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Amino acid metabolism and protein synthesis
in malarial parasites*
I. W. SHERMAN 1

Malaria-infected red cells and free parasites have limited capabilities for the biosyn-
thesis ofamino acids. Therefore, theprincipalamino acidsourcesfor parasite protein synthesis
are the plasma free amino acids and host cell haemoglobin. Infected cells and plasmodia
incorporate exogenously supplied amino acids into protein. However, the hypothesis that
amino acid utilization (from an external source) is related to availability of that amino acid
in haemoglobin is without universal support: it is true for isoleucine and for Plasmodium
knowlesi and P. falciparum, but not for methionine, cysteine, and other amino acids, and
it does not apply to P. lophurae. More by default than by direct evidence, haemoglobin is
believed to be the main amino acid reservoir available to the intraerythrocytic plasmodium.
Haemoglobin, ingested via the cytostome, is held in food vacuoles where auto-oxidation
takes place. As a consequence, haem is released and accumulates in the vacuole as
particulate haemozoin (= malaria pigment) Current evidence favours the view that
haemozoin is mainly haematin. Acid and alkaline proteases (identified in crude extracts
from mammalian and avian malarias) are presumably secreted directly into the food
vacuole. They then digest the denatured globin and the resulting amino acids are
incorporated into parasite protein. Cell-free protein synthesizing systems have been
developed using P. knowlesi and P. lophurae ribosomes. In the main these systems are
typically eukaryotic.

Studies ofamino acid metabolism are exceedingly limited. Arginine, lysine, methionine,
and proline are incorporated into protein, whereas glutamic acid is metabolized via an
NADP-specific glutamic dehydrogenase. Glutamate oxidation generates NADPH and
auxiliary energy (in the form of a-ketoglutarate). The role of red cell glutathione in the
economy of the parasite remains obscure. Important goals for future research should be:
quantitative assessment of the relative importance ofamino acid sources for parasite protein
synthesis; purification and characterization of plasmodial proteinases; and in vitro trans-
lation ofparasite messenger RNA.

Malarial parasites, during their asexual develop-
ment, rapidly increase in size as well as in number,
and the rate of plasmodial protein synthesis must, of
necessity, be commensurate with such prodigious
growth. Amino acids, the building blocks of pro-
teins, may be obtained by the malarial parasite in the
following ways:

(a) biosynthesis of amino acids from other carbon
sources;

(b) amino acid transport across the surface of the
host cell and/or the parasite; and
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(c) ingestion of host proteins followed by digestion
and release of amino acids.
There are no reports concerning amino acid utili-

zation by the exoerythrocytic stages of malaria, and
for the insect stages there is solely autoradiographic
evidence for 3H-leucine incorporation into Plasmo-
dium berghei ookinetes (109) and the oocyst of
P. gailinaceum (110). Consequently, most of what is
known about protein synthesis by members of the
genus Plasmodium is based on work done with the
blood-inhabiting stages.

BIOSYNTHESIS OF AMINO ACIDS FROM OTHER

CARBON SOURCES

Malarial parasites and malaria-infected erythro-
cytes are capable of fixing CO2, thereby forming
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keto, organic, and amino acids (25, 62, 91, 92, 99,
100, 106). The amino acids synthesized via this
route are rather restricted, however, being lim-
ited to aspartic and glutamic acids and alanine. (The
proposal made by Cenedella et al. (10) that isoleu-
cine may be formed by CO2 fixation is probably in
error, since this has not been found for other tissues
or cells.) Analyses of the free amino acid pools of
P. knowlesi, P. berghei, and P. lophurae infected cells
confirm this plasmodial capacity for CO2 fixation,
since these same amino acids increased most strik-
ingly in the free amino acid pool of infected cells (11,
81, 96). While the ultimate fate of the organic acids
derived from CO2 fixation is not totally certain, it is
clear that very little of the added 14CO2 (< 0.06 %) is
incorporated into plasmodial (P. lophurae) proteins
(106). (Of the radioactive products of CO2 fixation,
98% were water soluble!)
Nagarajan (62) found that P. berghei could fix

CO2 only in the presence of glucose, and Bryant et
al. (6) reported that the principal amino acid prod-
ucts of 14C-glucose metabolism by P. berghei and
P. cynomolgi bastianellji (28) were aspartic acid >
glutamic acid > alanine. In the case of P. lophurae-
infected cells and " free " parasites, the same amino
acids were found to be derived from glucose, although
the relative proportions were somewhat different from
those of mammalian malarias, i.e., glutamic acid >
alanine > aspartic acid (85, 94). Further, Polet et al.
(65) reported that P. knowlesi-infected red cells
incorporated radioactivity from glucose, pyruvate,
and acetate into plasmodial proteins, with all of the
label recovered in these same three amino acids.

Thus, aerobic CO2 fixation and glucose dissimila-
tion by malarial parasites and malaria-infected red
cells are not primarily directed towards amino acid
formation for plasmodial protein synthesis; instead,
CO2 fixation plays an anaplerotic role.

AMINO ACID METABOLISM

The metabolic fate of amino acids in the erythro-
cytic stages of malaria has been studied only to a
limited degree. Langer et al. (43) claimed that,
although P. berghei could synthesize the methyl
group of methionine de novo, the parasites were
incapable of storing labile methyl groups.a Recently,
it was shown that P. knowlesi-infected red cells were

a Bueding (7) queried Langer's findings, and wondered
whether the small increase in methionine found in P. berghei
extracts was due to proteolytic release of methionine rather
than to de novo synthesis.

capable of converting [3-14C]-serine and [35S]-
homocysteine into methionine, thus implicating
methyltetrahydrofolate in the biosynthesis of
methionine (101). In a related study, it was reported
that the in vitro development of P. knowlesi was
partially inhibited by the a-methoxy analogue of
methionine (44).

