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Membrane Proteins of Rhesus Erythrocytes in Plasmodium knowlesi
Infection
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The structure of the major erythrocyte membrane proteins, viz. spectrin and band 3 protein, in
the membranes of rhesus erythrocytes infected with the different development stages of the
simian malaria parasite Plasmodium knowlesi was analysed using electrophoretic,
immunochemical and spectroscopic techniques. Neither the total content nor the gross
structural features of spectrin was altered at any stage of the malarial infection. Also, the
spectrin dimer-to-tetramer ratio remained largely unaffected. Similarly, the band 3 protein
did not undergo any major structural change in the infected erythrocytes. But its aggregation
pattern was altered perhaps due to parasite-induced modifications of the host celil surface
carbohydrates. These results clearly indicate that the malarial parasite does not produce any
detectable structural change in the major membrane proteins, viz. spectrin and band 3 protein,
of the host erythrocyte at any stage of its intracellular development.
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Membranes

Introduction

The erythrocyte membrane is comprised of
two structural units, viz. membrane bilayer
and membrane skeleton. The membrane
bilayer controls the permeability properties
of the membrane whereas the skeleton
regulates the mechanical stability,
deformability and integral protein lateral
distribution in the membrane (Sheetz 1983).
Since the membrane permeability,
mechanical stability and deformability are
dramatically altered in malaria-infected
erythrocytes (Sherman 1985, ranstonetal.
1984, abantchik 1989), it is possible that
both the bilayer and the skeleton could be
structurally modified during the intra-
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cellular
parasite.

Earlier studies have shown that the
malarial parasite modifies its host
erythrocyte membrane bilayer by producing
marked changes in structure and
organization of both the membrane
phospholipid (Sherman 1985, Gupta &
Mishra 1981, Joshi et al. 1987, Joshi & Gupta
1988, Schwartz et al. 1988, Maguire et al.
1991, Hasio et al. 1991) and integral
membrane proteins (Sherman 1985, Sam-
Yellowe et al. 1988, Winograd & Sherman
1989). Also, it appears to alter the skeleton by
degrading the skeletal proteins, especially

growth and development of
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spectrin (Weidekammi et al. 1973, Konigk &
Mirtsch 1977, Wallach & Conley 1977,
Yuthavonget al. 1979). Since no precautions
were taken in these studies to prevent
artifactual proteolysis during membrane
isolation (Weidekamm et al. 1973, Konigk &
Mirtsch 1977, Wallach & Conley 1977,
Yuthavong et al. 1979), the previously
reported changes in membrane proteins (viz.
spectrin and band 3 protein) of the infected
erythrocytes may not be real. We therefore
considered it appropriate to reinvestigate the
fate of the major erythrocyte membrane
proteins, especially spectrin and band 3
protein, in Plasmodium knowlesi-infected
rhesus erythrocytes under carefully
controlled conditions. In contrast to the
earlier studies, we found that these proteins
did not undergo any major change at any
stape of the parasite development.

Materials and Methods

Materials: Healthy rhesus monkeys of either
sex, weighing 5-6 kg were procured from the
CDRI Primate House. Ficoll 400, phenyl-
methylsulfonylfluoride (PMSF), sodium
dodecylsulfate (SDS), ethylenediamine
tetraacetic acid (EDTA), pepstatin A,
leupeptin, a-chymotrypsin, trypsin, N-ace-
tylneuraminic acid, 1,1-diethyl-3-[dime-
thylamino)propyl} carbodiimide, p-(chlo-
romercuri) benzoic acid, periodic acid-
Schiff’s reagent, Sepharose L-4B and
Triton X-100 were purchased from Sigma
Chemical Company. Cellex D and Conray
420 were obtained from Bio-Rad and May
and Baker respectively. All other chemicals
and reagent were of the highest purity
available.

P. knowlesi infection: Synchronous
infections of P. knowlesi (W1 strain) were
maintained by serial passage of infected
blood in healthy rhesus monkeys, caged in a
room illuminated with fluorescent light from
07:00hr to 19:00hr. The monkeys were bled at
high levels of parasitaemia (60-90% at the
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ring stage and 20-50% at the trophozoite or
schizont stage). Parasitaemias were
determined by counting 103 erythrocytesin a
thin blood smear stained with Giemsa stain,
and expressed as number of parasitized
cells/100 erythrocytes.

