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Purification of intracellular forms of Plasmodium
chabaudi and their interactions with the erythrocyte
membrane and with serum albumin*
HARVEY EISEN 1

A procedure using bovine serum albumin gradients was developed for the separation
of P. chabaudi-infected mouse erythrocytes from uninfected cells. This procedure can be
used for the purification of erythrocytes containing different developmental stages of the
parasite. The purified parasites were able to synthesize in vitro all the proteins that they
are capable of synthesizing in vivo. The intracellular forms of P. chabaudi were found to
be associated with erythrocyte membrane components and this associated membrane was
shown to lack glycophorin. The free parasites bound albumin from serum; this binding,
which showed some specificity with respect to the origin of the albumin, might play a role
in the stabilization or protection of the extracellular parasites.

The development of antimalarial vaccines depends
on an understanding of parasite-host interactions so
that the right stage can be attacked. However, as yet
little is known at a molecular level about these
interactions either within infected erythrocytes or in
the plasma. Interactions with components of the
plasma appear to be of special importance, since the
time passed extracellularly in the plasma is theoreti-
cally a vulnerable period for the erythrocytic forms.
This problem has been approached by using 35S-
methionine to prepare radioactively labelled para-
sites (both intracellularly and in vitro) in order to
distinguish between proteins of host origin and those
synthesized by the parasites. These studies were
carried out with Plasmodium chabaudi obtained from
mice of the inbred strain 129.

MATERIALS AND METHODS

P. chabaudi was maintained in 4-6-month-old
male mice, strain 129, by weekly injection of hepari-
nized blood. For experiments, blood was taken from
the brachial artery of mice with at least 65% parasi-
taemia. The blood was collected into heparinized
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tubes and diluted with an equal volume of phosphate
buffered saline (PBS) free from Mg and Ca ions. The
cells were washed three times in PBS free from Mg
and Ca ions and the buffy coat was removed at each
washing. Parasitized erythrocytes were then separat-
ed from uninfected cells by centrifugation in discon-
tinuous gradients of bovine serum albumin (BSA) in
PBS, consisting of 1 ml of 35% BSA, 2 ml of 25%
BSA, and 1 ml of 15% BSA. The erythrocytes were
added in 10% BSA. The gradients were then centri-
fuged at 40 000 g for 20 min. Uninfected erythro-
cytes collected at the boundary of the 35% and 25%
BSA solutions, while the majority of the parasitized
cells were taken from the boundary of the 25% and
15% solutions. Free parasites collected at the boun-
dary of the 15% and 10% solutions. The collected
parasitized erythrocytes were diluted with Earle's
basic salts solution (ESS) containing 2.5% heat-
inactivated fetal calf serum (FCS) (Seromed or Gib-
co) and washed twice by centrifugation.

Preparation of intracellular parasites
Parasitized erythrocytes were centrifuged and

resuspended in ESS and lysed with saponin as
described by Carter (personal communication, 1975).
Free parasites were separated from unlysed cells and
erythrocyte ghosts by centrifugation in a second dis-
continuous albumin gradient. In this case, the free
parasites were collected from the 15°%-10% BSA
boundary. The free parasites were washed by
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centrifugation and resuspended in ESS containing
2.5% heat-inactivated FCS and 20 mmol/litre
HEPES, pH 7.25.

Incubation for 35S-methionine incorporation

Either parasitized erythrocytes or free parasites
were incubated in methionine-free Eagle's minimal
essential medium (MEM) containing twice the nor-
mal levels of amino acids (except methionine), non-
essential amino acids, and vitamins, 20 mmol of
HEPES per litre, pH 7.25, 10% heat-inactivated
FCS, and 1.85 MBq 35S-methionine per litre of
medium (Amersham). Incubation was carried out
for 1 h at 37°C in an atmosphere of 5% CO2 in air.
The cells or parasites were then washed in ESS
containing 20 mmol of HEPES per litre, pH 7.25,
and 1 mM PMSF.