Methionine and proline, added to suspensions of
red cells infected with P. lophurae, were incorporated
primarily into protein; normal erythrocytes showed
minimal incorporation (90). The addition of 14C-
alanine to in vitro suspensions of " free " P. lophurae
showed the following pattern: 90% unmetabolized,
3% in protein, 1 % organic acids. Arginine and
lysine, on the other hand, showed a distinctly differ-
ent pattern, most of the added radioactivity being
incorporated into protein. " Free " parasites de-
graded about 15% of the exogenously supplied
radioactive aspartic acid to 14CO2, whereas 80%
remained unchanged; glutamic acid was catabolized
to a greater extent since the recovered radioactivity
was distributed as follows: 60% CO2, 9% proteins,
5% organic acids, and 20% unmetabolized (90). The
metabolism of glutamate probably takes place via
the NADP-dependent glutamic dehydrogenases
identified in cell-free extracts of P. berghei, P. cha-
baudi, and P. lophurae (46, 83, 108). In P. lophurae,
the oxidation of glutamate presumably serves two
functions: generation of NADPH for reductive syn-
theses and production of a-ketoglutarate as an auxi-
liary energy source, whereas in the mammalian
malarias only the former activity prevails.
The liberation of ammonia by malaria-infected

red cells is well documented (33, 61, 81). However,
there is only a single report of related enzyme
activity: L-amino acid oxidase in P. berghei (45). It
should be noted that very low transaminase activity
was found to be present in extracts of P. lophurae
(83).

Related to the aforementioned studies of amino
acid metabolism is the role of the tripeptide gluta-
thione in the malaria infection. Glutathione had a
beneficial effect on the intraerythrocytic develop-
ment of P. lophurae (52), and it was reported (26)
that about 50% of the red cell glutathione served for
the cysteine requirement of P. knowlesi. While such
evidence seems to implicate plasmodial metabolism
of glutathione, the role it plays in the growth of the
various species of malaria is far from clear. For
example, changes in the erythrocytic levels of
reduced glutathione have been reported, but the
pattern is confusing. Little or no change was found
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in P. lophurae- (76) and P. berghei-infected erythro-
cytes (24, 29), whereas P. knowlesi- and P. vinckei-
infected red cells had increased amounts of reduced
glutathione (24, 64). The glutathione level of the
erythrocyte decreased in those cells containing more
mature forms of P. knowlesi, but in P. vinckei the
reverse was true. The mechanisms underlying such
changes remain obscure, and additional studies are
clearly needed.

AMINO ACID TRANSPORT AND INCORPORATION

Traditionally, cellular protein synthesis is detected
by measuring the degree of incorporation of radio-
active amino acids into trichloroacetic acid (TCA)
precipitable materials. Although such incorporation
is certainly not unequivocal proof that new protein
has been made, it is commonly employed because it
is the simplest and most efficient means for detecting
what is probably the synthesis of small amounts of
protein. Incorporation of amino acids, though sev-
eral steps removed from transport per se, does reflect
in part the cell's ability to take up these materials;
therefore, a portion of the literature on amino acid
incorporation is discussed under the heading
" Amino acid transport " on pp. 212-217 of this
issue.

It is totally inappropriate simply to equate radio-
active counts incorporated into TCA precipitates
with the rate of protein synthesis. If an amino acid is
poorly taken up by the cell, though readily incor-
porated, there will be poor incorporation owing to
the absence of available intracellular substrate. Fur-
thermore, the degree of incorporation of radioactive
amino acids into protein will depend on a variety of
factors: pool size of the amino acid, amino acid
availability (i.e., compartmentalization), and amino
acid composition of the proteins being synthesized,
as well as the turnover rate of such proteins. Even
when these are taken into account, incorporation
studies may not reflect the rate of protein synthesis
because another critical feature has been neglected:
dynamic alterations in the amino acid pool and
changing protein synthesis rates during growth.

Plasmodial proteins
There has been much attention paid to the anti-

genic composition of plasmodia (23, 34, 57, 75, 102,
111). However, virtually nothing is known about the
amino acid composition and rate of turnover of any
of the plasmodial proteins. Indeed, in almost all
cases there has been inadequate documentation of
plasmodial protein purity. The only well-character-

ized malarial protein is that recently described from
the dense granules of P. lophurae (40). The protein
making up these granules is exceedingly rich
(c-73 %) in histidine and is actively synthesized
during trophozoite growth (42). Autoradiographic
evidence suggested to Kilejian that the histidine-rich
protein was also present in the polar organelles of
the merozoite (41). Although she contends that
this protein may play a role in merozoite entry into
the erythrocyte, unequivocal proof of this is lacking
at present.