Erythrocytes: Blood was collected in
heparinized glass tubes containing
phosphate buffered saline (SmM sodium
phosphate, 150mM sodium chloride; pH
7.4). The infected cells were isolated from the
blood by Ficoll-Conray gradient as
described earlier (Joshi et al. 1987). The
infected cells were contaminated with
2-10% uninfected erythrocytes, and less
than 0.1% leukocytes.

Erythrocyte membrane: The parasite-free
host erythrocyte membrane was prepared by
lysing the P. knowlesi-infected cells with
20mM sodium phosphate buffer (pH 7.5)
containing 0.1mM EDTA, ImM PMSF and
20pg/ml each of pepstatin A and leupeptin.
Inclusion of these inhibitors in the lysis
buffer was essential to prevent the host
erythrocyte membrane protein degradation
during membrane isolation. The lysate was
immediately centrifuged at 700 x g for 2 min
at 2-4°C. The supernatant was carefully
collected, leaving behind a pellet consisting
of intact parasites and a few unlysed cells.
The supernatant was centrifuged three times
under the above conditions, and the pellet
was discarded each time. Finally, the
membranes were recovered by centrifuging the
supernatant at 30,000 x g for 20min (4° ),
and washed twice with 5mM sodium
phosphate buffer containing 0.1mM EDTA
(pH 7.4) prior to their use in further
experiments. The purity of the membranes
was routinely checked by light microscopy
and also by assaying the parasite specific
enzyme glutamate dehydrogenase (Vender
Jagt et al. 1982). The host erythrocyte
membranes thus-prepared were largely free
from intact parasites, but we can not
completely rule out the possibility of
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contamination by the parasite membranes
that might have been released due to some
lysis of the parasites during the erythrocyte
membrane isolation.

The normal erythrocyte membranes and
uninfected erythrocyte membranes were
prepared according to Fairbanks et al.
(1971), except that ImM PMSF and 2ug/ml
each of pepstatin A and leupeptin were also
added to the lysis buffer.

Spectrin-actin extraction: Spectrin-actin
were extracted from the erythrocyte
membranes according to Liu and Palek
(1980) with slight modification. Briefly, the
membrane pellet was first washed with
ice-cold spectrin extraction buffer (0.lmM
sodium phosphate containing 0.ImM
EDTA, 1mM PMSF, 2ug/ml pepstatin A
and 2ug/ml leupeptin; pH 8.0), and then
suspended in the same buffer (5-7 volumes).
The suspension was left either at 4° for 36hr
or at 37°C for 30min. It was centrifuged at
100,000 x g for 60min (4°) and the super-
natant, which contained spectrin-actin,
was carefully collected.

Spectrin and band 3 protein isolation:
Spectrin was isolated from spectrin-actin
extract using established procedures
(Gratzer 1982). Band 3 protein was isolated
and purified according to Lukacovig et al.
(1981). The purity of these proteins was
established by SDS-polyacrylamide gel
electrophoresis. All the samples exhibited
only the band(s) corresponding to the
protein except that the band 3 protein
contained traces of a protein which
resembled the band 4.2 protein in its mobility
on the gels.

Antiserum: Antibodies against purified
spectrin were raised in rabbits by injecting
the protein, emulsified in Freund’s
incomplete adjuvant. Rabbits were bled
after four weeks and anti-serum prepared.

Protein estimation: Protein concentration
was measured according to Lowry et al.
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(1951) or Yu and Steck (1975). For protein
samples containing Triton X-100, 3% SDS
was added to the alkaline copper reagent to
prevent the formation of yellow precipitate.

Electrophoresis: SDS-polyacrylamide gel
electrophoresis was carried out using the
discontinuous  Tris-glycine system of
Laemmli (1970) modified by Hubbard and
Lazarides (1979). The gels were stained with
Coomassie Blue and then scanned on
Shimadzu dual wavelength scanner S-910
at 560nm to ascertain the relative densities of
various membrane proteins.

