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Transport of amino acids and nucleic
acid precursors in malarial parasites
I. W. SHERMAN 1
In vitro studies have shown that exogenously supplied amino acids are transferred
into the malaria-infected cell, where they are incorporated into proteins. Most amino
acids appear to enter the cell by facilitated or simple diffusion; however, the high distribution ratios seen in Plasmodium knowlesi-infected cells are difficult to explain on this
basis. The changes (leakiness) observed in amino acid transport in P. lophurae-infected
cells are probably the result of A TP depletion in the host cell as well as the elaboration
ofplasmodial substances. Depletion of isoleucine, methionine, and cysteine from the medium
strikingly depresses the in vitro growth of P. knowlesi. The degree of amino acid incorporation into the malaria-infected cell is not correlated with the amount of a particular amino
acid in the host cell haemoglobin, the decline of that amino acid in the plasma of infected
animals, or the ratio of free amino acids of the erythrocyte to those of the plasma. In
erythrocyte-" free " P. lophurae, carrier-mediated transport is apparently limited to a
small number of amino acids; all others seem to enter by simple diffusion.
Malaria-infected erythrocytes transport exogenously supplied purines at substantially
higher rates than uninfected red cells. The preferred purines are adenosine, hypoxanthine,
and inosine. The only pyrimidine incorporated is orotic acid. Thymidine, cytidine, and
uridine do not readily enter the red cell, and incorporation does not take place because
the parasites lack the appropriate enzyme for conversion to nucleotides. Erythrocyte" free " P. berghei and P. lophurae take up purines and orotic acid. It has been suggested
that in vivo the preferred purines are hypoxanthine and inosine, and that the transport
locus for erythrocytes is specific for 6-oxopurines. Similar results of purine incorporation
are reported for the insect stages of P. cynomolgi and P. berghei, although transport
studies have not been carried out.

Members of the genus Plasmodium are obligate
intracellular parasites that depend on a living host
for their nutritional materials. Indeed, the growth of
the malarial parasite may be regulated, in part, by
the availability of essential nutrients. Before a malarial parasite can utilize host nutrients (or be exposed
to the action of antimalarial drugs) these materials
must be moved into the cell across the plasma
membrane. Thus, the nature of the structural components and the absorptive mechanisms involved in
the transport of metabolites (and antimetabolites)
into the parasite and the parasitized cell become
critical to an understanding of parasite growth as
well as drug action.
It is appropriate to define terms: " transport " is
used to describe the transfer of an unaltered sub1 Professor of Zoology, Department of Biology, University of California, Riverside, CA 92502, USA.
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strate across the membrane and inside the cell,
whereas " uptake " refers to those conditions where
there is cellular accumulation of the unaltered substrate as well as its metabolites. Clearly, uptake is
several steps removed from the process of transport
per se. Transport of materials by malarial parasites
and their host cells may take place by several
mechanisms:

1. Diffusion. Substrate permeation depends on the
maintenance of a concentration gradient (downhill
transport); influx is independent of metabolic
energy; there is low temperature dependence; the
process is not saturable; and there is no competition for substrate by related compounds.

2. Carrier mediated transport. This requires binding of the substrate to a membrane component
called a " carrier ", movement and reorientation of
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the carrier within the membrane to expose the bound
substrate to the inside, and subsequent dissociation
of the carrier-substrate complex. Transport of this
type shows high temperature dependence and saturation kinetics; usually there is competition between
related compounds. Among carrier mediated transport are distinguished:
(a) Facilitated diffusion: does not result in concentration; transport is not energy dependent; counterflow occurs.
(b) Active transport: direct (ATP) or indirect (proton or ion gradient) energy input is required to
produce an accumulation of unaltered substrate
against a concentration gradient.
(c) Group translocation: strictly speaking, this is
carrier mediated uptake since in a single step the
substrate is both metabolized and carried across the
membrane.
Establishing criteria for defining the type of transport system is often the simplest aspect of the
analysis. The principal problems lie in the techniques
employed and the interpretation of the data obtained. Before reviewing the transport studies conducted with malarial parasites, it would seem appropriate to make some precautionary observations
concerning the importance of standardized techniques and the potential pitfalls that may be encountered with these special cells.
Critical studies of transport (not uptake!) require
that the experimenter should measure initial rates,
for only in this way can the unidirectional flux of the
unchanged substrate be determined. A convenient
means for ensuring that substrate will be unaltered is
by the use of a nonmetabolizable substrate; in this
way, a permeant counterflow can be used to increase
the utilizable period, and carrier-substrate specificity
can be analysed. Initial transport rates are usually
obtained with incubation periods that are in the
order of minutes; during such a period, the rate
should be linear and a plot of internal concentration
against time should extrapolate to zero. Similarly, a
plot of the concentration of cells against velocity
should be linear. Substrate metabolism should not
have taken place during incubation and subsequent
handling since this tends to prolong the period of
linearity. The most commonly employed method for
satisfying these requirements is to place tissue, cells,
or membrane vesicles in a suitable medium containing a radioactive substrate, incubate, then rapidly
remove the cells or vesicles from the external
medium, rinse the cells or vesicles free of adherent

medium, and to follow this with deproteinization of
the pellet. Such a scheme may be easily accomplished with solid tissues or sheets of cells that
adhere to a substratum but is more difficult to achieve
with unattached cells or membrane vesicles; in these
cases centrifugation or filtration are often required.
Transport of substrates (or drugs) into malaria
parasites and malaria-infected cells is a complex
affair laden with hazards. Transport into both the
erythrocytic and exoerythrocytic stages of malaria
involves a multicompartmental system. Molecules
must first traverse the host-cell membrane, then
cross the membrane of the parasitophorous vacuole,
and finally move across the parasite membrane
before they are within the parasite body. Even with
parasites free of host-cell membranes, e.g., P. lophurae liberated from the erythrocyte by haemolytic
antiserum, the plasmodium is still enveloped by two
membranes. At any or all of these interfaces, substrate alteration may take place, and the simple (and
common) procedure of determining radioactivity
within the cell will reveal nothing concerning the
degree of substrate modification. Further, measurement of radioactivity, even in those cases where
substrate alteration has not taken place, will not give
evidence of where that particular substrate is sequestered. For example, in studies of malaria-infected red
cells, even when the substrate is unaltered, there still
remains the question of whether the material is in
the host-cell cytoplasm, the intermembrane space
between the parasitophorous and parasite plasma
membranes, in the plasmodium itself, or whether it
is distributed evenly or unevenly among these. Then
too, there is always the possibility of substrate entry,
metabolic alteration, and back flux. As will be
evident from the following, many purported transport studies (for a variety of reasons) have not
satisfied all of these requisites.
AMINO ACID TRANSPORT