Free amino acidpools
The cellular concentration of free amino acids is

determined by the rate of amino acid accumulation
and production on the one hand, and the rate of exit
and utilization of the other. A steady state will exist
only when these are in dynamic equilibrium, a
condition that probably never takes place during the
asexual growth of the parasite within a red cell. The
free amino acid changes found in malaria-infected
red cells are a consequence of three elements: plas-
modial amino acid production from CO2 fixation
and haemoglobin proteolysis, the degree of amino
acid utilization by the parasite, and the influx of
amino acids from the plasma into the erythrocyte.
The quantitative contribution of each of these to the
total remains unknown.
The free amino acid pools of P. lophurae-, P.

berghei-, and P. gallinaceum-infected erythrocytes
(11, 69, 81, 96) showed striking increases in alanine,
aspartic acid, and glutamic acid; smaller increases
were found for lysine and glycine (11, 81). Al-
though Cenedella et al. (11) were of the opinion that
the amino acids produced in vitro by intraerythro-
cytic P. berghei were related to the amino acid
composition of the host cell haemoglobin, and thus
reflected parasite proteolysis of haemoglobin, this
does not totally explain the increased amounts of
isoleucine in the free amino acid pool of the infected
cell, nor does it account for the lack of correlation
between the increases in the free amino acid pool of
P. lophurae-infected red cells and the relative abun-
dance of amino acids in duck haemoglobin (81,
90).

Studies of changes in the free amino acid pool of
the plasma are both limited and contradictory. One
investigation (81) reported modest or no changes in
plasma amino acids, whereas the other (96) gave
evidence of sharp increases in almost all amino
acids. There is no reasonable explanation for these
divergent results with the same parasite (P. lophu-
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rae), and further work along these lines is needed.
Obviously, changes in the free amino acid content of
the plasma and the erythrocyte do not completely
reflect parasite utilization, and interpretations based
on such data are unwarranted without additional
and more direct evidence.

MAMMALIAN SPECIES

In vitro, P. knowlesi-infected erythrocytes incor-
porated radiolabelled leucine (8, 14, 51), isoleucine
(51, 67, 68, 74), methionine (26, 51), cysteine (26),
histidine, and cystine (26). In the most detailed
study, the incorporation pattern was: isoleucine >
leucine > valine > glycine > alanine > phenylala-
nine = tyrosine > serine > cystine = proline >
tryptophan > threonine > histidine > methionine
= arginine > lysine. Aspartic and glutamic acids
were not incorporated (67, 68). In vitro incorpora-
tion of orotic-6-14C-acid was employed to measure
parasite growth; when the medium was depleted of
isoleucine and methionine, " growth " was severely
(40-90%) impaired but with the omission of cystine,
tyrosine, arginine, glutamine, histidine, and lysine
there was less (10-20%) growth impairment (66-68).
Polet & Conrad suggested that isoleucine and
methionine had to be derived from extracellular
(plasma) sources, since primate haemoglobin is defi-
cient in these. A similar explanation had been pro-
posed earlier to explain the beneficial effects of
adding methionine to the culture medium for grow-
ing P. knowlesi (3, 26).

P. falciparum-infected cells incorporated 14C-iso-
leucine (22, 63, 95) and 3H-leucine (53, 71), as well as
methionine and glycine (104, 105).
The evidence available for the mammalian species

of malaria does not totally support the notion that
the parasitized erythrocyte incorporates to the great-
est degree those exogenously supplied amino acids
that are lowest in amount in the haemoglobin. This
relationship appears to be true only for isoleucine.
Methionine and cysteine are low in primate haemo-
globin but when supplied externally incorporation
into plasmodial protein is also low, whereas leucine
incorporation is high but it is abundant in haemo-
globin. Thus, the underlying basis for the degree of
incorporation for most exogenously supplied amino
acids remains speculative.

AVIAN SPECIES

The pattern and rate of plasmodial (P. lophurae)
protein synthesis, as measured by incorporation of a
14C-amino acid mixture, was similar for normal and

infected red cells, whether the medium was rich in
sodium or potassium ions or whether the amino
acids were equimolar in amount or resembled the
free amino acid composition of the plasma or the red
cell. The absence of glucose diminished incorpora-
tion. Parasitized erythrocytes incorporated 3 times
as much isotope as did normal red cells (84). Sher-
man et al. (90) showed that when P. lophurae-
infected erythrocytes were incubated in vitro in the
presence of 3700 Bq of a 14C-amino acid, in a medium
containing an array of amino acids similar to duck
plasma, the incorporation pattern was: proline >
isoleucine > leucine = histidine > valine >
methionine > threonine > arginine = glycine =
serine > lysine > alanine > aspartic acid >
glutamic acid. They hypothesized that the degree of
amino acid incorporation was not, as Polet &
Conrad (67, 68) implied, simply a function of the
availability of the amino acid in the host cell haemo-
globin, but rather reflected the amino acid pool
content of the infected cell, the rate of entry of the
amino acid into the cell, and the amino acid compo-
sition of plasmodial proteins; it was presumed that
for the infected cell the amino acid pools of red cell
and parasite were readily exchangeable. Using this
formulation, amino acid incorporation in the in-
fected cell was explicable for all amino acids except
proline. The synthesis rate of the infected cell was
found to be equal to (or somewhat less than) the sum
of the rates of the normal erythrocyte and the free
malarial parasite.