To analyse the spectrin self-associated
forms, the 4°C spectrin-actin extract was
electrophoresed on agarose-acrylamide gels
under nondenaturing conditions, as
described earlier (Liu & Palek 1980). The
protein composition of the spectrin
self-associated forms was confirmed by
electrophoresing in the second dimension
under denatuting conditions (Morrow et al.
1980).

The self-aggregation state of band 3
protein in nonionic detergent (Triton
X-100) was determined by electrophoresis
according to Nakashima and Makino
(1980). For this purpose, 3-15% linear
polyacrylamide  gradient gels with
bisacrylamide amounting to 3.2% by weight
of acrylamide were used. The gel buffer
employed consisted of 10mM Tris, 80mM
glycine and 0.5% Triton X-100 (pH 8.3).
However, Triton X-100 was excluded from
the buffer used in the electrode chamber. All
other conditions were identical to those
described by Nakashima and Makino
(1980).

Crossed-immunoelectrophoresis  was
carried out using the method of Lorand et al.
(1983). Runs were terminated when- the
tracking dye migrated to a distance of
10-12cm. The gel strips containing ghost
proteins were trimmed and washed for 30min
with a buffer containing 38mM Tris, 100mM



304

glycine and 1% Triton X-100 (pH 8.7). A 1%
agarose gel (15 x 8cm) was prepared in
38mM Tris, 100 mM glycine and 3.5% Triton
X-100 (pH 8.7). At the cathodic end of the
agarose gel, a well was cut of the size of
polyacrylamide gel strip. The strip was then
transferred to this well and the gaps were
sealed by application of a few drops of warm
agarose (with 3.5% Triton X-100).
Simultaneously, a well was prepared (size
13 x 3cm) in the agarose gel at the anodic side
for layering antibody containing agarose.
Agarose solution (1%) containing 38mM
Tris, 100mM glycine, 2% Triton X-100 and
100ul antispectrin (or antiband 3 protein)
antiserum per 10ml of agarose solution was
poured into the preformed well.
Electrophoresis was carried out (2 V/cm) for
about 16hr at room temperature using 7ris-
glycine buffer (pH 8.7), with no Triton
X-100. The polyacrylamide gel was removed
prior to washing and staining of the agarose
gel.

Protein quantitation in polyacrylamide
gels: After staining with Coomassie Blue
protein bands were quantitated both by
densitometry and pyridine-dye elution
method (Fenner et al. 1975). In the latter
case, the Coomassie Blue-stained protein
bands were cut, macerated and extracted
with 25% (v/v) aqueous pyridine. Amount of
the so-eluted dye was measured by
measuring its absorbance at 605nm.

Fluorescence measurements: Steady-state
spectrin  tryptophan fluorescence was
measured in Tris-buffered saline (20mM
Tris containing 145mM NaCl, pH 7.5) at
22-24°C on a Shimadzu RF-540 spectro-
fluorometer using excitation wavelength of
295nm. The spectrin tryptophan fluores-
cence quenching measurements were made
using iodide (KI) as the water soluble
quencher. The fluorescence data were
analysed as described earlier (Gudi et al.
1990).
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Fluorescence spectra of purified band 3
protein were recorded on the above
spectrofluorometer at an excitation
wavelength of 275nm (Nakashima &
Makino 1980).

Results

The protein composition of the red cell
membrane preparations were routinely
analysed by the SDS-polyacrylamide gel
electrophoresis. A typical densitometric
scan of these gels recorded after staining with
Coomassie Blue isshown in figure 1. As may
be seen in the figure, the protein pattern in the
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Figure 1 A-B Densitometric scans of
SDS-polyacrylamide gels stained with
Coomassie Blue afterelectrophoresingirhesus
erythrocyte membrane proteins. A, normal
erythrocyte membrane; B, membranes of
erythrocytes infected with schizont stage of
P. knowlesi .
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Table 1—Spectrin-to-band 3 protein ratio in the membranes of monkey erythrocyte

Erythrocytes Spectrin-to-band 3 protein ratio
by by
densitometry dye-clution method
Normal 111 +0.12 1.15 £ 0.20
Trophozoite-infected 1.22 + 0.02 1.24 + 0.15
Schizont-infected 117 + 0.37 1.14 + 0.12