Erythrocytic stages
It has been tacitly assumed that the erythrocytic
stages of malarial parasites satisfy their amino acid
requirements almost entirely by the proteolysis of
host cell haemoglobin (21, 27, 39, 43). However, it
should be noted that to date no quantitative estimate
of the relative importance of haemoglobin amino
acids and other amino acid sources (free amino acids
of the plasma and the erythrocyte) has been made;
there is clearly a need for more information. Despite
this lack of quantification, it is clear that malarial

TRANSPORT OF AMINO ACIDS AND NUCLEIC ACID PRECURSORS

parasites and malaria-infected cells do have the
capacity for the transport of free amino acids from
the external milieu.
Mammalian species. McKee & Geiman (40) and
McKee et al. (41) demonstrated that the intraerythrocytic stages of P. knowlesi require an extracellular
source of methionine for in vitro and in vivo growth;
however, Fulton & Grant (22) were the first to study
the phenomenon of amino acid uptake (incorporation) per se. These authors incubated P. knowlesiinfected erythrocytes in a synthetic medium containing 35S-methionine or 35S-cysteine, and found incorporation of the isotopically labelled amino acids to
be essentially linear for 3 hours. Later, Polet &
Conrad (51, 52) used the incorporation of radioactive amino acids into 15-16-h cultures of P. knowlesi-infected cells to assess the in vitro growth of the
plasmodium. Sixteen of the 18 amino acids tested
were incorporated; aspartic and glutamic acids were
not (Table 1). Isoleucine, leucine, valine, and glycine were incorporated to the greatest degree,
Table 1. Relative incorporation of amino acids by
malarial parasites a
Infected erythrocytes
P. knowlesi

isoleucine
leucine

Erythrocytefree

P. lophurae b P. lophurae b

lO1 c

lood

100

100

75

16

95

40

50

valine

60

95

glycine

60

36

10

alanine

50

11

25

phenylalanine

50

-

-

serine

40

36

50

107

120

-

-

47

40

proline

35

cysteine/cystine
threonine

30
30

histidine

15

5

95

80

methionine

10

38

71

80

arginine
lysine

10

38

140
100

aspartic acid
glutamic acid
a

10

5

18

0

4

3

0

2

6

Isoleucine incorporation has been arbitrarily set at 100.
b Data from Sherman et al. (61).
c Data from Polet & Conrad (51).
d Data based on results reported by McCormick (37).
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whereas lysine, arginine, and methionine showed the
lowest incorporation (somewhat similar findings
were reported by McCormick (37) for shorter incubation periods, although the greatest degree of incorporation was with isoleucine and methionine). Subsequently, it was shown (51, 66) that intraerythrocytic P. knowlesi did not grow if isoleucine, cysteine,
and methionine were omitted from the medium.
Fulton & Grant (22) and Polet & Conrad (51, 52)
concluded that the reason for the specific requirement of P. knowlesi for exogenous methionine (and
cysteine) as well as isoleucine was that primate
haemoglobin was deficient in these amino acids
(Table 2). Indeed, the claim was made that a good
correlation existed between the amino acid composition of haemoglobin and the need to supply amino
acids extracellularly (51). This was not found to be
the case for the avian malaria P. lophurae, where a
more complex scheme had to be developed to explain the control of protein synthesis (61). Other
investigations on the in vitro growth of P. knowlesi
have shown the beneficial effects of adding glutamine
(12). Thus, it appears that P. knowlesi-infected cells
have the capacity to take up a wide variety of amino
acids if these are supplied exogenously.
The accumulation of amino acids by normal and
P. knowlesi-infected cells was demonstrated by
McCormick (37). He incubated cells in monkey
plasma with tracer amounts (3.7 x 104 Bq/ml) of
14C-isoleucine, methionine, leucine, cystine, and
histidine; steady state levels were attained within
30 min. The highest distribution ratios (cpm per ml
intracellular water/cpm per ml extracellular water)
and the highest levels of incorporation were found
with isoleucine and methionine (Table 1).
Cohen et al. (15) used the incorporation of 3Hleucine as a growth index for P. knowlesi in vitro;
incorporation was shown to increase linearly for the
first 4 h and when schizogony began incorporation
diminished and then levelled off. A similar technique
was used to evaluate the effects of immune IgG and
serum antiplasmodial activity on the intraerythrocytic development of P. falciparum (42, 48), culture
conditions for P. falciparum (65), in vitro effects of
antimalarials such as chloroquine and pyrimethamine on P. knowlesi and P. falciparum (25, 26, 28),
and the viability of P. falciparum after in vivo
administration of chloroquine and 1-amidino-3-(3chloro-4-cyanophenyl) urea (55). Richards & Williams (54) studied the incorporation of tritiated
leucine into P. berghei-infected cells and have
emphasized that successful cultivation (as measured
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Table 2. Haemoglobin, plasma, and red-cell amino acids and plasmodial growth
Residues/haemoglobin molecule
Mouse Chicken Duck

Man
a

,

% change in
amino acids
(free) a
RBC

Plasma

Ratio Growth b Relative
RBC:
incorpor- plasma a
ation c

leucine

72

72

68

68

80

+30

+22

0.66

90

alanine

84

60

80

68

80

+100

+20

1.06

-

11

valine

52

72

56

44

52

+50

+36

0.63

90

95

95

aspartic acid

32

52

60

48

52

+581

-7

7.3

-

4

lysine

44

44

44

52

44

+230

-7

0.3

87

18

glycine
histidine

28
40
20
44

52

56

40

36

+15

+13

3.3

-

36

36

36

36
32

30
44

+73

0

0.6

87

95

0

2.12

87 d

28
32

12
32

-15

-

+25

+10

0.85
0.93

100

32

36

+180

0.71

95

24

+187

5.0

-

12

20
12

+45
+6

16

+25

-29

0.28

84

38

12

12

12

+106

0

1.0

83

-

4

8

-

-

-

-

72

-

8

4

8

-29

-44

0.56

54

71

16

28

28

-14

-25

0.62

9

100

glutamic acid

44

32
16

threonine

36

20
28

phenylalanine
proline
arginine
tyrosine
cysteine
methionine
isoleucine

28

32

28

28
12
12
8
4
0

serine

12
12
4

8
0

20

28
12

+817
-7

2

36
47
-

107

Data from Sherman & Mudd (58) for P. Iophurae.
% of growth in control in culture media depleted of various amino acids. Growth is based on incorporation of 14C-orotic acid (51, 52).
c cpm incorporated into P. /ophurae-infected red cells; isoleucine incorporation has been arbitrarily set to 100 (61).
d Glutamine.
a

