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Neutral amino acid transport was investigated in Le i shman ia  promastigotes. Proline and alanine transport 
occur against their concentration gradient although there is a very rapid (40% at 30 min) conversion of 
proline to alanine. Uptake of these amino acids occurs by a sodium-independent route which is completely 
eliminated by addition of CCCP or KCN. K m values for proline and alanine are 80 I~M and 63 I~M with Vma x 
values of 6.4 and 7.2 n m o i / m i n  per mg dry weight, respectively. Countertransport of proline, alanine and 
phenylalanine was measured by loading the cells with a variety of neutral amino acids and proline analogs, 
followed by CCCP addition. The effect of aminooxyacetic acid, an inhibitor of alanine aminotransferase (EC 
2.6.1.2), on proline and alanine countertransport was also examined. The results obtained are consistent with 
the presence of at least two systems for neutral amino acid transport in Leishmania promastigotes. 

Introduction 

Protozoan parasites of the genus Le i shmania  

(order Kinetoplastidia, family Trypanosomatidae) 
are the causative agents of leishmaniasis, a tropical 
disease, second in importance only to malaria. The 
life cycles of such organisms are completed in two 
different hosts, a vertebrate and an insect (for 
review, see Ref. 1). Knowledge of the membrane 
physiology of Le i shman ia  is essential for develop- 
ing more effective chemotherapeutic drugs against 
this desease. 

Studies of amino acid transport across the 
plasma membrane of Le i shmania  have been gener- 
ally carried out in relation to the nutritional re- 
quirements of the cultured forms of these orga- 

* To whom all correspondence should be addressed. 
Abbreviations: CCCP, carbonyl cyanide m-chlorophenylhy- 
drazone: Ci., amino acid internal concentration; Cex, amino 
acid external concentration. 

misms [2,3]. Thus, it has been shown by Krassner 
and Flory [4] that the absence of carbohydrates 
from the growth medium of Le i shman ia  tarentolae 

is fully compensated by the presence of proline. In 
fact, promastigote cultures of this parasite, pre- 
sumably physiological equivalents of the insect 
stage, oxidize proline at a high rate [5]. However, 
no attempts have been made to characterize the 
number  and kinds of transport systems for amino 
acids present in these microorganisms. 

In the present wbrk, we report an investigation 
of some aspects of the transport of neutral amino 
acids, including proline, across Leishmania  sp. 
promastigotes. By countertransport studies we 
show the presence of two systems for neutral amino 
acid transport. Such systems have specificities very 
similar to systems A and L of vertebrate cells. 
However, in contrast to this system, both compo- 
nents of the neutral amino acid transport into 
Leishrnania promastigotes are independent of the 
presence of sodium in the external medium. 

0005-2736/$03.00 © 1983 Elsevier Science Publishers B.V. 



Materials and Methods 

Materials. 14C-labelled amino acids were 
purchased from The Radiochemical Centre 
Amersham, Bucks., U.K. Non-radioactive amino 
acids, thioproline, azetidine-2-carboxylate, (meth- 
ylamino)isobutyric acid, aminooxyacetic acid, 
CCCP, KCN and 2,4-dinitrophenol were obtained 
from Sigma Chemical Co. (St. Louis, MO). All 
labelled and unlabelled solutes used as substrates 
for transport experiments were L compounds 
without exception. 