Isoleucine incorporation by P. lophurae-infected
cells was inhibited by 2 x 10-5 mol/litre cyclohexi-
mide (90). Schnell & Siddiqui (74) found that
isoleucine incorporation in P. knowlesi and P. falci-
parum-infected red cells was inhibited by puromycin
and cycloheximide; 10-4 mol/litre chloramphenicol
was without effect; they accurately noted that Sher-
man's earlier report on chloramphenicol inhibition
of protein synthesis was probably a nonspecific
effect due to the extremely high concentrations he
used. Thus, it is apparent from these studies that the
plasmodial protein synthesizing system is typically
eukaryotic.
Sherman & Tanigoshi (88) reported that chloro-

quine, primaquine, and quinine inhibited the incor-
poration of radioactive alanine and arginine into
normal and malaria-infected red cells as well as
" free " P. lophurae. These same drugs inhibited
amino acid entry only when the amino acid was
transported into the cell by a carrier-mediated sys-
tem. Whenever amino acid entry was blocked there
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was a corresponding depression in protein synthesis
due to a lack of precursor availability within the cell.
Since some drugs inhibited protein synthesis but did
not affect entry, it was suggested that these anti-
malarials exerted their effects in an indirect manner
and did not directly block amino acid entry.

ERYTHROCYTE-FREE PLASMODIA

The only studies reported have been with P. lophu-
rae. Erythrocyte-free plasmodia, prepared by
haemolytic antiserum, incorporated proline and
methionine (107). Methionine incorporation was
related to the concentration of red cell extract;
proline incorporation was a reliable indicator of the
presence or absence of ATP and pyruvate. This
latter effect could be due to the fact that extracellular
P. lophurae transport proline by a carrier-mediated
process, although this has not been reported to be so
for saponin-freed plasmodia (89).

Erythrocyte-" free " parasites incorporated 1.5-3
times more 14C-amino acids (mixture) than did unin-
fected red cells; the medium that best supported
protein synthesis in the parasite was red cell extract
(RCE) with glucose. The efficacy of the RCE may
not have been due to the balance of amino acids but
rather to its protein content acting favourably on the
in vitro survival of the parasite (84). For saponin-
liberated plasmodia incubated for 90 min in a me-
dium containing an array of amino acids and a
K+: Na+ ratio resembling that of the erythrocyte,
the incorporation pattern was: proline = arginine >
lysine > methionine = isoleucine > leucine =
valine = serine = threonine > alanine > glycine >
glutamic acid > aspartic acid (90). Again, it is
difficult to propose a totally satisfactory explanation
for these results. Uptake of amino acids, however,
was probably the least important factor, whereas
plasmodial protein composition, the nature of the
amino acid pool, and parasite utilization of a parti-
cular amino acid undoubtedly were more significant.

HAEMOGLOBIN, HAEMOZOIN, AND PROTEOLYTIC
ENZYMES

Since the free amino acids present within the
erythrocyte are presumably not of sufficient magni-
tude to serve as a source for plasmodial protein
synthesis, and since de novo biosynthesis of amino
acids is severely restricted, the principal protein of the
erythrocyte, haemoglobin, remains the most abun-
dant reservoir of amino acids available to the grow-
ing plasmodium.

A conspicuous feature of the intraerythrocytic
development of the malarial parasite is the deposi-
tion of golden brown-black pigment granules
(= haemozoin). It was assumed by the early malar-
iologists that haemozoin was the breakdown product
of haemoglobin; however, there was no experimen-
tal evidence for this until the turn of the century.
Brown (5) extracted malaria pigment from livers and
spleens obtained from P. falciparum malaria cases
using alcoholic KOH or dilute alkali. The spectral
properties of these extracts were identical to authen-
tic haematin. Based on this similarity, he proposed
that the malarial parasite contained proteolytic
enzymes capable of splitting haemoglobin into pro-
tein and haematin; the protein was used by the
parasite, whereas the haematin simply accumulated
as a waste product. Brown never assumed that
haemozoin was pure haematin, and considered it
probable that haematin was associated with other
materials. Other investigators (20, 21, 27, 30, 31, 56,
72, 97, 98) solubilized malaria pigment from
P. knowlesi, P. berghei, and P. gallinaceum in 0.25
mol/litre Na2CO3 or 0.01 mol/litre NaOH and came
to a similar conclusion: haemozoin was haematin.
However, in 1956, Deegan & Maegraith (19) ques-
tioned such equivalence. They contended that the
extraction procedures employed by previous workers
were too harsh and that during solubilization the
haem was cleaved from an associated polypeptide
constituent. Further, they cited the paradox that
malarial parasites possess succinoxidase activity
(P. gallinaceum, Speck et al. (103)), whereas Keilen &
Hartree (39) showed that haematin inhibited such
activity. Coexistence of haematin and succinoxidase,
they stated, could not occur. Using milder extraction
methods (0.1 mol/litre borate buffer, pH 9.2) they
found, after spectral analysis, that P. malariae,
P. falciparum, P. knowlesi, and P. cynomolgi haemo-
zoins contained haematin coupled to a denatured
polypeptide (18, 19). Such a complex, they said,
would not inhibit succinic dehydrogenase activity
and thus the paradox appeared to be resolved.
Further, according to Deegan & Maegraith (19), the
combined form of haematin would contribute to the
insolubility of malaria pigment. Following these
lines of reasoning and using similar extraction tech-
niques plus amino acid analyses as well as peptide
fingerprints, it was claimed that P. lophurae haemo-
zoin was a haem-containing protein (79, 82, 93). The
insolubility of haemozoin (except in highly alkaline
solutions) made determination of its molecular size
by conventional ultracentrifugation difficult; how-
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ever, using an indirect method (comparison of haem-
iron: dry weight of haemoglobin and haemozoin)
Sherman et al. (93) claimed that haemozoin had, on
the average, a significantly smaller molecular size
than haemoglobin. Thus, the conclusion reached was
that haemozoin was partially degraded haemo-
globin. Homewood et al. (35) challenged this view
and suggested that the amino acids and peptides
found in the hemozoin preparations of Sherman et
al. were not an integral part of the pigment, but
instead were derived from membrane contaminants.
Indeed, subsequent electron microscopic investiga-
tions with P. knowlesi haemozoin prepared by the
Sherman-Hull method showed membrane contami-
nants (I. W. Sherman, unpublished observations,
1973). Homewood et al. (35, 36) attempted to purify
P. berghei haemozoin by repeated washings with
0.1% sodium dodecyl sulfate (SDS), and in some
instances followed this detergent treatment with a 2-
day incubation in a solution of pancreatin. The
resultant product retained the in vivo crystalline
appearance of haemozoin (54, 55), contained ferric
iron, had an absorption maximum at 650 nm, and
rotated the plane of polarized light. When this
pigment was solubilized in 0.1 mol/litre NaOH and
chromatographed on Sephadex G-200 or analysed
by ultracentrifugation, an S value of 4.7 was ob-
tained. Since this was greater than that of haemo-
globin (4.4S), it suggested to them that haemozoin
was not a simple breakdown product of haemo-
globin but a material synthesized by the parasite
from haemin and other constituents.
The malaria pigment preparations of Homewood