b

by tracer incorporation) required leucocyte removal
and low numbers of reticulocytes. Diggs et al. (20)
used incorporation of 14C-isoleucine into P. falciparum-infected erythrocytes in order to evaluate the
feasibility of using cryopreserved cells for initiating
cultures of the parasite.
Although complete amino acid requirements for
the human malarias have not been determined, Trigg
(77) and Siddiqui & Schnell (64) have reported that
intraerythrocytic P. falciparum grew in a medium
that contained only isoleucine and methionine.
The discussion above clearly shows that mammalian malarias growing within the erythrocyte do
promote amino acid uptake from the medium;
whether such uptake is carrier-mediated transport or
whether specific loci are involved has not been
determined. In the cited studies, the time intervals
for sampling were too protracted for determination

of the initial rates, substrate concentrations were not
varied, and there was no assessment of substrate
metabolism. These reservations aside, some generalizations can be made. The primate and human
malarias utilize exogenous (plasma) sources of
amino acids; these are transported across the malaria-infected erythrocyte membrane by some as yet
undetermined mechanism. Of particular importance
to the growth of P. knowlesi and P. falciparum are
the amino acids isoleucine and methionine which are
supplied by the plasma.
Avian species. The transport properties of only a
single species, P. lophurae in the duckling, have been
studied. At a fixed amino acid concentration
(1 mmol/litre) and in a medium devoid of other
amino acids but containing glucose-saline, infected
cells had a higher distribution ratio than did normal
cells, with only one amino acid, proline (63). When
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infected cells were suspended in a protein-free
medium containing an amino acid mixture similar to
that of plasma, only proline and methionine had
higher distribution ratios than uninfected cells (61).
Such studies illustrate the differences between the
avian and primate malarias: P. knowlesi had higher
distribution ratios for isoleucine and methionine (37)
but proline was not tested. Of importance are the
different results obtained when the composition of
the medium is altered. (It should be noted that in the
P. lophurae study the distribution ratio was close to
1.0 and differences between normal and infected cells
were much smaller than those described for
P. knowlesi where the distribution ratios were as
high as 10).
The rate of incorporation (and thus uptake) of a
14C-amino acid mixture was not appreciably
changed by variations in the Na+, K+, or amino acid
composition of the medium, although P. lophuraeparasitized red cells (parasitaemia > 75%) incorporated significantly greater amounts of isotope
(x 3) than did normal cells (62). In a medium
containing a mixture of amino acids similar to that
found in duck plasma, parasitized cells had the
highest rate of incorporation with methionine, isoleucine, proline, valine, histidine, and leucine
(Table 1); infected cells incorporated greater
amounts of radioactivity than did normal cells
except for histidine and alanine. The results with
P. lophurae are similar in some respects to those with
P. knowlesi (Table 1).
Amino acid incorporation by P. lophurae was
inhibited by 600% with 4 x 10-3 mol/litre chloramphenicol (an excessive amount) and 90% inhibition
was attained with 2 x 10-5 mol/litre cycloheximide
(61). Schnell & Siddiqui (57) reported that puromycin and cycloheximide at concentrations of 10-5
mol/litre inhibited isoleucine incorporation into
P. knowlesi- and P. falciparum-infected erythrocytes;
3 x 10-4 mol/litre chloramphenicol was ineffective.
The discrepancy between the chloramphenicol results in the primate and avian malarias is attributable to the different drug concentrations used rather
than to a difference between the species.
When studies of amino acid transport into normal
and P. lophurae-infected cells were conducted (60)
two patterns were evident: firstly, mediated transport in the normal red cell and diffusion entry or an
elevated Kt (transport constant roughly equivalent
to the apparent Michaelis constant Km) in the
parasitized cell or, secondly, diffusion entry in both
kinds of cells (Table 3). Thus, the plasmodium
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appeared to have induced alterations in permeability
in the red cell for glycine, alanine, serine, threonine,
leucine, histidine, methionine, cysteine, lysine, and
arginine. To gain some insight into the mechanism
underlying such changes, normal red cells were
treated with extracts of infected cells and quinine (to
reduce red cell ATP); alanine transport was used as
a test since this amino acid was shown to enter the
uninfected red cell by a carrier-mediated process,
whereas in the infected cell entry was by diffusion.
Although the treated cells showed an elevated Kt,
diffusion entry did not occur. These results suggested
that ATP depletion and elaboration of parasite
substances contribute to the induced leakiness of the
parasitized erythrocyte. There are, however, reservations concerning the role of ATP in amino acid
transport since, for most erythrocytes including the
duckling and the human erythrocytes, entry is by
facilitated diffusion.
It has been suggested that certain antimalarial
drugs may act by directly blocking amino acid entry
(16). This hypothesis was tested with P. lophurae for
alanine and arginine entry by Sherman & Tanigoshi
(59). They concluded that although some antimalarials did block amino acid entry this was dependent
both on the cell and the particular amino acid;
alanine uptake was blocked only in normal cells
whereas arginine entry was inhibited in both normal
and infected cells. Drug effects on transport appeared to be indirect, however; those antimalarials
that inhibited amino acid entry also depressed the
ATP levels of the normal red cell.
Erythrocyte-free plasmodia. Of the few studies of
amino acid uptake by plasmodia free of the host cell,
all have been conducted with a single species,
P. lophurae. Trager (72) used 14C-methionine and
14C-proline to evaluate the extracellular growth of
P. lophurae (removed from the erythrocyte by
haemolytic antiserum). Methionine incorporation
was found to be sensitive to concentrations of redcell extract (RCE) and coenzyme A, but omission of
ATP or pyruvate did not affect incorporation. Proline, on the other hand, served as an index for the
presence of ATP and pyruvate, but not for RCE.
Whether these substances are actively transported
cannot be determined from these experiments; however, it is clear from this work that extracellular
plasmodia do take up these amino acids. Sherman
and coworkers (59, 60, 61, 63) have also studied
amino acid uptake by P. lophurae (removed from the
red cell by saponin lysis). Such saponin-prepared
parasites are not entirely removed from the erythro-
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Table 3. Kinetic constants for the entry of amino acids into normal and plasmodium-infected duck erythrocytes and
" free " Plasmodium lophurae. The Kt values are in mmoles and the Vmax values are in jtmoles/g dry weight (all
values are mean ± standard error) a
Normal red cells
A

