydrolase 
activity of GGT (Cook and Timothy, 1986). The amounts 
of transfer products: γ-glu-gln and γ-glu-glu-gln which were 
found to be respectively 0.28 ± 0.17 and 0.20 ± 
0,02 nmol.min-1̂mg-1 protein can be attributed to the 
transpeptidase activity of GGT (Dass, 1983). In infected 
cells, hydrolase activity rose to 24 to 28 higher values 
compared to control erythrocytes, when the data were 
extrapolated to 100 % parasitemia. In contrast, little varia­
tions were observed concerning the peptides formation 
(Table II).

Furthermore, erythrocyte membrane extracts were prein­
cubated 30 min with 20 mM DON or acivicin, and then 
glutamine added. For each one of the glutamine analogs, 
the formation of glutamate from glutamine decreased dra­
matically. In the case of the infected cells, the hydrolase 
activity was inhibited (70 % and 55 % respectively com­
pared to controls without inhibitor), when a total inhibi­
tion was observed in the case of normal erythrocytes 
(Table III).

Glutaminase activity

Glutaminase catalyzes the reaction L-glutamine + 
H2O — L-glutamate + ammonia (Kwamme et al., 1985). 
Glutaminase activity was assayed starting from leukocytes- 
free erythrocyte lysate after removing hemoglobin by DEAE 
cellulose treatment. Purified hemolysates were incubated 
with 10 mM glutamine and glutamate formed was esti­
mated, as above, by HPLC after derivatization with o- 
phthaldehyde (Morineau et al., 1989). In normal erythro­
cyte, glutaminase activity was found to be 1.24 ± 0.14 nmol 
glutamate formed per min per mg protein. Enzymatic acti­
vity was linear from 5 to 20 min and proportional to the 
amount of proteins contained in the sample up to 1.2 mg. 
Glutaminase activity was also estimated from purified 
hemolysates obtained from parasitized erythrocytes. Com­
pared to controls, the glutamate formation increase (10 
to 15 fold when the values were extrapolated to 100 % 
parasitemia).

In the presence of 20 mM DON and after 30 min pre­
incubation, glutamate formation measured from infected 
cells was inhibited. Acivicin was a less potent inhibitor 
(Table III), as previously described in the case of the renal 
enzyme (Shapiro et al., 1979; Shapiro and Curthoys, 1981).

GGT ACTIVIY

Rat kidney GGT can utilize glutamine as substrate and 
catalyzes two types of reaction: transpeptidation and 
hydrolysis in which the γ-glutamyl moiety is transfered res­
pectively to an amino-acid (or dipeptide) and to water (Dass,
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Table II. — Synthesis of glutamate, γ-glu-glu and γ-glu-glu-gln from glutamine in normal 
and P. falciparum infected erythrocytes membrane extract.

Erythrocytes
Pretreatment o f a 
membrane extract glu γ-glu-gln γ-glu-glu-gln

Uninfected noneb 0.48 ± 0.18 0.28 ± 0.17 0.20 ± 0.02
DON # 0 (100) 0.02 (93) 0.04 (80)

acivicin # 0 (100) 0.18 (35) 0.09 (55)
Infectedc none 1.58 0.37 0.08

DON 47 (70) 0.17 (55) 0.04 (50)
Infectedd none 1.40 0.27 0.18

acivicin 0.64 (55) 0.17 (37) -  e

The experiments were monitored as described in Methods. Results are expressed as nmol per min per mg protein. Figures in brackets 
indicate the percentage of inhibition. a) Preincubation for 30 min at 37° C with 20 mM inhibitor. b) Values represent the mean of 
three duplicate experiments ± SD. The distribution of parasite forms (ring form, mature trophozoite, schizont) was (%): c) 2.7, 7.0, 
4.0. d) 1.9, 1.6, 3.5. e) Not determined.

Table III. — Inhibition of GGT and glutaminase activities in uninfected and infected red cells by DON and acivicin.

Red cells Uninfected Infected

Pretreated with DON Acivicin DON Acivicin
GGT activitya 100 100 70 (60)c 55 (33)
Glutaminase activityb 35 30 54 (75) 20 (20)

The results are expressed as percentage of inhibition compared to controls without inhibitor. The experiments were monitored as 
described in Methods, starting from (a) erythrocyte membrane extract, (b) purified hemolysate, after preincubation with 20 mM inhibitor 
for 30 min at 37° C. The distribution of parasite forms (ring form, mature tropophozoite, schizont) were %: 1.9-1.6-3.5; 0.35-1.9-2.75. 
c) Figures in brackets indicate the percentage of inhibition normalized to 100 % parasitemia. Values represent the mean of two duplicate 
experiments.

DISCUSSION

From this work, it is apparent that in normal erythrocyte 
and cell infected with P. falciparum, glutamine can be dea- 
minated intracellularly to glutamate. The presence of GGT 
in normal erythrocyte is in dispute (Beutler and Dale, 1989; 
Daniel et al., 1987). However, our results suggest that the 
glutamine → glutamate transformation is catalysed by two 
enzymes; glutaminase and 7-glutamyl-transpeptidase (GGT) 
as depicted in figure 1 : glutamine penetrate the red cells 
(in normal cells, mainly through a saturable sodium depen­
dent process (Ellory et al., 1983) and the intracellular glu­
tamine may be converted into glutamate through glutami­
nase. GGT, which is membrane bound utilizes glutamine 
as substrate and catalyses two types of reaction: transpep- 
tidation in which the γ-glutamyl moiety is transferred to 
an amino-acid and hydrolysis in which the glutamyl moiety 
is transferred to water. Oxoproline formation is due to 
the presence of γ-glutamyl cyclotransferase (Broca et al., 
1978; York et al., 1984) which catalyses the reaction L-γ- 
glutamyl amino-acid — 5-oxoproline + amino-acid.

In cells parasitized with mature trophozoites, an increase 
in the flux of glutamine was previously described (Elford

Fig. 1. — Proposed pathways of glutamine influx in human ery­
throcyte. Enzymes: Na+ dependent transporter (A), glutami­
nase (B), γ-glutamyltranspeptidase (C), 7 -glutamyl- 
cyclotransferase (D); aa = amino-acid.

et al., 1985). In our hands, the intracellular glutamine pool 
increases 7.7 fold, when parasitemia was normalized to 
100 %.

Furthermore, similar enhancements of transformed glu­
tamine and glutamate were observed. These results are in 
agreement with the increases of GGT and glutaminase acti-
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vides measured from membrane extracts and lysed cells 
respectively.

However, from this work, it is not possible to conclude 
that glutaminase and GGT are present in P. falciparum : 
the enhancement of the enzymatic activities observed in 
the host cells may be due to the invasion process of the 
parasite.

As mentioned above, DON and acivicin have been shown, 
using a growth assay based on 3H hypoxanthine incorpo­
ration (Desjardin et al., 1979) to inhibit the growth of
P. falciparum. In our hands, the IC50 values were found 
to be both 0.35 µM (unpublished results).

However, one can not state that inhibition of parasite 
growth by the two glutamine analogs is due to inhibition 
of GGT and glutaminase. Nevertheless, the study of the 
interaction of the two drugs with the metabolism of gluta­
mine in parasitized erythrocytes presented an attractive bio­
chemical aspect in the context of the research of new anti- 
malarial drugs.
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