Sodium dodecyl sulfate (SDS) polyacrylamide gel
electrophoresis

SDS polyacrylamide gel electrophoresis was car-
ried out as described by Laemmli (1). Samples were
prepared for analysis by the addition of an equal
volume of double strength sample buffer followed by
incubation at 100°C for 2.5 min. When frozen
samples in sample buffer had thawed they were
heated for 5 min at 80°C prior to analysis on gels;
10% slab gels were used for all experiments.

RESULTS AND DISCUSSION

Purification of parasitized erythrocytes and free
parasites

As infections with P. chabaudi do not appear to be
synchronized, collection of total parasitized erythro-
cytes does not allow isolation of parasites at different
stages of development. This problem can be over-
come by the use of procedures that separate the
infected cells on the basis of their densities: the
density of infected cells is inversely proportional to
the number of intracellular parasite nuclei they
contain. Gradients ofBSA were chosen in preference
to gradients of Ficoll-Hypaque because erythrocytes
containing later developmental stages of the para-
sites appear to be partially permeable to the Hypa-
que and thus contaminate other fractions. Although
the work presented here was done with discon-
tinuous BSA gradients, which did not separate cells
containing different developmental stages of the
parasites, more recent studies using a continuous
gradient have permitted such fractionation.

The use of BSA gradients to separate freed para-
sites from lysed erythrocytes also permits reasonably
good separation. However, the possibility that the
freed parasites interact specifically with serum albu-
min (see below) diminishes the usefulness of this
technique for certain studies.

Protein synthesis in vivo and in vitro

There have been numerous reports on the ability
of free intracellular forms of malarial parasites to
incorporate radioactive amino acids into protein in
vitro (2; see also Sherman, I. W., pp. 265-276 of
this issue). However, little has been done to study
the " fidelity " of this synthesis and to compare the
proteins synthesized with those synthesized in vivo. I
have compared the proteins synthesized in vitro by
P. chabaudi with those synthesized intracellularly.

Parasitized erythrocytes were prepared from 10
infected strain 129 mice showing greater than 65%
parasitaemia. The parasitized erythrocytes were
divided into two portions; one sample was not
treated further and the other was lysed and the freed
parasites purified on a BSA gradient. The DNA
content of the two samples was measured and
equivalent amounts of the DNA material were
added to 5 ml of methionine-free MEM containing
10% heat-inactivated FCS to which 35S-methio-
nine had been added at the rate of 1.85 MBq/litre.
Incubation was carried out for 1 h at 37°C. The
parasitized cells and free parasites were then washed
in ESS, dissolved in electrophoresis sample buffer
and boiled for 2.5 min. The acid-insoluble radio-
activity was then measured.

It was found, as has been reported for other
plasmodia, that the free parasites incorporated 3-5
times more 35S-methionine than did the equivalent
number of intracellular forms. Equivalent amounts
of acid-insoluble radioactivity were then analysed by
SDS polyacrylamide gel electrophoresis and the gels
were stained, dried, and auitoradiographed. The
results are shown in Fig. 1. The similarity between
the two preparations was quite striking: all of the
labelled proteins synthesized in vivo occurred in the
gel of the in vitro incubation. There were some
quantitative differences, which might have been due
to the differential ability of different developmental
stages of the parasites to synthesize proteins in vitro.
This possibility is currently under investigation using
parasites of different developmental stages.
Although all the proteins synthesized in vivo ap-

peared to be synthesized in vitro, some of them were
found in vitro but not in vivo. The possibility that
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Fig. 1. Proteins synthesized intracellularly and in vitro
by erythrocytic forms of P. chabaudi. (a) Parasitized
erythrocytes were incubated in medium containing
35S-methionine for 1 h. The cells were then washed,
lysed by saponin treatment, and the free parasites
separated from unlysed cells by centrifugation at 400 g
for 10 min in Ficoll-Hypaque (P = 1.077). The parasites
were washed, boiled in sample buffer, and analysed
by SDS polyacrylamide gel electrophoresis. The gel
was stained, dried, and autoradiographed. (b) Free
parasites were incubated in medium containing 35S-
methionine for 1 h. The parasites were washed three
times in ESS and then treated as for the free parasites
in (a).