m

Infected red cells

Plasmodium lophurae

ino acid__

Kt

Vmax

Kt

Vmax

Kt

glycine

0.54 ± 0.06

0.98 ± 0.09

Diffusion

serine

1.22 ± 0.45

0.76 ± 0.17

Diffusion

threonine

0.70 ± 0.18
0.99 ± 0.08
3.2 ± 1.07

0.77 ± 0.04
1.04 ± 0.15
1.58 ± 0.21
1.79 ± 0.09

1.26 ± 0.19

0.24 ± 0.12

1.52 ± 0.42

1.14 ± 0.22

Diffusion

Diffusion
Diffusion

alanine
leucine
histidine
methionine

2.44 ± 0.43
2.25 ± 0.32

3.09 i 0.90
1.21 ± 0.16
2.39 ± 0.26

Diffusion

Diffusion

Diffusion

Diffusion

Diffusion

Diffusion

valine

Diffusion

Diffusion

Diffusion

proline
tyrosine

Diffusion
Diffusion

Diffusion

Diffusion

Diffusion

Diffusion

tryptophan

Diffusion

Diffusion

phenylalanine
glutamic acid
aspartic acid
cysteine

Diffusion

Diffusion

Diffusion

Diffusion

Diffusion
Diffusion
1.24 ± 0.13

Diffusion
0.99 ± 0.31

Diffusion

1.48 ± 0.33

Diffusion

lysine
arginine

0.70 A 0.08
0.55 ± 0.07

0.26 z 0.01
0.34 ± 0.02

1.71 Az 0.41
2.29 A 0.65

a

From Sherman & Tanigoshi (60)

cyte and often are still enclosed by red-cell membranes; thus the term "free" parasite is applied.
" Free " parasites suspended in a medium containing
a mixture of amino acids resembling that of the red
cell, plus a radioactive amino acid (3.7 x 104
Bq/ml) were used to study amino acid accumulation. Only arginine, lysine, and glutamic acid
were accumulated by " free " plasmodia, i.e.,
distribution ratios > 1.0; cysteine was not tested
(61). Further, of all the amino acids examined, only
arginine, lysine, glutamic acid, aspartic acid, and
cysteine were shown to enter the parasite by what
appeared to be a carrier-mediated process (60); all
others apparently entered by diffusion (Table 2).
Lysine and arginine were competitive inhibitors,
suggesting that these dibasic amino acids entered
through the same transport locus; similar results
were obtained for the dicarboxylic amino acids,
aspartic and glutamic acid (59). Transport of these
amino acids was studied in the presence of various
amino acid mixtures. Little or no effect on the Kt
and Vmax values was seen when the medium con-

0.35 A 0.06

1.25 ± 0.07
0.55 ± 0.11
0.36 A 0.03

1.25 ± 0.27

0.25 Az 0.04

Vmax

20.3 + 1.4
1.25 A 0.07

1.85 ± 0.21
3.8 A 0.18
5.31 A 0.37

tained a mixture of amino acids that resembled the
composition of the red cell or plasma; however,
substitution of these with an equimolar array of
amino acids was inhibitory for transport (59).
In some ways it is unfortunate that Sherman and
coworkers chose to use saponin-prepared plasmodia
rather than those liberated by haemolytic antiserum,
since such studies would have provided convincing
evidence that the red-cell membrane enclosing the
parasite did not influence transport into the plasmodium. It should be mentioned, however, that red-cell
ghosts prepared by saponin lysis were used as controls and these did not have transport properties
similar to those of " free " parasites. Whether saponin differentially affects the plasmodial and erythrocyte membranes is unresolved. It is conceivable that
the diffusion entry seen in free parasites may be a
consequence of the technique used in preparation of
" free " plasmodia. Some of the amino acid transport constants reported for P. lophurae (Table 3)
may be subject to error for a variety of reasons
including cold buffer washes and the 5-min period of
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uptake. Indeed, earlier studies showed that amino
acid uptake was linear for < 3 min, and in some
instances for < 1 min (63).
The pattern of entry of amino acids into " free"
P. lophurae appears to support Moulder's (43) permeability defect hypothesis: " In the course of evolutionary adaptation to life inside the red cell, the
malarial parasite may have lost many of the active
transport systems regulating the passage of molecules
in both directions across its cell membrane and have
become freely permeable to all sorts of molecules
which it derives from its host".
Exoerythrocytic stages
Transport studies with exoerythrocytic stages
remain to be done. Only the speculations of Beaudoin & Strome (4) based on electron microscopical
evidence are available. They concluded that ingested
material appears to consist of a fluid that fills the
space between the outer membrane of the parasite
pellicle and the limiting membrane of the host cell.
Nourishment is obtained by the diffusion of molecules across this intermembrane space and enters the
parasite; however, it appears that the parasite plays
an active role in the feeding process since portions of
the host cell adjacent to the parasite appear to be
cytolysed. Their article continues as follows:
Enlargement of the intermembrane space and the
accumulation of fluid within it, is accompanied by the
apparent dissolution and disappearance of host ribosomes and other organelles. In advanced stages of
parasite development, the adjacent host cell structures
are usually reduced to fragments of membranes and
recognizable organelles are rarely observed.
The fluid within the intermembrane space probably
contains the dissolved substances resulting from the
extra-parasite hydrolysis of host cytoplasm which have
diffused across the limiting membranes. The electron
density of the fluid is similar to that of the hydrolyzed
portions of the host cell. Nutrients dissolved in the
intermembrane fluid are taken up by the parasite
through the cytostome into digestive vacuoles and
incorporated into the cytoplasm of the parasite.
The fluid nature of the ingested material may account for the small size of the exoerythrocytic cytostome which is approximately one-half the size of the
cytostome of erythrocytic forms of this species. Likewise, the digestive vacuoles of the former are much
smaller than those observed in the blood forms.
Digestive vacuoles are usually seen in the vicinity of a
cytostome and are not numerous in any one parasite.
This would be expected considering the small volume
of the vacuoles and the partially digested nature of the

material ingested.
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Although definitive transport studies with exoerythrocytic stages will require a solution to the formidable problems of mass cultivation and the development of techniques for harvesting parasites free of
host cells, there are some types of investigation that
are within the boundaries of current knowledge. For
example, light and electron microscope autoradiography could reveal something concerning metabolite uptake and incorporation.
Insect stages
Only two reports exist on the utilization of amino
acids by the insect stages of a malarial parasite. The
oocysts of P. relictum were placed in a medium
containing insect cells (3). During a 16-h incubation
period, the greatest decreases in amino acid concentration in the medium were those for arginine, asparagine-glutamine, glutamic acid, glycine, histidine,
lysine, proline, and serine; less marked decreases
were found with alanine, cystine, isoleucine, leucine,
methionine, ornithine, phenylalanine, threonine,
tryptophan, tyrosine, and valine. The system studied
was a complex one involving three different sources
of cells, so such results should be regarded only as
tentative indicators of parasite utilization. Weiss &
Vanderberg (85) reported that isolated P. berghei
ookinetes incorporated tritiated leucine; autoradiography showed most of the silver grains to be over
the cytoplasm.
NUCLEIC ACID PRECURSOR TRANSPORT