Values are means of 34 determinations + SD

Figure 2A-B

Crossed-immunoelectrophoretograms of rhesus erythrocyte

membratle proteins in presence of anti-spectrin antiserum. A, normal erthrocyte
membrane; B, membranes of erythrocytes infected with schizont stage of P. knowlesi

membranes of the P. knowlesi - infected
erythrocytes was not significantly different
from that observed with the normal
erythrocytes, except that a few additional
minor bands that were absent in the normal
erythrocyte membranes were seen in the
membranes of infected erythrocytes. Also,
the intensity of the band 6 protein appeared
to be decreased and that of band 7 increased
in the latter preparations as compared to the
normal erythrocyte membranes. That these
additional minor bands did not originate

from degradation of the host erythrocyte
major membrane proteins (viz. spectrin,
actin and band 3 protein) during the
infection, was confirmed by determining the
spectrin-to-the band 3 protein ratio in the
membranes (table 1); no change in this ratio
was seen at any stage of the infection.
These results suggest that the major
erythrocyte membrane proteins, viz.
spectrin and band 3 protein were not
degraded to a large degree in the infected red
cell. To further confirm the validity of this



306

suggestion, we raised antibodies against
spectrin and then used the antiserum to
detect the presence of any immunocross-
reactive protein in the SDS-polyacrylamide
gels. Figure 2 shows that no protein other
than spectrin reacted with the antibodies in
membranes derived from either normal or
infected erythrocytes, indicating that this
protein remains largely intact during the
erythrocyte infection by the malarial
parasite.

To further establish that both spectrin and
band 3 protein were not markedly affected in
the infected cells, we isolated and purified
these proteins from both the normal and
infected erythrocytes and then studied their
gross structural features by electrophoresis
and fluorescence spectroscopy. In order to
isolate spectrin, the spectrin-actin was
extracted from the membranes under low
ionic strength at 4°C for 36hr. The
extractability of these proteins remained
virtually unchanged after infection of the
erythrocytes by the malarial parasite. The
spectrin-actin extract thus-obtained was
used, on one hand, to determine
the amounts of spectrin dimer and tetramer
(plus oligomer) forms in the membranes and
on the other, to isolate the pure protein using
the known procedure (Gratzer 1982).

Figure 3 shows that spectrin on
electrophoresis at 4°C on agarose-acryl-
amide gels under nondenaturing conditions
appeared to be present in the normal
erythrocyte. membrane  spectrin-actin
extract predominantly as tetramers and
oligomers and very little as dimers. The
relative  amounts of these spectrin
self-associated forms were not influenced to
any extent by the presence of ring or schizont
stage of P. knowlesi inside the erythrocytes.
To further confirm that the structure of
spectrin was not modified in the infected
erythrocytes, we analysed the gross
structural features of spectrin isolated from
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Figure 3A-C -Electrophoretograms under
non-denaturing - conditions of  spec-
trin-actin extracted from erythrocyte
membrane at 4°C for 36 hr. A, normal
erythrocyte membrane  spectrin-actin
extract; B, spectrin-actin extracted from
membranes of erythrocytes infected with
schizont stage of P. knowlesi; C, ‘A’ on
incubating at 37°C for 10 min. Note,
incubation of ‘A’ at 37°C resulted in
conversion of tetramers (oligomers) into
spectrin dimers

both the normal and P. knowlesi
schizont-infected rhesus erythrocytes by
studying the accessibility of spectrin
tryptophan residues to the water-soluble
tryptophan fluorescence quencher, K1. The
result of this study (figure 4) revealed that the
structure of spectrin remained unaffected in
the infected erythrocytes.