et al. are difficult to equate with in situ haemozoin
because of the harsh treatments used in purification,
i.e., SDS is notorious for solubilizing protein and
pancreatin digests protein. Further, since Sephadex
chromatography of haemoglobin in 0.1 mol/litre
NaOH gave an anomalously high molecular weight
(I. W. Sherman, unpublished observations, 1968),
the S value obtained for haemozoin in this solvent is
probably also imprecise. Homewood et al. (35)
reported that haemozoin did not release haemin in
ethyl acetate/acetic acid and thus the linkage of
haemozoin haem could not be non-covalent as it is
in haemoglobin. Although dried haemozoin did not
readily release haem in ethyl acetate/acetic acid,
fresh haemozin did (I. W. Sherman, unpublished
observations, 1973). Thus, the linkage of haem to its
associated proteins in native haemozoin is non-
covalent (as it is in haemoglobin); however, drying
appears to change this.

Morselt et al. (59) attempted to circumvent the
pitfalls of using solubilized pigment and instead
resorted to a microspectrophotometric analysis of in
situ haemozoin granules. Haemozoin had an absorp-
tion maximum of 442 nm, quite distinct from those
of haemoglobin, alkaline haematin and bilirubin.
They concluded that the malaria pigment of P. vivax
was not haematin but an iron complex salt in which
the iron was combined with bilirubin or another
porphyrin compound. Unfortunately, no compari-
son was made between in situ granules and haemo-
zoin isolated in an acid medium; further, microspec-
trophotometric analyses could be subject to the same
inherent errors as those obtained with extracted
samples. A microspectrophotometric comparison of
the in situ granules with haemozoin isolated by a
variety of methods would be of considerable interest.

Recently, we isolated P. lophurae haemozoin by
Kilejian's technique (40) for obtaining dense gran-
ules. Both crude and purified haemozoin (contami-
nating dense granules were removed by acetic acid
treatment, a technique that leaves insoluble haemo-
zoin) were analysed by SDS polyacrylamide gel
electrophoresis and isoelectric focusing. No evi-
dence for haemoglobin degradation products was
found; however, even with " purified " haemozoin,
contaminating proteins (mainly histones) were pre-
sent. The evidence suggests that haemozoin is almost
entirely haematin. (Ironically, the harsh purification
scheme used by Homewood et al. (36) strips away
the associated contaminants added during haemo-
zoin isolation, and in so doing a material similar to
that which existed in vivo is produced.)
We believe the relationship of haemoglobin to

haemozoin to be the following. When the intraery-
throcytic plasmodium takes up host cell haemo-
globin, the latter is deprived of those physiological
mechanisms that serve to protect it from oxidation;
consequently, haemoglobin auto-oxidizes to
methaemoglobin and non-enzymatically dissociates
into ferrihaem (haematin) and globin. As the
haematin concentration increases, there is self-aggre-
gation, especially below pH 8. Spontaneous granule
deposition occurs and the accumulated haematin is
haemozoin. (Since auto-oxidation of haemoglobin
non-enzymatically releases haem, Moulder (60) need
not have lamented the inability of investigators to
isolate a plasmodial enzyme that could split haem
from globin.) Haematin associates with other pro-
teins quite readily and such associations may occur
in vivo or, more likely, will be a consequence of
breaking the cell to obtain haemozoin. (In vivo, the
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topographic isolation of such proteins prevents their
attachment to haematin; however, lysis of the cell
releases these proteins and thereby permits new
haem-protein associations.) At physiological pH,
haematin aggregates are insoluble and therefore
non-toxic; therefore, to account for its physiological
activity, a polypeptide association with haematin is
unnecessary.a Thus, the physicochemical properties
of haemozoin strongly suggest its equivalence to
haematin. (In vivo, some of the haematin may be
associated with minor amounts of enzymic or other
proteins present in the digestive vacuoles.)
Brown (5) postulated that malarial parasites uti-

lized haemoglobin; however, he had no factual
evidence for such a view. Indirect proof came with
the discovery that in vitro P. knowlesi-infected cells
released amino nitrogen (13). Similar results were
found with P. gallinaceum-infected chicken erythro-
cytes (33, 61). Other evidence for the utilization of
haemoglobin during parasite growth came from the
work of Ball et al. (3), Morrison & Jeskey (58), and
Groman (33). These workers showed that during an
infection the total haematin content of the erythro-
cyte was the same as that prior to infection. How-
ever, in infected cells there was a reduction of
soluble haematin (= haemoglobin) and a corre-
sponding increase in insoluble haem (= haemozoin).
Based on these determinations, Morrison & Jeskey
estimated that 75% of the haemoglobin was de-
stroyed by an average P. knowlesi pigmented para-
site, whereas in P. gallinaceum and P. lophurae the
maximum haemoglobin destruction was about 25%
(3, 33, 58).