During the course of a malaria infection the
parasites multiply rapidly to produce merozoites and
sporozoites, the infective stages. Some appreciation
of the magnitude of the parasite's synthetic capabilities may be gained by considering the erythrocytic
stages of the most virulent of the malaria species. In
the course of 24-48 h, depending on the particular
species of Plasmodium, the parasite nearly fills the
red blood cell; and after nuclear division has occurred 10-25 merozoite nuclei may be present. If malarial parasites produce approximately 16 merozoites
every 24 h, this means that the parasite doubles its
number every 6 h: a rather respectable rate for the
biosynthesis of new parasite materials. Where, for
example, does the parasite obtain precursors for the
synthesis of its nucleic acids? The following discussion is concerned with the transport of nucleic acid
precursors into the various stages of the malarial
parasite; parasite nucleic acid biosynthesis is treated
elsewhere in this issue.
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Erythrocytic stages
Mammalian species. A clue to the requirement for
exogenous sources of nucleic acid precursors by
malarial parasites was evident from some of the
earliest in vitro growth studies with P. knowlesi (1);
namely, omission of the " purine + pyrimidine "
component from the medium adversely affected the
intraerythrocytic growth of the plasmodium.
Whether both purines and pyrimidines were required
could not be determined at that time using this
complex system. Later, however, with the availability of radioisotopes, it was possible to show specific
precursor requirements more clearly. When mice
and rats infected with the rodent malarias P. berghei
or P. vinckei were injected with the tritiated pyrimidines, uridine and thymidine, there was no evidence
of incorporation; in vitro incubation of P. vinckeiinfected mouse blood gave similar results. But,
P. berghei-infected cells became heavily labelled
when blood was exposed to the purine, adenosine (9). Autoradiographic studies using hypoxanthine showed similar patterns with P. berghei and
P. vinckei-infected erythrocytes (10). In addition,
when mouse erythrocytes labelled with 3H-adenosine were transfused into mice infected with P. vinckei, radioactivity was incorporated into the malarial parasite (11). Thus, Bungener & Nielsen discovered that malarial parasites required exogenous supplies of purines, but not pyrimidines; purine translocation was now an established fact. In that same
year, the biochemical basis for plasmodial dependence on host cell purines was shown by Walsh &
Sherman (83) using the avian malaria P. lophurae. At
about this time, Van Dyke et al. (81, 82) reported on
the incorporation of adenosine into the RNA and
DNA of P. berghei-infected rat cells; cytidine and
uridine (pyrimidines) were not utilized. Later, using
this same parasite, other workers showed that: possibly two mechanisms existed for adenosine uptake
by infected cells (32); interference with purine transport might provide a basis for antimalarial action,
e.g., 10-4 mol/litre and 1O-5 mol/litre quinacrine as
well as imipramine and dapsone partially blocked
adenosine uptake (79, 80); removal of serum decreased adenosine incorporation (82); orotic acid
was incorporated into malarial ribosomes (68);
and chloroquine possibly inhibited the transport of
adenosine into the nucleus of drug-sensitive P. berghei (67). In related studies, adenosine incorporation
was shown for P. vinckei chabaudi grown in vitro
(18).
The data on purine uptake by rodent malarias has

been completely confirmed by primate and human
malaria studies. Thus, intraerythrocytic P. knowlesi
utilized adenine, adenosine, deoxyadenosine, guanosine and hypoxanthine; thymine, thymidine, uracil,
uridine, cytidine, and deoxycytidine were not incorporated. Only one pyrimidine, orotic acid, was
incorporated into DNA and RNA (23, 24, 50, 76).
Further, in vitro growth of P. knowlesi required
adenosine as the only nucleic acid precursor (75).
Siddiqui et al. (66) claimed that omission of the
purine mixture had no effect on the in vitro growth of
P. knowlesi and Conklin et al. (17) reported limited
utilization of thymidine and uridine by this parasite;
the explanation for such unusual findings relative to
other reports were possible differences in leucocytes
of normal and infected animals and differences in in
vitro conditions.
Inhibition of adenosine uptake (incorporation)
has been used for in vitro evaluation of antimalarials
(cordycepin, chloroquine, pyrimethamine, and
nucleic acid precursor analogues) with P. knowlesiinfected cells (25, 26, 38, 74, 75). Phillips et al. (48)
used in vitro adenosine incorporation as a measure
of the antiplasmodial activity of Gambian serum
against P. falciparum.
Most reports have suggested that only purines are
transported into the malaria-infected erythrocyte,
whereas pyrimidines (except for orotic acid) are
excluded. Neame et al. (45) have disputed this. They
incubated P. berghei-infected cells with purines (adenosine and guanosine) and pyrimidines (cytidine and
thymidine) and showed that for all substrates there
was equilibration across the red-cell membrane;
however, only purines were incorporated. Thus,
according to these workers, the poor utilization of
pyrimidines is not due to their inability to permeate
the red cell but rather a deficiency of the enzymes
necessary to effect phosphorylation or incorporation
is involved. Uridine and thymidine penetrate human
red cells by a carrier-mediated mechanism (14, 46). It
should be noted that in the in vitro studies of Neame
et al. incubation time was prolonged (1 h) and
substrate concentrations were exceedingly high
(1 mmol/litre). Pyrimidines (except for orotic acid)
are not utilized by malaria-infected cells for two
reasons: firstly, their extremely low transport into
the erythrocyte; and secondly, the lack of appropriate host cell and plasmodial enzymes to convert
these into nucleotides.
Avian species. Lewert (33), using ultraviolet light
absorption, suggested that P. gallinaceum degraded
the chicken erythrocyte nucleus and thereby derived
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precursors for nucleic acid synthesis. Although parasite dependence on preformed host cell nucleic acids
(or their metabolites) could not be substantiated by
subsequent isotopic (83) and cytofluorometric (2)
investigations, Lewert's work did provide an intriguing idea, namely that avian species of malaria, living
in nucleated erythrocytes, might use exogenous (host
cell) sources for nucleic acid biosynthesis. Indeed, at
about the same time, Trager (70) showed that extracellularly grown P. lophurae required ATP. Plasmodial dependence on the host cell supplying nucleic
acid precursors was indicated by biochemical studies
with P. lophurae where it was shown that malarial
parasites were capable of de novo synthesis of pyrimidines, but not purines (83). Subsequently, this was
confirmed by the radioisotope studies of Booden &
Hull (6), using P. lophurae in chicken erythrocytes,
and Platzer's demonstration that P. Iophurae lacked
the folate enzymes necessary for purine biosynthesis
(49).
Walsh & Sherman (83) were unable to demonstrate incorporation of thymine or thymidine into
P. lophurae. Sherman & Kibby (unpublished data,
1969) confirmed this and discovered that P. lophurae-infected cells markedly accumulated adenine,
adenosine, and hypoxanthine (Table 4); some
enhanced uptake was also seen with guanosine and
orotic acid. Later, Booden & Hull (6) showed the
incorporation of adenine and orotic acid and lack of
utilization of uracil. Autoradiography of erythrocytes after exposure to tritiated compounds showed
incorporation of hypoxanthine and adenosine with
silver grains localized principally over the parasites
(Sherman & Kibby, unpublished). On the other
hand, uridine, thymidine, and cytosine showed no
incorporation (6; Kibby & Sherman, unpublished
data). In a more recent study, P. lophurae-infected
cells were shown to have a high uptake of adenosine,
inosine, and hypoxanthine, the degree of accumulation being directly related to the size of the parasite
(69). In the case of adenine, the reverse was true:
infected cells with multinucleate parasites took up
less than red cells containing uninucleate forms.
AMP, ATP and IMP were taken up to a very limited
degree. Plots of uptake (,moles/5 min/gram wet
weight) against initial substrate concentration
(mmol/litre) for infected cells revealed saturation at
approximately 75 ,tmol/litre for adenine, inosine, and
hypoxanthine and 175 ,tmol/litre for adenosine.
Adenosine uptake by infected cells was inhibited by
the presence of hypoxanthine and inosine, but such
mutual inhibition was not seen in normal cells;