The band 3 protein was isolated and
purified from both the normal and P.
knowlesi schizont-infected erythrocytes
essentially according to Lukacovic et al.
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Figure 4 Modified-Stern Volmer plots for iodide
quenching of rhesus spectrin tryptophan
fluorescence AF; and ‘F’ denote fluorescence
intensities in absence and presence of quencher,
respectively. F represents Fy-F. Percentage of total
tryptophan fluorescence accessible to the quencher
was obtained upon multiplying by hundred the
inverse of the intercept of the modified
Stern-Volmer plot on the Y-axis (Gudi et al. 1990}

(1981). The eftect of the intracellular parasite
on the structure of the host erythrocyte
membrane band 3 protein was determined by
studying the self-aggregation pattern and
tryptophan fluorescence in the pure protein
samples. Figure .5 shows that the
self-aggregation pattern of the band 3
protein from infected red cells was not
significantly different from that of the
uninfected erythrocytes. But based on the
increased tryptophan fluorescence of the
infected erythrocyte membrane band 3
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Figure 5A-B Aggreganon pattern of
isolated rhesus erythrocyte membrane
band 3 protein in Triton X-100. A, band 3
protein isolated from normal erythrocyte
membrane; B, band 3 protein isolated
from membranes of erythrocytes infected
with schizont stage of Figure 1  Fig-
ure 1 P. knowlesi

protein, as compared to the normal
erythrocyte membrane protein (figure 6), it
appeared that the tendency of this protein to
undergo self-aggregation was perhaps
slightly decreased after the infection.

Discussion

Present study demonstrates that infection of
rhesus erythrocytes with P. knowlesi does not
produce any major structural change in red

cell spectrin and band 3 protein. This is in
variance with the earlier studies which have
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Figure 6 Fluorescence spectra of rhesus erythrocyte membrane band 3 protein. Solid
line, band 3 protein isolated from membranes of erythrocytes infected with schizont
stage of P. knowlesi; broken line, band 3 protein isolated from normal erythrocyte
membrane. Sample solution in 0.1% Triton X-100, 50mM NaCl, SmM Tris and 2mM
NaN; (pH 7.4) had an identical absorbance value at 275nm

reported degradative changes in the host
erythrocyte membrane proteins during the
malarial infection (Weidekamm et al. 1973,
Konigk & Mirtsch 1977, Wallach & Conley
1977, Yuthavong et al. 1979). It has been
claimed that erythrocyte spectrin together
with some other membrane proteins
undergoes degradation in the infected
erythrocytes. As we observed no major
structural changes in both spectrin and band
3 protein at any stage of the infection it may
be inferred that the large degradative
changes reported earlier for the erythrocyte
membrane proteins of infected cells could
have resulted from the artifactual
proteolysis of these proteins during the
membrane isolation.

Our results are consistent with the earlier
studies (Eisen 1977, Taylor et al. 1987,
Gruenberg & Sherman 1983) which have
reported no major structural changes in
membrane skeleton of the infected
erythrocytes. Also, it corroborates the recent
work of Schulman et al. (1990) wherein it was
shown that both normal structure and
contents of spectrin were required for the
normal growth and development of the

intracellular malarial parasites in the host
erythrocytes.

Several studies have shown that the
intracellular malarial parasite inserts new
proteins in the host erythrocyte membrane
(Sherman 1985, Sam-Yellowe et al. 1988,
Winograd & Shermtan 1989). It may thus be
considered that some of the new protein
bands seen by us in the host erythrocyte
membrane could correspond to some of
these proteins. Alternatively, these bands
could arise due to some parasite
contamination in the host cell membrane.
The present data are, however, insufficient to
distinguish between these two possibilities.

The cell surface carbohydrates are
modified in erythrocytes infected with the
malarial parasite (Sherman 1985). Since
most of the erythrocyte surface
carbohydrate content is associated with the
major membrane integral proteins, viz. band
3 protein and glycophorin, it may be inferred
that the structure and/or content of
carbohydrates associated with the band 3
protein are modified in the infected
erythrocytes. This may conveniently
account for the observed change in
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aggregation pattern of the infected
erythrocyte membrane band 3 protein.
Previous studies have reported some
subtle changes in membrane skeleton of
infected erythrocytes (Eisen 1977, Taylor et
al. 1987). These changes, however, can not be
attributed to some parasite-induced
alterations in host erythrocyte spectrin, since
structure and content of this protein were
found to remain largely unaffected during
the malaria infection. It may therefore be
envisaged that the finer structural changes
observed earlier in the erythrocyte
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