Preparation of Le&hmania promastigotes for 
transport experiments. Leishmania sp., strain NR 
was cultured in a liquid medium [6] with the 
following composition: 9 g NaCI; 0.4 g KCI; 4 g 
glucose; 7.5 g sodium phosphate (dibasic); 2 g 
lactalbumin (Difco); 10 g triptose (Difco); 2 g liver 
extract (Difco); 5 g yeast extract (Difco) per liter 
of glass distilled water adjusted to a pH of 7.22. 
Just before use, fetal calf serum (Gibco Laborato- 
ries) was added aseptically to the flask to give a 
final concentration of 5% (v/v).  The history of 
strain NR is described in Ref. 7. Le&hmania pro- 
mastigotes were harvested between four and seven 
days when the cells had reached late logarithmic 
phase (approx. (2.5-4.0). 107 cells/ml) by centri- 
fugation at 900 × g for 10 min at 4°C. The cells 
were then washed with 50 mM Tris-maleate at pH 
7.22 containing 210 mM NaC1 and 7 mM KC1. 
After washing, Le&hmania promastigotes were sus- 
pended in the Tris-maleate buffer to a density of 
(3.5-4).  10 v cells/ml. This cell density corre- 
sponds to a dry cell weight of 0.37 mg/ml.  Coulter 
counter measurements of promastigote volume 
gave values of 42 _+ 4/ lma/cel l  By using this value 
and an estimation of cell water content of 80%, a 
figure of 4.1 btl/mg dry weight was calculated. 
This value was used to calculate internal solute 
concentrations in all uptake measurements. 

In sodium-free experiments, all NaCI in the 
Tris-maleate buffer was replaced by choline chlo- 
ride at the same concentration. In this case, analy- 
sis by flame photometry of the sodium content of 
the buffer solution in which Leishmania pro- 
mastigotes were finally suspended indicated that 
its concentration did not exceed 300 nequiv./ml.  

Uptake experiments. Amino acid transport was 
measured by following the uptake of 14C-labelled 
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amino acids using a rapid filtration technique. 
Appropiate volumes of cell suspension (3-5 ml) 
were equilibrated for 15 min at 28°C in a shaking 
bath. When inhibitors were used, they were added 
after this period of incubation and the incubation 
was continued for 5 min. At zero time, the radio- 
active amino acid was added at a final concentra- 
tion of 0.1 mM (1 mCi/mmol) .  At specific inter- 
vals, 0.5 ml aliquots were withdrawn and mixed 
with a 5 ml 20% (w/v)  ice-cold sucrose solution 
and rapidly filtered through Millipore filters (0.8 
/~m pore size). A sample was withdrawn in- 
mediately after adding the isotope to determine 
the non-specific adsorption to the cell membrane 
and filter. Membrane filters were dried under an 
infrared lamp and dissolved in Bray's scintillation 
solution [8]. The amount of radioactivity was 
counted in a Packard TriCarb Liquid Scintillation 
Spectrometer, model 3385. Results are reported as 
nanomoles of amino acid per mg dry weight and 
as intracellular concentration. All experiments were 
carried out in duplicate using two different batchs 
of cells. 

Incorporation into proteins. The amount of ra- 
dioactive material incorporated into proteins was 
determined after the addition of labelled amino 
acid (0.1 mM, 2 mCi/mmol) ,  to promastigotes 
prepared as described above. Aliquots were 
withdrawn at 10 rain time intervals: part of this 
suspension (0.5 ml) was filtered as previously de- 
scribed to determine total uptake, the rest was 
extracted for 30 min with 1 ml of 10% ice-cold 
trichloroacetic acid. To this solution, 5 ml of 20% 
ice-cold sucrose were added and filtered through a 
Millipore filter (0.8/~m pore size). The radioactiv- 
ity measured for the trichloroacetic acid-insoluble 
material represents the incorporation of amino 
acid into cellular material. The amount of amino 
acid or its products in the amino acid pool was 
calculated by substracting the amount of radioac- 
tivity in the trichloroacetic acid-insoluble fraction 
from the total uptake. 

Metabolism of proline. Ascending thin-layer 
chromatography in cellulose powder coated plates 
was used to determine the extent to which proline 
was metabolized during the course of an uptake 
experiment. The cells (12.5.107 cells/ml) were 
incubated with [14C]proline (0.2 mM, 10 mCi /m-  
mol). Samples of 1 ml were taken at different 
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intervals, diluted in 10 ml of 20% ice-cold sucrose 
and filtered as before but washed twice with 5 ml 
of 20% sucrose. The membrane filters with the 
trapped cells were then immersed in 5 ml of 60% 
ethanol and heated at 50°C for 10 min. This 
suspension was sonicated in a Bronson sonicator 
(4/.t amplitude) to disrupt the membrane filter and 
cells and centrifuged at 1000 x g for 15 min. The 
supernatant was collected and reduced to a con- 
stant volume (1 ml) by evaporation. 