Table 4. Uptake of various nucleic acid precursors by
P. Iophurae-infected (IRBC) and normal duckling
erythrocytes (NRBC)
Distribution ratio

Precursor
5

Time (min)
15

30

adenine

NRBC
IRBC

1.31
15.99

4.62
580.1

10.05
418.7

guanine

NRBC
IRBC

0.47
1.52

0.45
1.15

0.50
1.07

hypoxanthine

NRBC
IRBC

0.44
1.76

0.64
2.89

0.88
190

adenosine

NRBC
IRBC

0.87
2.52

0.90
81.6

1.09
161.4

guanosine

NRBC
IRBC

0.47
1.02

0.56
1.86

0.62
2.46

thymine

NRBC
IRBC

0.36
0.48

0.38
0.35

0.32
0.32

thymidine

NRBC
IRBC

0.32
0.40

0.35
0.35

0.36
0.31

uracil

NRBC
IRBC

0.45
0.43

0.53
0.33

0.52
0.35

uridine

NRBC
IRBC

0.66
1.23

1.50
2.27

4.44
3.46

cytosine

NRBC
IRBC

1.04
1.33

1.15
1.81

1.14
2.07

cytidine

NRBC
IRBC

0.57
0.63

1.27
1.02

2.32
1.73

orotic acid

NRBC
IRBC

0.15
0.37

0.26
1.08

0.47
2.89

adenine, guanine, and ATP did not act as uptake
inhibitors. Tracy & Sherman (69) suggested that
adenosine was deaminated to inosine shortly before
or during uptake. Thus, they concluded that adenosine, inosine, and hypoxanthine have a common 6oxopurine transport site on the infected red-cell
membrane.
What may be concluded with regard to purine
transport into the parasitized erythrocyte? It is
known that in vivo administration of hypoxanthine
to rabbit or rat liver results in the release of adenosine, with the hepatic venous level being about 13
,umol/litre (53). Whether other utilizable purines are
released from the liver is unknown but it seems
obvious that blood hypoxanthine is cleared by the
liver and not exported. The adenosine released from
the liver is rapidly taken up by the erythrocyte and
converted to adenine nucleotides directly (via adenosine kinase) and to guanine nucleotides indirectly
(via IMP). Thus, it is reasonable to assume that for
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the parasitized erythrocyte the utilizable substrates
are primarily adenosine and secondarily hypoxanthine (present in mammalian blood plasma at 10-50
,tmol/litre). Purine transport sensu stricto (see
pages 211-212) has not been demonstrated for malaria-infected erythrocytes; rather, the reported studies
have concerned themselves with uptake (and incorporation). Specific mechanisms, identification of
transport loci, action of antimalarials on transport,
and the like remain to be investigated.
Erythrocyte-free plasmodia. Transport studies of
nucleic acid precursors into erythrocyte-free malarial
parasites are restricted to two species: P. berghei and
P. lophurae.
P. berghei " free " of the host cell by saponin lysis
have been studied extensively by Van Dyke and his
associates. Two types of preparation have been used:
firstly, saponin-prepared parasites in a plasma-containing medium; and secondly, saponin-liberated
parasites suspended in Krebs' buffer. The early
studies with parasites in Krebs' buffer indicated that
radioactivity from adenosine (-0.25 nmoles) or
ATP was incorporated into parasite nucleic acids; it
was presumed (but not shown) that ATP was degraded to adenosine by ATPase from contaminating
red-cell stroma. Adenosine uptake by the parasites
was blocked by quinacrine but not dapsone, ethidium, choloquine, or imipramine (30, 31, 80, 82).
Using this same scheme, cytidine and uridine were
not incorporated, and the authors suggested that
" the membrane of the parasite exerts a selectivity on
the penetration of pyrimidine, but not on purine,
nucleosides" (82). When these investigators began
to use parasites in plasma, the results obtained were
somewhat different: the pattern of incorporation
was AMP-8- 3H > ADP-8- 3H > ATP-8- 3H >
adenosine-8- 3H but no incorporation of label was
obtained with ATP-a- 32P or ATP-B,y_ 32P. To explain this paradox, they suggested that the 32P label
was cleaved from the 32P-ATP before the nucleoside, adenosine, penetrated the plasmodium. It was
suggested that the higher efficiency of AMP-8- 3H
when compared to adenosine-8- 3H was due to the
former being a protected form of the nucleoside (32).
In addition, they proposed that AMP was not as
easily deaminated as adenosine and by the slow
dephosphorylation of AMP there was a gradual
release of adenosine which was presumably taken up
by the parasite. The use of plasma as a suspending
medium coupled with the presence of red-cell stroma
in the reported experiments makes the interpretations of substrate transport uncertain (for example,

