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Release of protein by erythrocytic stages of
Plasmodium knowlesi during cultivation in vitro*
A. A. McCOLM,' P. G. SHAKESPEARE,2 & P. I. TRIGG 3

Erythrocytes infected with schizonts of P. knowlesi and labelled in vitro with 3H-
isoleucine were shown to release radioactivity when placed in unlabelled culture medium
containing uninfected erythrocytes. Release of radiolabel probably occurred during schizont
rupture and invasion of new erythrocytes and was not observed to any great extent at
earlier stages in the erythrocytic life cycle. Approximately 55 % of the released radio-
activity was soluble in 10 % trichloroacetic acid, the remainder being acid insoluble and
therefore presumably protein in nature. Particulate or aggregated material appeared to
comprise 40-50 % of the acid-insoluble radiolabelledfraction. Two major labelled polypep-
tide species were observed on sodium dodecyl sulfate polyacrylamide gel electrophoresis of
samples of concentrated culture medium. These proteins had apparent molecular weights
of 45 000 and 49 000, which correspond closely with the sizes of two main protein species
previously identified in P. knowlesi-infected cells.

It is well known that malaria-infected cells can
produce soluble antigens that are detectable in the
serum of the infected host. Several classes of malarial
antigen have been recognized in plasma and erythro-
cytic extracts of individuals infected with P. falci-
parum. These antigens have been characterized on
the basis of thermostability and molecular size
(31, 32), and their susceptibility to digestive enzymes
(29). In addition, studies on P. falciparum grown in
vitro have indicated that immunologically similar
antigens are released from schizont-infected cells
and that this process occurs predominantly at the
end of each cycle of asexual development during
cell rupture and merozoite release (30). The possible
role of these antigens in protective immunity has
not been elucidated. It is also not clear whether these
antigens are of parasite or erythrocyte origin.
McColm et al. (20) have shown that erythrocytes
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infected with P. knowlesi and labelled with 3H-
isoleucine synthesize 11 major labelled proteins,
the majority of which were associated with the
soluble (cytoplasmic) fraction but at least five of
which were membrane associated.
To help to elucidate the origins of malarial

antigens we have investigated whether parasites
similarly labelled in vitro could release specific
labelled protein molecules into the medium during
asexual development.

MATERIALS AND METHODS

Preparation ofparasites

P. knowlesi (Nuri strain) was maintained in male
and female rhesus monkeys (Macaca mulatta) of
2-6 kg body weight as described previously (25).
Infected blood was removed aseptically by vene-
puncture or cardiac puncture into heparinized Ringer
solution (10 vol. blood to 1 vol. heparin/Ringer
solution to give a final concentration of 17 IU of
heparin/ml), after the monkey had been anaesthetized
by intramuscular injection of phencyclidine hydro-
chloride (5 mg/kg of body weight). Infected blood
samples were taken at various times during the
asexual cycle of the parasite. Normal blood from
uninfected monkeys was obtained similarly.
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Measurement of release of radioactivity in vitro
Samples of infected cells were diluted in Mill Hill

medium (27) supplemented with 10% heat-inacti-
vated fetal calf serum and passed through sterile
cellulose columns to remove leucocytes (28). The
cell suspensions were then centrifuged at 1500 g
for 10 min and resuspended in Mill Hill medium
supplemented with 10% inactivated fetal calf
serum to give a parasite density of about 2 x 108/ml.
Four millilitres of the diluted cell suspension were
then equilibrated for 30 min at 37.5 ± 0.5°C in
50-ml siliconized flasks in a moist stream of 5%
CO2 and 95 % air. The cultures were then incubated
for 1 h in the presence of 3.7 x 10 6 Bq of 3H-
isoleucine (specific activity 3.7 x 10 5-14.8 x 10 5