5/~1 of each extract were placed on TLC plates 
(0.25 ram, 20 x 20 cm) and chromatographed with 
a solvent consisting of p h e n o l / H 2 0  (75 : 25, w /w)  
for 7 h [9]. Unlabelled proline, aspartic acid, 
glutamic acid, and alanine were used as controls. 
After drying the plates, the thin layer was removed 
by scratching in 5-mm sections and counted in 
Bray's solution. Amino acids controls were identi- 
fied by using the ninhydrin-collidine reagent [9]. 

Countertransport experiments. Washed pro- 
mastigotes were incubated with 50 mM unlabelled 
amino acid for 30 min at 28°C in the presence of 
100 /~g/ml cycloheximide. The cells were then 
rapidly washed to remove external amino acid and 
resuspended in the Tris-maleate buffer to a final 
density of (10-15)-107 cells/ml.  At zero time, 
countertransport was started by adding 1 /~Ci of 
the appropriate amino acid (250 m C i / m m o l )  and 
15 /~M CCCP. The time course of radioactive 
amino acid uptake was determined by following 
the same procedure described. Control experi- 
ments were carried out in parallel, without any 
unlabelled amino acid for loading the cells. 

Results 

Amino acid transport across Leishmania promasti- 
gotes 

When Leishmania promastigotes are incubated 
with radioactive amino acids such as [~4C]proline 
or [14C]alanine the time course of influx of radio- 
activity into the cell is linear during the first 5 min 
followed by a slower rate of entrance which is near 
steady state at about 30 min. At such a time, the 
isotope concentration inside the cell varies be- 
tween 40-75-times the external concentration for 
proline (depending on the batch of cells used) and 
60-100-times the external concentration for ala- 
nine (Fig. 1). By contrast, the observed accumula- 

tion ratios for amino acids such as phenylalanine. 
(methylamino)isobutyric acid or leucine are much 
lower (1.5-3-times the external solute concentra- 
tion) than those measured for alanine or proline 
(Fig. 1). 

The relation between the initial rate of solute 
uptake (measured during the first 4 minutes) and 
the external radioactive solute concentration is 
that predicted by the Michaelis-Menten equation 
with K m and Vma X of 80 /~M and 6.4 nmol /min  
per mg dry wt. for proline and 63 /zM and 7.2 
n m o l / m i n  per mg dry wt. for alanine. 

In order to investigate to what extent the accu- 
mulation of radioactive solute inside the cell repre- 
sents amino acid incorporation into proteins, the 
amount  of radioactivity found in the trichloro- 
acetic acid-insoluble fraction was measured as a 
function of time. 

The results obtained indicate that only 6% of 
total radioactive proline was incorporated into the 
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Fig. 1. Time course of amino  acid up take  of Leishmania 
promas t igo tes  at  28°C.  Transpor t  assay was carr ied out  as 
descr ibed under  Mater ia ls  and  Methods.  The da ta  shown are 
average  values  of three separate  exper iments .  • O, pro- 
l ine ;  • n ,  a l a n i n e :  A - -  A p h e n y l a l a n i n e ,  
* *, MeAIB.  In all cases, amino  acid external  con- 

cen t ra t ion  (Ce~) was 0.1 mM (1 m C i / m o l )  unless o therwise  
s ta ted.  C~n, amino  acid in ternal  concentra t ion.  



cell proteins at 30 min although it increased to 
33% at 150 min. Additionally, when Leishmania 
promastigotes were incubated with radioactive 
proline in the presence of cycloheximide, the re- 
suits indicated than less that 10% of intracellular 
proline was incorporated into proteins at 150 min. 