plasma contains adenosine deaminase so that adenosine would be converted to inosine which in turn
could be taken up by the parasite). Although earlier,
Van Dyke and coworkers (13, 32) were of the
opinion that adenosine was phosphorylated to AMP
by the parasite, their recent studies with parasites in
Krebs' buffer suggested the following scheme: adenosine-'oinosine--'hypoxanthine in the extracellular
with phosphorylated compounds
medium,
(IMP-AMP-ADP-ATP) being present in the
parasite. Moreover, Patterson's compound 555 (an
inhibitor of adenosine transport) had no effect on
adenosine incorporation. Accordingly, the conclusion they have drawn is that adenosine is probably
not the immediate precursor for phosphorylation,
but that hypoxanthine is the initial entry compound
for free parasites (35, 36, 78). Unfortunately, interpretation of this study remains ambiguous since no
control preparations of red-cell ghosts (which contaminate saponin-" freed " parasites) were tested,
total removal of leucocytes and platelets was not
attempted and parasites entirely free of red-cell
contaminants (e.g., plasmodia freed by haemolytic
antiserum) were not employed. Despite this, their
contention that hypoxanthine is the preferred purine
for the intraerythrocytic plasmodium is probably
correct.
In 1967, it was first suggested that adenosine of
the host erythrocyte could be an important source
of purines for the synthesis of plasmodial nucleic
acids (9). Shortly thereafter, Walsh & Sherman (83)
revealed that P. lophurae had the capabilities for
de novo pyrimidine synthesis (14C-NaHCO3 was
incorporated into cytosine, uracil, and thymine; the
enzymes orotidine-5'-phosphate pyrophosphorylase
(EC 2.4.2.10) and thymidylate synthetase (EC
2.1.1.45) were also present). But parasite purine
synthesis was limited (14C-formate incorporation into
adenine and guanine was low). They speculated:
" The parasite is capable of the de novo synthesis of
pyrimidines including thymidylate and presumably
utilizes these compounds for the synthesis of DNA
and RNA. P. lophurae synthesizes purines de novo
only to a limited extent and therefore must rely on
exogenous sources of these compounds. The most
obvious source is the host erythrocyte which contains
a relatively high concentration of purines . . ."
What are the purine sources contained in the
erythrocyte that the growing plasmodium requires?
Approximately 80% of the purines in the red blood
cell are in the form of ATP, and potentially this
could be utilized by the parasite. Indeed, Trager (70)
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found that the extracellular survival of P. lophurae
(freed from the host cell by haemolytic antiserum)
was favoured by the addition of ATP to the red-cell
extract (RCE) medium. Such extracellular plasmodia
incorporated orotic acid and adenine but not uridine. During a 3-4-h incubation, orotic acid incorporation was reduced if CoA was omitted or if dilute
RCE was used but not if ATP and pyruvate were
absent from the medium. Although ATP promotes
extracellular development of the parasite, AMP and
ATP both interfered with adenine uptake (72). This
suggests that the added AMP and ATP were altered
after being added to the RCE, and the resultant
nucleosides and nucleobases acted as competitors for
the plasmodial adenine transport locus. There is no
evidence, as yet, to show that the beneficial effects of
ATP on parasite growth are due to its transport into
the plasmodium. Indeed, in Trager's view, the role
of exogenous ATP is for the active transport of
materials across the two closely opposed membranes
that separate the cytoplasms of red cell and parasite.
In support of this, Trager (71, 73) has shown that
bongkrekic acid, an inhibitor of mitochondrial
ATPase and cation transport, inhibited the extracellular growth of P. lophurae and the intracellular
development of P. falciparum. Addition of ATP
(2-12 mmol/litre) reversed the bongkrekic acid
(1.4-35 jug) effects. If ATP is not the purine transported into the parasite, what is? Sherman & Kibby
(unpublished data, 1969), using saponin-" freed "
P. lophurae, demonstrated that only hypoxanthine, adenosine, and guanine were accumulated
by plasmodia (Table 5). This was confirmed and
extended by other findings from the same laboratory. Specifically, " free " parasites had a high
uptake of hypoxanthine, adenosine, inosine, and
guanine, whereas uptake of guanosine, xanthine,
adenine, AMP, ATP, and IMP was low (69). The
magnitude of the uptake, the high distribution ratios
(> 90% of the available radioactivity, at low substrate concentrations, was inside the cell), the saturation kinetics at high purine levels, and the phenomenon of mutual inhibition suggested that the " free "
parasites transported adenosine, inosine, and hypoxanthine by a common carrier. Unfortunately the
transport studies were compromised by long (5 min)
uptake periods and the fact that substrate metabolism took place. P. lophurae was capable of forming
both ATP and GTP from added hypoxanthine,
inosine, and adenosine and 90-95% of the added
radioactivity was incorporated into RNA and
5-10% into DNA. Tracy & Sherman speculated that

Table 5. Uptake of purines and pyrimidines by erythrocyte-free P. Iophurae
Distribution ratio
Time (min)
5

15

30

Purines

adenosine

186

77

hypoxanthine
guanine

279

117

50

99

66

46

47

guanosine

0.76

1.12

3.12

adenine

0.57

0.60

0.67

Pyrimidines

thymine
thymidine
cytosine
cytidine
uracil
uridine
orotic acid

0.31

0.32

0.30

0.28

0.29

0.32

0.32

0.29

0.33

0.34

0.43

0.43

0.31

0.37

0.18

0.30
0.21

0.25

0.28

0.31

0.20

hypoxanthine might be the purine species available
to P. lophurae in vivo and that adenosine was
probably deaminated to inosine during uptake by
" free " parasites in vitro. It is of interest to note that
good intraerythrocytic growth of P. lophurae took
place in Weymouth's medium which contains
2.5 x 10-4 mol/litre hypoxanthine as the sole
purine (83).
In the deteriorating human red cell, the following
reactions have been shown: ATP -_ ADP .-+ AMP
-- IMP - inosine -. hypoxanthine (5, 44). The malaria-infected erythrocyte (except for P. knowlesi and
P. berghei growing in reticulocytes) is a deteriorating
red cell that probably contains significant amounts of
hypoxanthine and/or inosine. Either could be transported into the plasmodium (69, 78) where intraplasmodial accumulation of IMP and/or ribose-1phosphate would take place. The IMP, after being
transformed into adenine and guanine nucleotides,
would be used for the synthesis of RNA and DNA
(Fig. 1). In the erythrocyte, adenosine could be
formed from AMP by a parasite membrane-associated
5'-nucleotidase; however, a plasmodial enzyme with
such activity has not been found (Sherman, unpublished data). Although the hypoxanthine route (involving parasite hypoxanthine phosphoribosyltransferase-EC 2.4.2.8) is most likely to occur in vivo, in
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Fig. 1. Purine interconversions and transport in the malaria-infected erythrocyte. The most probable pathway
is shown in darker arrows.
1. adenylate deaminase
2. IMP nucleotidase
3, 4. hypoxanthine phosphoribosyl transferase
5. purine nucleoside phosphorylase
6. 5'-nucleotidase
7. adenosine deaminase
8. adenosine kinase
Although enzymes 4, 5, 7, 8 are shown to be membrane bound there is no definitive evidence for this.
5'-nucleotidase has not been found to be associated
with plasmodial membranes.