Fig. 2. Fractionation of P. chabaudi after 35S-methionine
incorporation in vitro. Radioactive P. chabaudi (labelled
in vitro) were treated with 0.5% Nonidet P40 in PBS
at 0°C for 15 min. The treated cells were centrifuged
at 2000 g for 15 min. The pellet was resuspended in
sample buffer and the supernatant diluted 1: 2 in
double strength sample buffer and the preparations
analysed by SDS polyacrylamide gel electrophoresis.
After staining, the gel was dried and autoradiographed.
(a) normal mouse erythrocyte ghosts, stained proteins.
(b) supernatant, stained proteins. (c) supernatant,
radioactive proteins. (d) pellet, stained proteins. (e)
pellet, radioactive proteins.



Fig. 3. Binding of serum albumin by P. chabaudi
incubated in either (a) normal mouse or (b) horse
serum. Free intracellular forms of P. chabaudi were
incubated in either 20% normal mouse serum or 20%
horse serum. The parasites were then washed three
times in ESS, boiled in sample buffer, and analysed
by SDS polyacrylamide gel electrophoresis. The gel
was then stained and photographed.
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these polypeptides arose by proteolytic degradation
of larger proteins during the in vitro incubation has
not been ruled out. Examination of the supernatants
of the in vivo and in vitro incubations revealed that
no soluble radioactive proteins were released during
incubation. However, incubation of the radioactive
free parasites for long periods in non-serum-contain-
ing buffers resulted in solubilization of many (but
not all) of the radioactive polypeptides. Examination
of the radioactive proteins synthesized in vivo and in
vitro revealed that polypeptides ranging in molecular
weight from 10 000 to >250 000 were synthesized.
Many of the polypeptides were not seen on the
stained gels. The fact that essentially all of the
detectable parasite proteins could be synthesized
with very high specific activity in vitro suggests that
parasites labelled in vitro should be useful in the
detection and characterization of parasite antigens.
Use of such material should permit the identification
of antigens that are not abundant in the parasites
but which might be important for immunity.

In order to further characterize the proteins of
P. chabaudi synthesized in vitro, the labelled para-
sites were treated with 0.5% Nonidet P40 in PBS.
The treated cells were incubated for 15 min at 0°C
and then centrifuged at 2000 g for 15 min. The
supernatants and pellets were then boiled in electro-
phoresis sample buffer and analysed by SDS poly-
acrylamide gel electrophoresis, after which the gels
were stained, dried, and autoradiographed. The
results are shown in Fig. 2. It may be seen that a
number of proteins were solubilized by this treat-
ment, including two closely spaced bands with
molecular weights of about 30 000 that are the major
proteins of the intracellular parasites. Treatment of
the parasites with Nonidet P40 did not lyse the
nuclei, as judged by the lack of DNA release.

Interactions with erythrocyte membranes
It has been reported that the membranes of mon-

key erythrocytes parasitized by P. knowlesi contain
less spectrin than do those of nonparasitized erythro-
cytes (3; Konigk, E. & Mirtsch, S., in preparation).a
I examined the spectrin content of P. chabaudi-
infected mouse erythrocytes and did not find a
decrease in the total amount of spectrin in the cells.
However, indirect fluorescent staining of the infected
erythrocytes with rabbit antibody prepared against
purified mouse spectrin revealed that much of the
spectrin in the cells was associated with the parasites

a See also WALLACH, D. F. H. & CONLEY, M. Unpublished
document WHO/MAL/76.880 (1976).

(H. Eisen, unpublished observations, 1976). Whereas
in normal erythrocytes spectrin is found to be asso-
ciated only with the cell membrane, in parasitized
cells a spectrin-containing membrane also surrounds
the intracellular parasites. This finding is consistent
with the finding that the parasite enters the erythro-
cyte by invagination of the erythrocyte membrane
and that the intracellular form is surrounded by a
membrane of host origin (4). When purified intracel-
lular forms of P. chabaudi were examined by SDS
polyacrylamide gel electrophoresis, it was seen that
relatively large amounts of spectrin were associated
with them (see Fig. 1 and 2). The two components of
the mouse erythrocyte membrane with molecular
weights of 72 000 and 75 000 were also seen to be
associated with the parasites. Band 5 (actin) may
have been present; if so, it was masked by a protein
of parasite origin. These host proteins might repre-
sent the invaginated erythrocyte membrane that
surrounds the parasite. It is also possible that they
represent contamination of the parasites by small
fragments of the host-cell membrane.
There was a rather striking difference between the