MBq/mmol), after which the cells were recovered by
centrifugation at 1500 g for 10 min and the un-
incorporated radioactivity removed by washing the
cells three times in cold Krebs glucose (14). The
packed cells were resuspended in 2 ml of inactivated
fetal calf serum and added to 20 ml of pre-equilibrated
unlabelled Mill Hill medium containing 1 ml of
uninfected leucocyte-free blood and incubated for
5 h at 37.5°C as described above.
The entire procedure was carried out under

aseptic conditions. Samples (0.5 ml) were removed
from the culture every hour and centrifuged at
1500 g for 10 min to measure the release of radiolabel
into the medium and for a morphological examina-
tion of the parasites. Two 100-,ul aliquots of the super-
natant, one with and one without prior treatment
with 10% cold trichloroacetic acid (TCA), were
dissolved in 0.5 ml NCS (Amersham-Searle) and
the radioactivity was counted in a Packard Tri-
Carb 2450 liquid scintillation counter after the
addition of 10 ml toluene-based scintillation fluid
(3.5 g PPO 50 mg POPOP per litre of toluene).
The activity in the TCA-soluble fraction was esti-
mated by subtracting the counts obtained in the
acid-precipitated aliquot from those obtained for the
non-precipitated sample. Thin smears were made
from the packed cells and were fixed in methanol
and stained in Giemsa solution. Differential counts
of the parasite were made on 200 parasites found in
successive microscope fields and were classified
according to Trigg (26). Percentage infection was
estimated from counts made on 1000 erythrocytes.

Analysis of labelled culture medium
Ultrafiltration. Ten millilitres of culture super-

natant were filtered through a 10-ml concentration
cell (Amicon) fitted with a UMO5 Diaflo ultra-

filtration membrane. A positive pressure of 276 kPa
of oxygen-free nitrogen was used to concentrate
the medium. This procedure retains material of
molecular weight greater than 500 (e.g., peptides
and proteins) while allowing smaller molecules
(e.g., amino acids) to pass out in the effluent.
Generally the medium was concentrated 5- or 6-fold.

Detection oflabelledparticulate material. Millipore
membranes (0.22 and 0.10 Pm) were treated with
5 % bovine serum albumin (BSA) for 24-36 h (15).
Treatment of the Millipore membranes with BSA
decreases the binding of soluble proteins without
affecting the binding of particulate matter. Aliquots
(20 ,ul) of the culture medium, both before and after
centrifugation at 100 000 g for 2 h, were filtered
through the treated membranes under negative
pressure. A control preparation of soluble P.
knowlesi proteins was prepared from cells labelled
in vitro with 3H-isoleucine by 3-4 cycles of freeze-
thawing in an alcohol/dry ice mixture, and centri-
fugation at 100000 g for 2 h. Aliquots of this
material were mixed 1:1 with fetal calf serum before
filtration to give a serum concentration correspond-
ing to that of the concentrated culture fluid. All
membranes were washed in 10 ml citrate saline
followed by 2 ml 10% TCA and dried prior to
scintillation counting in a toluene-based scintillation
fluid as described above. The radioactivity retained
by each membrane was expressed as a percentage
of the total TCA-insoluble material applied to
duplicate membranes.

Particulate radioactivity was also estimated by
centrifugation of unconcentrated culture medium
at 100 000 g for up to 4 h. This treatment produces
a very diffuse pellet that is difficult to isolate and
quantify. Therefore, to estimate this sedimented
material, aliquots of the supernatant were removed
at hourly intervals during centrifugation and the
acid-insoluble radioactivity counted as above. By
subtraction of these values from the acid-insoluble
counts in uncentrifuged aliquots, the amount of
pelleted (= particulate) radioactivity was obtained.

Sephadex G-200 gel filtration. 300 ,l of the
concentrated medium were applied to a column
(35 x 1.75 cm) containing Sephadex G-200, equi-
librated with 0.1 mol/litre sodium phosphate buffer,
pH 7.2, containing 0.02% sodium azide as an
antimicrobial agent. Elution at a flow rate of 10 ml/h
was carried out with the same solution. Two-
millilitre fractions were collected and the absorption
at 280 nm monitored using a Cecil CE 272 UV
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spectrophotometer. Of each fraction, 100 ,ul were
counted for TCA-insoluble radioactivity as above
but with 100 ,ul of a 5-mg/ml BSA solution added
to each as " carrier " protein to produce a precipitate.
The void volume of the column was determined
from the elution profile of Blue Dextran 2000
(Pharmacia).

Polyacrylamide gel electrophoresis. Samples of the
concentrated medium were analysed on cylindrical
10% polyacrylamide gels in the presence of sodium
dodecyl sulfate (SDS) by the method of Laemmli
(17). Medium containing approximately 20 000 acid-
insoluble counts was loaded onto each gel and the
separation performed at 3 mA/gel (7 mm diameter)
until the dye front reached the end of the tube.
Molecular weights (MW) were calculated from a
calibration curve using bovine serum albumin
(MW 68 000), lactate dehydrogenase (EC 1.1.1.27)
(MW 35 000), and cytochrome c (MW 12 400) as
standards.