vitro the parasite is able to transport inosine and
adenosine as well as hypoxanthine. Inosine uptake
would probably take place by group translocation,
whereas adenosine uptake could involve adenosine
kinase (EC 2.7.1.20) and/or adenosine deaminase
(EC 3.5.4.4). The enzymes involved in the salvage
pathway as well as purine translocation have been
identified in P. berghei, P. chabaudi (7, 8, 34, 56, 84)
and P. lophurae (Yamada, unpublished data). Thus,
accumulation of purines by the plasmodium is
probably a result of both carrier-mediated transport
and further metabolism.
What kinds of future studies will provide a more
complete understanding of the mechanisms of purine
transport by malarial parasites and malaria-infected
erythrocytes? Firstly, the experimental approaches
should be multifaceted in order to obtain meaningful
results. Secondly, future work with free parasites and
red cells should be conducted in the total absence of
contaminating platelets and white cells; transport
determinations should be made in enzyme-free
media (e.g., plasma-free, RCE-free); either stromal
and membrane contaminants should be avoided or
else their quantitative contribution should be assessed. Thirdly, studies of carrier-mediated transport
should be carried out at times when influx predominates and backflux is minimal. Sampling should be

rapid (seconds) and centrifugation should be
through silicone oil or some other inert liquid barrier. Special centrifuge tubes or membrane filtration
may be required; in this way cells will be quickly and
cleanly separated from the incubation medium.
Fourthly, metabolic alterations in the substrate
should be avoided or minimized. To reduce substrate
modification, incubation may have to be conducted
at temperatures below 38°C; the use of non-metabolizable substrates may also be of value. Since the use
of intact cells often makes it difficult to differentiate
transport per se from subsequent intracellular
events, it may be necessary, in some instances, to
prepare isolated membrane vesicles devoid of cytoplasmic enzymes but capable of membrane transfer
of substrate. Fifthly, studies of the in vivo intracellular environment will have to be conducted on the
kind and concentration of purines present during
intraerythrocytic growth of the plasmodium and the
dynamic changes that take place in these metabolites. Sixthly, studies of isolation, characterization,
and cellular localization of purine salvage enzymes
should be undertaken. The total integration of information derived from such studies should provide an
understanding of the manner in which the parasite is
able to regulate the entry of purines required for its
rapid growth and reproduction.
Exoerythrocytic stages
The exoerythrocytic stages of P. fallax did not
incorporate tritiated thymidine (Mohiuddin, unpublished data). No other studies have been reported.
Insect stages
Omar et al. (47) were unable to find evidence of
incorporated tritiated thymidine in the oocysts or
salivary gland sporozoites of P. cynomolgi after
feeding mosquitos (Anopheles balbacensis) isotope in
syrup solutions; tritiated adenine, on the other hand,
intensely labelled oocysts and sporozoites. Similar
results were obtained with the oocysts of P. berghei
(19). Sporozoites (29) of P. berghei incorporated
radioactivity from tritiated purines (adenine, adenosine, deoxyadenosine, and deoxyguanosine), but not
pyrimidines (thymine, thymidine, and orotic acid).
P. berghei ookinetes incorporated tritiated adenosine, but not thymidine (85).
It is thus clear that the insect stages of malaria do
utilize purines (adenine and adenosine) but that
incorporation of pyrimidines does not take place.
Thymidine was not incorporated either because it
was not taken up or because the parasite lacks the
enzyme thymidine kinase.
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RESUME2
TRANSPORT

D'ACIDES AMINES

ET DE PREICURSEURS DES ACIDES

Des etudes in vitro ont montre que les acides amines
exogenes fournis sont transferes a l'interieur de la cellule
infectee de Plasmodium et qu'ils y sont incorpores dans
les proteines. La plupart des acides amines semblent
penetrer dans la cellule par un mecanisme de diffusion
simple ou facilitee, mais ce mecanisme explique difficilement les rapports de distribution eleves notes dans les
cellules infectees de P. knowlesi. Les modifications observees dans les cellules infectees de P. lophurae en ce qui
concerne le transport des acides amines sont probablement le resultat d'un epuisement en ATP de la cellule
h6te, de meme que de I'elaboration de substances parasitaires. L'epuisement de l'isoleucine, de la methionine et
de la cysteine du milieu abaisse de fagon frappante la
croissance in vitro de P. knowlesi. I1 n'y a pas de correlation entre le degre d'incorporation des acides amines
dans la cellule infectee de plasmodie et la quantite d'un
acide amine particulier dans l'hemoglobine de la cellule
h6te, l'abaissement de cet acide amine dans le plasma
des animaux infectes, ou le rapport des acides amines
libres de l'erythrocyte a ceux du plasma. Dans les para-

NUCLE'IQUES

CHEZ LES PARASITES DU PALUDISME

sites P. lophurae debarrasses des erythrocytes, le transport
par l'intermediaire d'une substance vectrice est apparemment limite ah un petit nombre d'acides amines; tous les
autres semblent entrer par diffusion simple.
Les erythrocytes infectes de plasmodies transportent
les purines exogenes fournies a des taux nettement plus
eleves que les globules rouges non infectes. Les purines
preferees sont I'adenosine, 1'hypoxanthine et l'inosine.
L'unique pyrimidine incorporee est l'acide orotique. La
thymidine, la cytidine et l'uridine ne penetrent pas facilement dans les erythrocytes, et l'incorporation n'a pas lieu
parce que les parasites ne possedent pas l'enzyme necessaire a la conversion en nucleotides. Des parasites
P. berghei et P. lophurae debarrases des erythrocytes
absorbent les purines et l'acide orotique. On a avance
que, in vivo, les purines preferees sont l'hypoxanthine et
l'inosine et que le site de transport, pour les erythrocytes,
est specifique des oxo-6 purines. En ce qui concerne
l'incorporation des purines, des resultats similaires ont
ete rapportes pour les stades de P. cynomnolgi et P. berghei
chez les hotes invertebres.
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