The time course of proline conversion into other 
amino acids was measured by following the ap- 
pearance of labelled solutes in TLC plates. At 5 
rain after adding radioactive proline to the exter- 
nal medium, about 19% of the radioactivity was 
found in glutamic acid but no other amino acid 
was labelled. At 15 rain a small amount of radio- 
activity also appeared in alanine (7%), a propor- 
tion that increased to near 40% at 30 rain. How- 
ever, when Leishmania promastigotes were prein- 
cubated with 100 #M aminooxyacetic acid, an 
inhibitor of alanine aminotransferase, the radioac- 
tivity found in alanine at 5 min (7%) remained 
constant throughout the experiment. 

The results described indicate that only about 
half the total radioactivity accumulated in Leish- 
mania promastigotes at 30 min can be ascribed to 
proline accumulation. If now we assume that such 
amount is homogeneously distributed in the cell 
internal water, a solute gradient of 20-30-fold the 
external concentration can be calculated. This 
calculation shows clearly that proline influx into 
the cell is carried out against its concentration 
gradient. The active nature of this amino acid 
uptake was also indicated by the observation that 
the influx of proline and alanine was completely 
inhibited by 2 mM KCN, 15 #M CCCP or 0.1 
mM 2,4-dinitrophenol. 

Specificity of proline transport across Leishmania 
promastigotes 

The extent by which proline transport across 
Leishmania promastigotes was inhibited by other 
amino acids and proline analogs is presented in 
Table I. It can be seen that a proline analog such 
as azetidine-2-carboxylate and alanine are the most 
potent inhibitors of proline influx into the cell. 
Less effective solutes are glycine, thioproline, serine 
and methionine in this order, with leucine and 
phenylalanine being ineffective inhibitors. The re- 
suits shown also indicate that proline inhibits 
transport of alanine to the same extent that this 
amino acid inhibits proline transport. 
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TABLE I 

EFFECT OF PROLINE ANALOGS AND OTHER AMINO 
ACIDS ON [14C]PROLINE AND [14C]ALANINE UPTAKE 
BY L E I S H M A N I A  PROMASTIGOTES 

Amino acid added 
(1 mM) 

% inhibition of initial uptake 

[ 14 C]Proline [ 14 C]Alanine 

None 100 100 
Azetidine-2-carboxylate 15 38 
Thioproline a 3 ! 58 
Proline - 15 
Alanine 16 - 
Methionine 52 - 
Serine 46 32 
Glycine 28 - 
Leucine 84 88 
Phenylalanine 79 85 

a Thiazolidine-4-carboxylic acid. 

Effects of sodium substitution on amino acid accu- 
mulation 

In order to study the effect of a sodium gradi- 
ent across the cell membrane on the rate and the 
extent of amino acid accumulation, Leishmania 
promastigotes were incubated in an external 
medium where all sodium was substituted by 
choline. The absence of Na ÷ in the external 
medium has absolutely no influence on the uptake 
or in the accumulation ratio of proline, alanine, 
phenylalanine or (methylamino)isobutyric acid. 