RESULTS

Preliminary experiments indicated that very little
radioactivity was released from prelabelled cells into
unlabelled (" cold ") medium during the growth of
P. knowlesi from the early ring to the late tropho-
zoite stages. The majority of this radioactivity was
recovered in the TCA-soluble fraction and a maxi-
mum of only 3-5% of the total acid-precipitable
radioactivity was released from infected cells during
these early stages of development. However, there
was a substantial increase in the release of radio-
activity during schizont development, and the sub-
sequent invasion of uninfected cells by the released
merozoites. Fig. 1 illustrates the release of TCA-
soluble and -insoluble radioactivity into " cold "
medium by parasites prelabelled with 3H-isoleucine
at the early schizont stage (2-4 nuclei). Release of
TCA-soluble radioactivity was linear over the 5-h
period of incubation but the release of TCA-
insoluble radioactivity increased markedly during
the last hour of the incubation period. This correlated
with the peak of merozoite release and the invasion
of uninfected erythrocytes by the parasite. After 5 h,
approximately 55% of the total radioactivity was
TCA soluble, the remainder being insoluble. The
total radioactivity released was estimated to account
for approximately 50% of the radioactivity originally
incorporated into the parasite during the labelling
period.

Biochemical analysis of the released material
could not be carried out satisfactorily without prior
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Fig. 1. Release of radioactivity into " cold " culture
medium by P. knowlesi schizonts prelabelled in vitro
with 3 H-isoleucine. R = rings; T = trophozoites;
S = schizonts; P = parasitaemia; cpm = counts per
minute.

concentration of the culture medium. Concentration
of 5-6-fold by ultrafiltration of the medium from
cultures initiated with schizont-stage parasites, as
shown in Fig. 1, resulted in an increase in the ratio
of acid-insoluble to acid-soluble material, i.e., the
amount of TCA-insoluble radioactivity rose from
43.5 to 56.1 %. This change was due to the removal
of some of the TCA-soluble radioactivity in the
effluent (Table 1), thus indicating that material with

Table 1. Analysis of radioactivity in culture medium, in
medium concentrated by ultrafiltration, and in the
effluent

Total radioactivity (%) a
Sample (100,u1)

TCA-insoluble TCA-soluble

Culture medium 43.5 (0.64) 56.5 (99.36)
Concentrated medium b 56.1 (1.16) 43.9 (98.84)
Effluent 2.3 (0.10) 97.7 (99.90)

a Figures in parentheses represent controls.
b Medium was concentrated 5-6-fold by ultrafiltration through a

UM05 Diaflow membrane.
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a molecular weight of less than 500 was released
by the infected cell during incubation in vitro.
Analysis of the effluent by silica-gel thin layer
chromatography showed that the majority of the
radioactivity was present as free 3H-isoleucine. The
remainder of the acid-soluble label in the con-
centrated medium (43.9% of the total) therefore had
a molecular weight greater than 500, since it did
not pass through the filter membrane but was not
large enough to be precipitated by TCA. This
material probably consisted of small peptide chains.
A control in which the labelled amino acid was
incubated in serum-supplemented medium but in the
absence of cells showed no significant acid-insoluble
radioactivity (Table 1). Therefore, the TCA-insol-
uble fraction of the concentrated culture fluid con-
tained synthesized polypeptides and did not result
from nonspecific binding of released 3H-isoleucine
to serum proteins. It seems likely, therefore, that
during schizogony and merozoite release a series of
labelled components, ranging in size from the free
amino acid to the synthesized polypeptide, are
released from the malaria-infected erythrocyte.
Some of the released components were particulate

in nature, as indicated by filtration on Millipore
filters, high speed centrifugation, and Sephadex
G-200 gel filtration. High speed centrifugation of
the concentrated medium at 100 000 g for 2 h,
followed by filtration through 0.10-,tm and 0.22-,um
Millipore filters, decreased the amount of radio-
activity retained by these membranes by 10% and
13 %, respectively (Table 2). Significantly larger
estimates of the amount of particulate material in
the culture medium were obtained by high speed
centrifugation of the unconcentrated medium
(Table 3) than by the membrane filtration process.