If, as the foregoing evidence seems to indicate, the
parasite breaks down host cell haemoglobin to
obtain amino acids, then the plasmodium should
contain proteolytic enzymes. Moulder & Evans (61)
prepared cell-free extracts of P. gallinaceum that had
proteinase activity. The proteinase had little endo-
genous activity, showed a pH optimum of 6.5, and
readily hydrolysed acid-denatured but not native
horse haemoglobin; chicken haemoglobin and
globin were hydrolysed at the same rate as horse
globin. Liberation of amino nitrogen from dena-
tured globin by the cell-free extract was unaffected

a Keilen & Hartree (39) dissolved haematin in 0.1 mol/
litre NaOH and then added this to the succinate dehydroge-
nase preparation. At physiological pH, haematin is insoluble,
and would have no effect. Further, as will be discussed later,
haemozoin is held in membrane-bound food vacuoles and
therefore in vivo it is physically isolated from the succinoxi-
dase present in the mitochondria of the avian parasite.

by anaerobic conditions; 1 mmol/litre of quinine and
mepacrine hydrochloride inhibited activity by about
25 %. Cook et al. (15) and Bowman et al. (4) reported
that water extracts of fresh or lyophilized P. berghei
and P. knowlesi readily hydrolysed urea-denatured
globin and haemoglobin but not native haemoglobin
or globin. Both a major alkaline (pH 7-8) and a
minor acid (pH 4-5) proteinase were detected. Reti-
culocyte stroma showed no such proteinase activity;
furthermore, host cell proteinases were firmly bound
to particulate material so that separation from the
cytoplasmic (soluble) parasite proteinase was easily
accomplished. The plasmodial enzyme released
phenylalanine from the oxidized fl-chain of insulin
and ammonia from acetyl-L-tyrosinamide (a chymo-
trypsin substrate); no activity was shown with
benzoyl-L-arginamide (a trypsin substrate) or carbo-
benzoxy glutamic acid diamide (a papain substrate).
The parasite enzyme was sensitive to EDTA and 0.1
mmol/litre diisopropylphosphorofluoridate, whereas
the stromal enzyme was not. Cook et al. (16)
confirmed these findings, stating that particulate
fractions of P. knowlesi were devoid of proteinase
activity whereas sufficiently concentrated super-
natants (2-3 mg protein/ml) showed consistent
hydrolysis of denatured haemoglobin. These authors
warned against the use of 280-nm absorption as a
measure of proteolysis, since nonspecific nuclease
activity interfered with reliability. Using the Lowry
method, 75 ,ug of haemoglobin hydrolysis product
were liberated per mg of supernatant protein. Al-
though it is likely that the proteolytic activities
described above were plasmodial, further discrimina-
tion from host cell enzymes is sorely needed, e.g., it
is known that white cells contain potent neutral
proteinases.
Levy & Chou (48, 49) and Levy et al. (50) studied

the acid (optimum pH 3.6) proteinases from P. ber-
ghei-,b P. knowlesi-, and P. falciparum-infected red
cells. Homogenates of P. berghei-infected cells
(apparently freed of white cells) had 5-10 times the
specific activity of normal rat cells; addition of the
detergent Triton X-100 enhanced activity, suggesting
that the enzyme was membrane-bound or was con-
tained in membrane-bound vesicles that were dis-
rupted by the detergent. The enzyme was not inhib-
ited by 2 x 10-5 mol/litre EDTA, 10 mmol/litre
primaquine, or chloroquine. Although these authors
believed this cathepsin D-like protease to be parasite
specific, the data do not exclude enzymes of host

b See also Chan & Lee (12) for a similar finding.
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origin, since their own later studies with the par-
tially purified enzyme showed that the parasite and
ghost enzymes were indistinguishable except for a
slight difference in response to pH. (The case for the
acid proteinase being exclusively plasmodial is
weakened by the fact that a membrane-bound
cathepsin D with a pH optimum of 2.8, which
preferentially attacks the f-chain of bovine insulin
and is insensitive to 10 mmol/litre EDTA, has been
purified from human red cells (70).)
The fact that Levy et al. did not recover an

alkaline protease as did L. Cook is not surprising,
since the former workers used EDTA in their
extracts and the alkaline protease was irreversibly
inhibited by this chelator. Further, based on their
results with inhibitors, it seems probable that Levy et
al. were working not with a single proteinase but
with a crude mixture of acid proteases. Future
characterization of plasmodial proteases must begin
with parasites entirely free of all other cells and red
cell debris (especially membranes).
The evidence presented here permits the following