Effect of CCCP on proline accumulation 
When Leishmania promastigotes were in- 

cubated with CCCP prior to adding radioactive 
proline, there was no amino acid accumulation 
inside the cell, only solute equilibration along its 
concentration gradient. In order to investigate fur- 
ther such an effect, CCCP was added 8 rnin after 
proline accumulation inside the cell had been 
started (Fig. 2). It can be seen that there is a very 
rapid decrease in the radioactivity inside the cell 
reaching values near to the external concentration. 
A similar effect was obtained by adding at this 
time unlabelled proline (2 mM). However, in this 
case, after a few minutes there was a new increase 
in proline uptake into the cell. When unlabelled 
proline (2 mM) was added together with CCCP, 
proline efflux was even greater than in the former 
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Fig. 2. Exchange of intracellular [~4C]proline with external 
proline. At the time indicated (8 min), the following additions 
were made. • . . . . .  *, 2 mM nonradioactive proline; ~, zx, 
15 /~M CCCP; • - -  - -  - - • ,  2 mM nonradioactive proline plus 
15 ~M CCCP; • e ,  control. 
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Fig. 3. Countertransport of proline. The cells were incubated 
with nonradioactive proline (50 mM) at different times (with 
100 t~g/ml cycloheximide), rapidly washed three times and 
resuspended at the same initial density. O (3, nonin- 
cubated; • 0, 5 min; • • ,  10 min; [] [], 20 
min; • • ,  30 min. The countertransport was initiated by 
adding 15/LM CCCP and 1/~Ci [14C]proline (250 mCi/mmol).  

two cases with the accumulation ratio decreasing 
rapidly to unity. 

Countertransport 

In the light of the previous experiment which 
indicated that CCCP uncouples amino acid accu- 
mulation into the cell without inhibiting the solute 
exchange system, it was thought to be of some 
interest to study the transient amino acid accumu- 
lation induced by another amino acid gradient 
exerted in opposite direction (solute countertrans- 
port). In the experiment shown in Fig. 3, Leish- 

mania promastigotes were incubated with a con- 
stant amount of proline (50 mM) at different 
times, so that promastigotes became loaded with 
different proline concentrations. At zero time, 
CCCP and radioactive proline were added to the 
external medium and the time course of radioac- 
tivity incorporation into the cell measured (see 
Methods). Fig. 3 shows that at about 7 to 8 min 
there is a maximum in the accumulation of radio- 
activity, the magnitude of such maximum being 
proportional to the internal proline concentration. 

Proline countertransport was also measured 

when Leishmanm promastigotes were incubated 
with alanine, azetidine-2-carboxylate, thioproline, 
glycine and methionine (Table II). However, no 
proline countertransport  was observed when 
leucine or phenylalanine were used as driving so- 
lutes. It can be seen in Table II that when alanine 
is the driving solute, proline countertransport was 
higher than any of the other amino acids tested 
including proline. 

It is shown also in Table II that alanine coun- 
tertransport with different driving solutes is very 
similar to proline countertransport. In order to 
determine to what extent this similitude of proline 
and alanine countertransport is due to the very 
rapid conversion of proline to alanine, the follow- 
ing experiments was carried out: Leishmania pro- 
mastigotes were incubated with proline (50 mM) 
and 100/~M aminooxyacetic acid for 30 min previ- 
ous to adding []4C]proline or [14C]alanine with 
CCCP as described. The result was that in both 
cases radioactivity accumulation is reduced by half 
(Table II). As expected, no effect on the maximal 
accumulation was measured when the incubation 
with aminooxyacetic acid was carried out in a 



TABLE II 

AMINO ACID COUNTERTRANSPORT IN LEISHMANIA 
sp. 

tCT is the time at which the maximum of countertransport was 
measured, r is accumulation ration (Cin/Cex) of the radioac- 
tive amino acid measured at the maximum of the countertrans- 
port experiment. The concentration of aminooxyacetic acid 
(AOA) used was 100 #M. 

Radioactive Unlabelled tCT 
amino acid amino acid (in min) 

(for loading) 

[14 C]Proline proline 7- 8 4 
proline + AOA 13-15 2 - 3 
alanine 6 4 -5 
alanine+AOA 6- 7 4 -5 
azetidine-2- 

carboxylate 7-10 3.5-4 
thioproline 10 3 -3.5 
glycine 10 3 
methionine 20 1.5-3 
serine 20 2 
leucine no CT 
phenylalanine no CT - 

[ 14 C]Alanine alanine 5- 6 4.5-5 
alanine + AOA 5- 6 5 
proline 7- 8 4 -4.5 
proline + AOA 12-14 2 
methionine 20 2 
serine 20 2 -2.5 
leucine no CT - 
phenylalanine no CT - 