erythrocyte membrane proteins associated with the
parasites and those of normal erythrocytes. Little or
no glycophorin, the major glycoprotein of the ery-
throcyte membrane, was found in the parasite-asso-
ciated membranes. In fact, there was little evidence
for the presence of glycophorin in the membranes of
parasitized erythrocytes. This finding is in agreement
with those of Trigg et al. (pp. 205-209 of this
issue) and McLaren et al. (pp. 199-203 of this
issue) that glycoproteins and intramembranous
particles are fewer or absent in the membranes
of P. knowlesi-infected monkey erythrocytes. The
loss of glycophorin would be expected to have rather
drastic consequences for the parasitized erythro-
cytes. As glycophorin constitutes the major sialo-
glycoprotein of the erythrocyte membrane it plays an
important role in the cell's electrostatic charge.
Furthermore, it might be expected that glycophorin-
free cells would have permeability properties rather
different from those of their normal counterparts.
This phenomenon clearly requires further study.

Interaction with albumin

When freed intracellular parasites were purified in
BSA gradients or incubated in serum or serum-
containing media, it was found that they bound
albumin and that this albumin could not be removed
by repeated washing. Although this observation was
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not surprising because of the known " stickiness " of
serum albumin, the large quantities bound suggested
that such binding might play a role in the normal
erythrocytic cycle of parasite development. Serum
albumin binding was also observed to parasites of
P. yoelii and P. berghei.

In order to test the specificity of serum albumin
binding to free parasites of P. chabaudi, 108 freed
parasites (not previously exposed to serum or serum
albumin after cell lysis) were incubated for 15 min
at 37°C in 1 ml of MEM containing 20% of mouse,
rat, calf, fetal calf, or horse serum. The parasites
were then washed four times in 2.5 ml of cold serum-
free MEM and finally suspended in sample buffer
and prepared for SDS polyacrylamide gel electro-
phoresis. Horse serum albumin was the only one
that did not bind to the parasites (Fig. 3).

Incubation in horse serum did not prevent the

subsequent binding of serum albumin from other
sources. Treatment of albumin-coated parasites with
0.5% Nonidet P40 resulted in solubilization of the
bound serum albumin (Fig. 2).
The fact that horse albumin was not bound by

parasites of P. chabaudi indicates that there is some
specificity in the albumin binding. Furthermore,
Miller et al. (5) have shown that released immature
schizonts and merozoites of P. knowlesi rapidly
attain a surface coat of protein on exposure to
plasma. It is possible that this surface coat is in part
composed of bound serum albumin. The binding of
albumin to released merozoites might play an impor-
tant role in the process of infection. Bound albumin
might stabilize the free parasites and protect them
from antigen-sensitive cells or from circulating an-
tibodies; we are currently investigating this possi-
bility.
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RtSUMt

PURIFICATION DES FORMES INTRACELLULAIRES DE PLASMODIUM CHABAUDI ET LEUR INTERACTION
AVEC LA MEMBRANE ERYTHROCYTAIRE ET AVEC LA SERUMALBUMINE

On a mis au point une methode fond6e sur l'utilisation
de gradients de serumalbumine bovine pour la separation
des erythrocytes de souris infectes par P. chabaudi des
erythrocytes non infectes. Cette methode peut etre appli-
quee a la purification d'erythrocytes contenant differents
stades evolutifs du parasite. Les parasites purifies ont ete
capables in vitro de synthetiser toutes les proteines qu'ils
synth6tisaient in vivo. Les formes intracellulaires de

P. chabaudi ont et6 trouvees associees it des composants
de la membrane erythrocytaire et il a ete montre que
cette membrane associee etait depourvue de glycophorine.
Les parasites libres sont capables de fixer l'albumine du
serum; cette liaison, qui fait preuve d'une specificite en ce
qui concerne l'origine de l'albumine, pourrait jouer un
r6le dans la stabiliastion ou la protection des parasites
extracellulaires.
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