Table 2. Detection of radiolabelled particulate material
in concentrated culture medium using Millipore mem-
branes

Soluble
Size of labelled Before After Material

membrane P. knowlesi centrifuga- centrifuga- removed by
(gm) protein tion a tion a centrifugation

(control)

0.22 4.2 15.4 5.2 10.2

0.10 4.3 18.8 6.0 12.8

a Centrifugation was 100 000 g for 2 h. The radioactivity retained
by each membrane is expressed as the percentage of the total
TCA-precipitable radioactivity applied.

Table 3. Detection of radiolabelled particulate material
in unconcentrated medium by centrifugation

TCA-insoluble .d*t.y Radioactivity
Centrifugation radioactivity radioactvity removed by
treatment (g) in supernatant in supernatant centrifugation

(cpm/1 00 ,I) a ( )

None 7510 100

105 for 1 h 4545 60.5 39.5

105 for 2 h 4500 59.9 40.1

105 for 3 h 4012 53.4 46.6

105 for 4 h 3707 49.4 50.6

a cpm = counts per minute.

Sephadex G-200 gel filtration of the concentrated
medium (Fig. 2) resulted in the main peak of radio-
activity, comprising approximately 40% of the total
recovered counts, being eluted with the void volume
of the column, thus suggesting the molecular size
to be at least 5 x 105 to 106 (1).

0.3

c 22000 - TCA Insoluble

10 20 30 40 S0
Fraction No.

Fig. 2. Gel filtration on Sephadex G-200 of concentrated
culture medium containing radioactivity released by
prelabelled P. knowlesi schizonts. cpm = counts per
minute.

Analysis of the concentrated culture medium on
10%~ polyacrylamide gels containing SDS revealed
the presence of two major labelled polypeptide
species (Fig. 3). These were calculated to have
apparent molecular weights of 49 000 and 45 000.
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Fig. 3. SDS polyacrylamide gel electrophoresis of
radioactive proteins released into "cold" culture
medium by prelabelled P. knowlesi schizonts. cpm =

counts per minute.

DISCUSSION

The results indicate that, during the incubation in
vitro of P. knowlesi-infected erythrocytes prelabelled
with 3H-isoleucine, significant amounts of radio-
labelled material were released into the medium.
This release was most marked during schizont
rupture, merozoite release, and reinvasion, but
leakage of material from schizont-infected cells
that show membrane deformation (19) and per-
meability defects (9, 12, 21) cannot be excluded.
There was however, little release of radioactivity
during the growth of the parasite from the ring to
the late trophozoite stage.

It seems likely that the released radiolabelled
material consists of a series of components ranging
in size from the free amino acid to the synthesized
polypeptide. Free 3H-isoleucine was released from
parasites during schizont development and reinva-
sion and apparently also at a lower level throughout
the earlier stages of the life cycle. The latter may
reflect to some extent protein turnover in the organ-
ism in which labelled residues in the parasite

proteins are exchanged with unlabelled residues in
the medium, as occurs in cultured mammalian
cells (10). It is clear that there was also a substantial
quantity of low-molecular-weight components (e.g.,
small peptides) released, which were not precipitable
by TCA. Some of this material may correspond to
units that have not been fully polymerized into
polypeptide chains. Alternatively, it may result
from proteolytic degradation of larger protein
species, since proteolytic enzymes have been reported
in malarial parasites (6, 18).
The combined results of the membrane filtration,

centrifugation, and gel filtration studies suggest
that a significant proportion of the radioactivity in
the culture medium exists in the form of molecular
aggregates or particulate material. The proportion
of radioactivity in the form of aggregates or par-
ticulate material was similar using both centrifuga-
tion and gel filtration techniques, whereas Millipore
filtration gave a significantly lower value. This
apparent discrepancy may result from the techniques
detecting particulate matter of different sizes. The
smallest Millipore membrane used was 0.1 jtm in
pore size, and it is possible that the majority of the
radioactivity sedimented by centrifugation or eluted
in the void volume of the Sephadex column was in
the form of particulate matter smaller than this.
Also. the maximum pore size of Millipore membranes
can be about 3-4 times the average (13) and such
pores would permit the passage through the mem-
brane of particles larger than expected.
The majority of the labelled protein material

released into the medium appears to correspond to
two distinct polypeptide species of 45 000 and
49 000 molecular weight. These proteins closely
agree in molecular weight with two of the major
labelled proteins previously identified in P. knowlesi
parasites cultivated in vitro. Both these components
were found in the soluble (= cytoplasmic) fraction
of the parasite, whereas that with a molecular
weight of 49 000 appeared to be membrane associated
also (20).