[ 14 C]Phenylalanine phenylalanine 5- 6 6.5-7 
leucine 6- 7 7 
methionine 15 - 20 3 
proline no CT - 
alanine no CT - 

medium containing alanine instead of proline. 
Finally, the magni tude  of the counter t ransport  

of  phenylalanine in the presence of  different amino 
acids is shown in Table II. When  phenylalanine or 
leucine was the driving solute, the rate and extent 
of  the accumulat ion ratio of  phenylalanine was 
even greater than the corresponding proline or 
alanine countertransport .  On the other hand, no 
phenylalanine counter t ransport  could be measured 
when proline or  alanine was used as driving solute, 
but  methionine drived proline or  alanine coun- 
ter transport  as effectively as phenylalanine coun- 
ter transport  (Table II). 
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Discussion 

The data  presented for the uptake of neutral 
amino acids into Leishmania promastigotes show 
the active nature of  this process as indicated by 
the extent of  the accumulat ion inside the cell and 
its sensitivity to C C C P  and KCN.  Thus even 
though the characterization of  amino acid trans- 
por t  in these cells is complicated by the very rapid 
metabolic rate of  proline-alanine interconversion, 
conservative estimations of proline concentrat ion 
inside the cell gave values than are 20-30-fo ld  the 
external concentrat ion.  

An  impor tant  characteristic of amino acid 
transport  across Leishmania promastigotes mem- 
brane  is its sodium independence clearly indi- 
cating that energization of amino acid movement  
is not  occurring via a cotransport  with this cation. 
On  the contrary the very rapid effect of C C C P  in 
bringing amino acid accumulat ion to a halt, sug- 
gests that this compound  may act by  collapsing a 
p H  gradient across the cell membrane.  The role 
played by H ÷ cotransport  in the specific transloca- 
t ion of amino acids and sugars across the plasma 
membrane  of  several microorganisms and yeast is 
well substantiated (for a review, see Ref. 10). 

The results of the counter t ransport  experiments 
indicate the presence of  Leishmania promastigotes 
of  at least two systems for neutral amino acids 
transport.  Thus, the rate and extent of  proline and 
alanine counter t ransport  in the presence of  differ- 
ent driving solutes follow the same order in which 
they inhibit proline influx into the cell (Table I 
and II). In addition, no  counter t ransport  of pro- 
line or alanine could be measured with phenyl- 
alanine or leucine, the solutes with less inhibitory 
properties on proline transport.  The fact that no 
phenylalanine counter t ransport  was observed when 
alanine or proline was the driving solute but only 
with phenylalanine, leucine or methionine, indi- 
cated the presence of  a second system with differ- 
ent  affinity characteristics f rom the former system. 
An  important  characteristic of  this second trans- 
port  system is that  the overshoot it produces into 
the cell is greater than in the first system. This 
proper ty  is remarkable similar to that observed for 
the system L of amino acid transport  in vertebrate 
cells [11]. Indeed, the amino acids t ransported by 
the two-transport  system characterized in Leish- 
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mania promatigotes coincide with those reported 
for systems A and L of neutral amino acid trans- 
port [ 12] including the finding that methionine can 
share both transport systems [13]. However, it is 
well known that system A of vertebrate cells is 
Na ÷ dependent [14]. 

The alanine and proline transport system in 
Leishmania promastigotes resembles the cysteine 
system characterized by Young and Ellory in sheep 
erythrocytes [15] which is also Na+-independent. 
However, contrary to this system, preliminary re- 
suits have indicated that proline uptake into the 
Leishmania promastigotes is not affected by basic 
amino acids such as lysine or histidine. Another 
feature of the amino acid transport system in 
Leishmania promastigotes is that CCCP uncouples 
translocation without inhibiting the exchange 
properties of the carrier system. This behaviour is 
known to occur in Escherichia coli [16] and 
elsewhere [17-19] but not in Chlorella [20] or 
Trypanosoma cruzi [21]. 
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