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Background: Plasmodium falciparum P2 (PfP2) protein plays nonribosomal roles through SDS- and DTT-resistant
oligomerization.
Results: For SDS- and DTT-sensitive oligomerization, the 53rd cysteine of PfP2 plays an important role.
Conclusion: DTT- and SDS-resistant oligomerization of PfP2 was propagated by differentially expressed parasite proteins.
Significance: Analysis of regulation of PfP2 oligomerization in parasite-infected erythrocytes may help in understanding the
export of P2 to erythrocyte surface.

The eukaryotic 60 S-ribosomal stalk consists of P0, P1, andP2
proteins, which associate in a pentameric structure (P12-P0-
P22). The Plasmodium falciparum protein P2 (PfP2) appears to
play nonribosomal roles. It gets exported to the infected eryth-
rocyte (IE) surface at 30 h post-merozoite invasion (PMI), con-
comitant with extensive oligomerization. Here we present cer-
tain biophysical properties of PfP2. Recombinant P2 (rPfP2)
protein showed SDS-resistant oligomerization, which could be
significantly abolishedunder reducing conditions.However, the
protein continued to oligomerize even when both cysteine resi-
dues were mutated, and with up to 40 amino acids (aa) deleted
from the C-terminal end. CD analysis of P2 showed largely
�-helical and random coil domains. The SDS- and DTT-resis-
tant oligomerization was studied further as it occurred in a
development-specific manner in Plasmodium. In a synchro-
nized erythrocytic culture ofP. falciparum, thePfP2proteinwas
detected as part of the ribosomal complex (�96 kDa) at 18 and
30 h PMI, and was SDS sensitive. However, at 30 h, large
amounts of SDS-sensitive aggregates of >600 kDa were also
seen. At 30 h PMI, each of the parasites, IE cytosol and IE ghost
contained 60–80-kDa PfP2 complexes, which resolved to a sin-
gle 65-kDa species on SDS-PAGE. Tetramethylrhodamine-la-
beled rPfP2 protein exhibited DTT- and SDS-resistant oligo-
merization when treated with P. falciparum parasite extracts
only from 24 to 36 h PMI, and multiple proteins appeared to be
required for this oligomerization. Understanding the regulation
of oligomerization of PfP2 may help in the elucidation of the
novel structure-function relationship in the export of PfP2 to
the red cell surface.

The ribosomal stalk consists of certain proteins, functionally
conserved in all organisms (1–3). In eukaryotes, the stalk is
composed of three types of P-proteins, P0, P1, and P2. The P0

protein, equivalent to the L10 protein in prokaryotes, forms the
base of the stalk and directly interacts with the 28 S rRNA, and
constitutes the binding site for the two protein dimers, (P1-P2)2
(4–6). In eukaryotes the dimers are made of two independent
polypeptides, P1 and P2, which is different from that in pro-
karyotes, which contain two to three homodimers of L12 pro-
tein (4, 6). In lower eukaryotes, such as yeast andTrypanosoma,
two additional subgroups are distinguished, comprising the
P1�, P1�, P2�, and P2� proteins (7, 8), whereas an additional
P3 protein has been recognized in plants (9).
It is believed that the P protein-pentameric complex binds to

eukaryotic 28 S rRNA and plays an important role in the
GTPase-associated center of eukaryotic ribosomes (5, 10–11).
When added to prokaryotic 23 S rRNA, this P-protein complex
changes the specificity of the ribosome to the eukaryotic elon-
gation factors (12). This strong dependence on the P0-P1-P2
complex for the factors accessibility suggests a direct interac-
tion between the protein complex and elongation factors. It has
also been suggested that the pentameric P-complex modulates
the structures of the sarcin/ricin domain of 23 S/28 S rRNA and
makes them accessible to eukaryotic elongation factors (13). It
has been reported that binding of P1 and P2 to P0 protein
induces the binding activity of P0 to rRNA (10). Through sev-
eral deletion constructs, it was shown that the C-terminal half
of the P0 protein contains two neighboring sites for P1-P2 het-
erodimers (14). In yeast, each of the P1 or P2-null mutants is
viable in rich medium and no significant effects are seen in the
rates of peptide bond formation, althoughprotein synthesis and
growth rates are reduced (15). Heterogeneity of P-proteins in
ribosomal composition has been observed, and ribosomes from
stationary phase-deficient P1/P2 proteins have been reported
(15). It is of interest that the pattern of protein expression in the
absence of P1 and P2 proteins is distinct from that in the pres-
ence of these acidic proteins (16). It was shown that such a
differential expression pattern was not due to translation error
or termination suppression, but was postulated to be due to
differential translation modulation, and/or due to extraribo-
somal properties of these acidic proteins (16).
Ribosomal proteins are known to play varied roles besides