conclusion: malarial parasites employ proteolytic
enzymes that degrade denatured host cell haemo-
globin liberating amino acids. Earlier workers be-
lieved (without any direct evidence) that the plasmo-
dia secreted extracellular enzymes to break down
host cell haemoglobin, thereby liberating amino
acids and peptides that could easily cross the para-
site plasma membrane, since a molecule as large as
haemoglobin could not readily move through such a
barrier. If this were so, then it would be expected
that malaria pigment would be deposited in the
cytoplasm of the host cell, and not within the
parasite where all the evidence had shown it to be.
The dilemma was resolved by the electron micro-
scopic evidence of Rudzinska & Trager (73) and
Aikawa et al. (1); this was subsequently confirmed
by Theakston et al. (105) and Langreth (47). The
mechanism of haemoglobin uptake by the intraery-
throcytic malarial parasite is by phagocytosis
through a specialized organelle, the cytostome. The
two membranes that separate the parasite and host
cytoplasms are invaginated through the cytostome as
haemoglobin ingestion takes place. Haemoglobin-
containing food vacuoles, pinched off from the base
of the cytostome, are initially bounded by a double
membrane; however, in the older food vacuoles
where haemozoin deposition is evident, there is only
a single membrane. Presumably proteolysis of globin
takes place after the haemoglobin is auto-oxidized
and haematin is released. In time, haematin accumu-

lates and self-aggregates and insoluble hemozoin is
deposited.

Little is known about the occurrence of lysosomes
in malarial parasites. According to Aikawa &
Thompson (2), food vacuoles show a positive cyto-
chemical reaction for acid phosphatase in both
P. gallinaceum and P. berghei, suggesting that intra-
cellular digestion depends on lysosomes in plasmo-
dia, as in other protozoa. Reaction product was also
detected in the endoplasmic reticulum, a situation
reminiscent of that found in Campanella umbellaria,
where lysosomal enzymes are believed to be trans-
ferred directly from the endoplasmic reticulum to
food vacuoles (9, 32).

These morphological observations are completely
supported by biochemical evidence: when radio-
labelled red cells were transfused into P. lophurae- or
P. knowlesi-infected hosts and parasites were permit-
ted to invade and grow in these tagged erythrocytes,
the amino acids from radioactive haemoglobin were
incorporated into plasmodial proteins (26, 86).

CELL-FREE PROTEIN SYNTHESIZING SYSTEMS

The molecular mechanisms involved in cellular
protein synthesis are known in considerable detail
from studies with bacterial and mammalian systems.
In brief, amino acids, ribosomes, soluble factors
(enzymes, transfer RNAs, messenger RNA, etc.) and
energy are required for protein fabrication.
Cook et al. (17) prepared P. knowlesi ribosomes

for use in a cell-free protein synthesizing system.
Parasites, obtained by saponin lysis, were disrupted
by suspension in hypotonic (5 mmol/litre) MgCl2,
and the pellet was collected by ultracentrifugation.
After resuspension, the pellet was treated with
deoxycholate and filtered on a 0.45 ,um filter to
remove malarial pigment and bacterial contami-
nants; the ribosomes were resuspended in buffer.
The cell-free protein synthesizing system used was a
modification of that used by Nirenberg & Matthei.
When the 80 000-g supematant and ribosomes were
combined, the incorporation was less than the arith-
metic sum of each, suggesting that the supernatant
contained ribonucleases. Incorporation by the ribo-
somal fraction was insensitive to puromycin, chlor-
amphenicol, and chloroquine and only slight inhibi-
tion of amino acid incorporation was obtained with
puromycin (200 ,ug/ml) and cycloheximide (20
[kg/ml). (These results were probably due to the
absence of a pH 5 fraction as well as high endo-
genous nuclease activity.)
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Ilan et al. (38) and Ilan & Ilan (37) prepared a
150 000-g supernatant from laked P. berghei-infected
red cells, which served as a source of aminoacyl
transfer ribonucleic acid synthetase. Incubation of
this with E. coli or liver tRNA and 14C-leucine
resulted in the production of 14C-leucyl-tRNA.
Aminoacylation was sensitive to Mg2+, and maxi-
mum activity was achieved in 12-20 min, after which
there was a decline. (Again this was probably due to
the presence of plasmodial nucleases, since the addi-
tion of polyvinyl sulfate resulted in an elevated
maximum as well as a higher rate.) Their speculation
that the lack of charging specificity may permit the
parasite to use host tRNA is at present without
empirical support. P. berghei aminoacyl-tRNA syn-
thetase activity was found for histidine, tyrosine,
valine, proline, and threonine. Pyrimethamine,
hydroxystilbamidine, quinacrine, and acriflavine
at 0.1 mmol/litre inhibited synthetase activity,
whereas chloroquine at 0.5 mmol/litre was without
effect.
Sherman et al. (78) prepared P. knowlesi ribo-

somes using Triton X-100 coupled with ultracentri-
fugation and used these in a cell-free protein synthe-
sizing system fortified with a rabbit reticulocyte pH 5
fraction; amino acid incorporation involved the use
of endogenous messenger RNA and the synthetic
messenger polyuridylic acid (poly(U)). Optimal
incorporation of radioactive amino acids into pro-
tein required a pH 5 fraction, Mg2+, and an energy-
generating system; incorporation of phenylalanine
was stimulated by the presence of poly(U), and was
maximum with 10 mmol/litre Mg2+. The system was
highly sensitive to 10-4 mol/litre cycloheximide and
puromycin. At concentrations of 10-4 mol/litre,
nucleocidin, chlortetracycline, ethidium, and berenil
inhibited incorporation while streptomycin, pro-
guanil, chloroquine, dapsone, chloramphenicol, cor-
dycepin, mepharside, and pyrimethamine were with-
out effect; emetine, quinine, and atebrine inhibited
polyphenylalanine formation by about 30% (77).