It seems likely that the released radioactivity is of
parasite and not host origin; McColm et al. (20)
have shown that 3H-isoleucine was incorporated only
into proteins of erythrocytes infected with P.
knowlesi and not into those of uninfected erythro-
cytes. Mature erythrocytes are known to be unable
to incorporate amino acids into proteins (3).
Nevertheless, the unlikely possibility of recommence-
ment of erythrocyte protein synthesis in the para-
sitized cell cannot be excluded. Release of proteins
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appears to coincide with the rupture of the schizont-
infected cell and merozoite release; it is difficult,
therefore, to specify their exact origin. They may
arise from the parasite membrane material sur-
rounding the pigment vesicles or from residual
parasite material that is not passed into the mero-
zoite, both of which are released on the rupture
of the infected cell during merozoite release.
Alternatively, they may arise from the merozoite,
either from the surface coat that is lost on invasion
of the host erythrocyte (2, 16), or from the lysis of
merozoites that fail to invade uninfected erythro-
cytes in the cultures. Although Seitz (23) has sug-
gested that phagocytic cells of the blood may
degrade parasite material and give rise to additional
antigenic species, such processing of infected cells
by macrophages (4) is an unlikely factor in the
present experiments, since white cells were efficiently
removed from the blood samples prior to culture.

There is evidence in the literature for the release
of proteins (e.g., antigens) into the environment by
malarial parasites. Cohen et al. (5) observed in
cultures of P. knowlesi the release of both acid and
antibody precipitable radiolabelled material, pri-

marily during schizogony. Comparable studies to
those reported here have indicated that P. falci-
parum, cultured in vitro, released antigens at a similar
developmental stage (30). Both soluble and insoluble
antigens were believed to have been released in
this manner. Although one cannot directly cor-
relate findings in vitro with development in vivo,
there is substantial data to suggest that antigens,
probably protein in nature, are released in vivo
into the serum from malaria-infected erythro-
cytes. Such serum antigens have been demonstrated
in a variety of host/parasite combinations, e.g.,
in humans infected with P. falciparum (22, 31), in
ducks infected with P. lophurae (8, 24), and in rhesus
monkeys infected with P. knowlesi (7, 11).
We have still to investigate the antigenic properties

of the radiolabelled proteins released by P. knowlesi.
However, preliminary results suggest that at least
some of the radioactivity is antibody precipitable
and at least two antigen/antibody precipitin lines
have been observed in gel diffusion tests of the
concentrated culture medium from schizont-in-
fected cultures (A. A. McColm, unpublished
observations, 1977).

ACKNOWLEDGEMENTS

We thank our colleagues at the National Institute for Medical Research for helpful discussions. The first
author acknowledges receipt of a studentship from the British Medical Research Council.

RtSUMIt

LIBERATION DE PROTEINES PAR LES STADES iRYTHROCYTAIRES DE PLASMODIUM KNOWLESI,
PENDANT LA CULTURE IN VITRO

11 a ete constate que les erythrocytes infectes par des
schizontes de Plasmodium knowlesi et marquds in vitro
avec de l'isoleucine tritiee emettaient une certaine
radioactivit6 lorsqu'ils etaient places dans un milieu de
culture non marque renfermant des erythrocytes non
infectds. La liberation du radiomarqueur se produit sans
doute pendant la segmentation des schizontes et l'inva-
sion de nouveaux erythrocytes; pareil phdnomene n'a
e't observe avec quelque intensit6 A aucun stade anterieur
du cycle evolutif erythrocytaire. Environ 55% des pro-
duits radioactifs liberes etaient solubles dans de l'acide
trichloracdtique A 10%, le reste etant insoluble en milieu

acide et, par consequent, selon toute vraisemblance, de
nature proteique. On a constate que les substances
particulaires ou les agregats renfermaient de 40 A 50%
de la fraction marquee insoluble dans les acides. Deux
principales especes de polypeptides marques ont ete
observees par electrophorese d'echantillons de milieu de
culture concentre faite sur gel de dodecyl sulfate de
sodium-polyacrylamide. Ces proteines paraissaient avoir
un poids moleculaire compris entre 45 000 et 49 000, ce
qui correspond de tres pres a celui des deux principales
especes de proteines precedemment identifiees dans les
cellules infectees par P. knowlesi.
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