- Recent studies with cell-free protein synthesizing
systems derived from P. lophurae (80) and the duck
reticulocyte showed that both were similar in their
drug sensitivity. Chloramphenicol and streptomycin,
inhibitors of protein synthesis in prokaryotes, were
ineffective in both systems, thus confirming the
eukaryotic nature of the plasmodial ribosome.

The standard protein synthesizing assay system
required a pH 5 fraction, ribosomes, energy mix, and
buffer; in addition, it was important that the system
contained a reducing agent such as ,3-mercaptoetha-
nol. Incorporation of 3H-phenylalanine was mark-
edly stimulated by the addition of poly(U).
The requirement for MgCl2 was rather critical: the

Mg2+ optimum for the endogenous system was 5-7
mmol/litre, whereas with poly(U)-directed synthesis
of polyphenylalanine the optimum was higher (8-10
mmol/litre). Incorporation was essentially the same
for KCl concentrations ranging from 75 to 150
mmol/litre; below 60 mmol/litre, activity was sharp-
ly reduced. In the standard assay system, incorpora-
tion was directly proportional to ribosome concen-
tration only when saturating concentrations of the
pH 5 fraction were present. The specific activity of
P. lophurae ribosomes in the endogenous system was
considerably (ct.6-fold) greater than that from
P. knowlesi. These differences were explained by the
use of a pH 5 fraction and its absence in the system
described by Cook et al. Presumably, the increased
activity observed was also dependent on the presence
of ribonuclease inhibitors, which prevented disrup-
tion of the mRNA-ribosome complex.

Stimulation of protein synthesis by poly(U) using
P. knowlesi ribosomes was c75-fold, whereas with
P. lophurae ribosomes stimulation was less than 20-
fold; this suggested that a greater number of the
P. Iophurae ribosomes were " programmed ", i.e.,
contained mRNA. Indeed, the kinetics of poly-
phenylalanine synthesis by P. lophurae ribosomes in
the presence of poly(U) were characterized by a short
(c\)10-min) lag phase. The lag time suggested that
when these ribosomes were isolated they were asso-
ciated with mRNA, since to begin a new cycle of
protein synthesis using poly(U) as the messenger the
ribosomes required time to " run-off " the polysome.
The rates of protein synthesis by both the endogenous
and the poly(U)-directed systems were linear for
20-30 min and after this they declined; incorporation
at 30°C was complete in 1 h.
Of considerable interest would be studies of the

malaria cell-free protein synthesizing system using a
plasmodial pH 5 fraction and plasmodial messenger
RNA. If the protein product translated in vitro were
antigenic it could conceivably contribute to the
development of a malaria vaccine.
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RISUMt

METABOLISME DES ACIDES AMINES ET SYNTHESE PROTEIQUE CHEZ LES PARASITES DU PALUDISME

Les hematies infectees et les parasites libres n'ont
qu'une capacite reduite de biosynthese des acides amines,
aussi la principale source d'acides amines utilises pour la
synthese des proteines parasitaires est-elle constituee par
les acides amines libres du plasma et l'hemoglobine de la
cellule h6te. Les hematies infect&es et les plasmodies incor-
porent dans leurs proteines des acides amines d'origine
exogene. Toutefois, l'hypothese selon laquelle les acides
aminds d'origine externe proviennent de l'hemoglobine
n'est pas partagee par tous: elle est verifiee dans le cas de
l'isoleucine et de P. knowlesi et P. falciparum mais non
dans le cas de la methionine, de la cysteine et d'autres
acides amines; en outre, elle ne s'applique a P. lophurae.
C'est davantage par defaut que par preuve directe que
l'hemoglobine est supposee constituer la principale
reserve d'acides amines utilisables par la plasmodie intra-
erythrocytaire. L'hemoglobine, ingeree par le cytostome
du parasite est enfermee dans les vacuoles digestives oiu
elles subit une auto-oxydation. I1 y a alors libWration de
l'heme qui s'accumule dans la vacuole sous forme
d'hemazoine particulaire (pigment paludeen). A la
lumi&e des donn6es actuelles, il semblerait que l'hemo-
zoine soit essentiellement constituee d'hematine. Des
proteases acides et alcalines (identifiees dans des extraits

bruts de parasites mammaliens et aviaires) sont probable-
ment secretees directement dans la vacuole, oui elles pro-
voquent la digestion de la globine d6naturee et les acides
amines liberes sont ensuite incorpores dans les proteines
du parasite.
On a mis au point des systemes de synthese proteique

acellulaire utilisant les ribosomes de P. knowlesi et
P. Iophurae. Pour la plupart, ces systemes sont typique-
ment eucaryotes.

Les etudes consacrees au metabolisme des acides ami-
nes sont extremement limitees. L'arginine, la lysine, la
methionine et la proline sont incorporees dans les pro-
teines alors que l'acide glutamique est metabolisee par
l'intermediaire d'une glutamo-deshydrogenase NADP-
specifique. L'oxydation du glutamate produit du NADPH
et de l'a-cetoglutarate qui sert de source auxiliaire
d'energie. Le r6le du glutathion erythrocytaire dans l'eco-
nomie du parasite demeure obscur. Parmi les importants
objectifs qu'on pourrait assigner aux futures recherches
figurent: l'evaluation quantitative de l'importance rela-
tive des differentes sources d'acides amines utilisables
pour la synthese des proteines parasitaires, la purification
et la caracterisation des proteinases plasmodiales et la
traduction in vitro de 1'ARN-messager parasitaire.
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