protein synthesis (17). We have earlier demonstrated that P0
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protein plays a protective role at themerozoite surface (18–20).
InNeisseria gonorrhoeae, the functional orthologue of P2 (L12),
is shown to be surface exposed, and has been implicated in cell
invasion (21). There have been associations of ribosomal pro-
tein expression with cancer, but those have been subscribed to
altered cellular protein synthesis (22). In Plasmodium, neither
P1 nor P2 protein is likely to be vital for the ribosomal func-
tions, because in a complementation study in Saccharomyces
cerevisiae, we have demonstrated that ribosomes containing
just PfP0 (without any P1/P2 proteins) were capable of synthe-
sizing proteins (23). We have not been able to knock-out Plas-
modiumP2protein,2 and therefore surmise that P2 proteinmay
possess important extraribosomal functions.
A nonribosomal role of Plasmodium P2 protein certainly

appears to exist, because a translocation of the P2 protein, but
not P0 or P1 proteins, to the infected erythrocyte (IE)3 surface
during early cell division has been observed recently (24).
Moreover, an unusual cell cycle arrest of Plasmodium occurs
when IEs are treated with a panel of anti-PfP2-specific mono-
clonal antibodies (24). The IE surface-exposed PfP2 protein
occurs during a short window of erythrocytic development and
the exported P2 protein appears to exist exclusively as an SDS-
resistant P2-homotetramer (24). This indicates a developmen-
tal regulation of oligomerization of the Plasmodium P2 protein.
The structure of the N-terminal dimerization domain of

human P2 protein was determined recently by NMR (25). By
homology modeling, a structural model of P1/P2 dimerization
domain was proposed and this model predicted that helix-3 of
P1 is not involved in P1/P2 dimerization, but plays an impor-
tant role in formation of the P-complex (25). The hetero-oligo-
merization of P1/P2 proteins have been reported earlier, and
these appear to be precursors to the pentameric ribosomal
P-protein complex (26). However, P1 and P2 proteins have
been found in the cytoplasmic pool, which exchange with those
on the ribosome, and also form homo-oligomers (26). For P.
falciparum P2 protein, so far the NMR structure has been pos-
sible only under denaturing conditions, because the recombi-
nant PfP2 protein undergoes extensive oligomerization at con-
centrations of about 1 mM (27).

Here we report the biophysical properties of the ribosomal
P2 protein of P. falciparum,with special emphasis on oligomer-
ization. We demonstrate that the 53rd cysteine residue of PfP2
is vital for SDS-resistant DTT-sensitive oligomerization, and
that the P2 protein shows anomalous folding due to the acidic
C-terminal domain. We also show that apart from the SDS-
sensitive pentameric complex, the P2 protein forms develop-
mentally regulatedDTT- andSDS-resistant oligomers, and that
certain differentially expressed protein components of the par-
asite appear to play important roles in such oligomer formation.

EXPERIMENTAL PROCEDURES

Ethics Statement—Tata Institute of Fundamental Research
(TIFR) AnimalHouse is registered under CPCSEA (Committee

for the Purpose of Control and Supervision of Experiments on
Animals), Ministry of environment and forest, Government of
India (registration number 56/1999/CPCSEA) for breeding and
experiments on animals. This studywas carried out under strict
accordance with the guidelines of CPCSEA, India, for the care
and use of laboratory animals. The study was approved by the
institutional animal ethics committee, TIFR, Mumbai (Project
number TIFR/IAEC/2008-1) formulated by CPCSEA.
Human blood was collected from volunteers after obtaining

their written consents, for the in vitro cultures of Plasmodium
falciparum. The procedure for such collection, details of
informed consent, and the frequency of samples to be collected
were in accordance with a detailed proposal approved by the
Institutional Human Ethics Committee of TIFR. The Institu-
tional Human Ethics Committee of TIFR is constituted as per
the guidelines of Indian Council of Medical Research, Govern-
ment of India.
Cloning and Expression of PfP2 (PFC0400w) Gene and Its

Mutants in the pProExHTa Vector—The PfP2 gene was PCR
amplified from P. falciparum (3D7) genomic DNA using the
following primers containing EcoRI (New England BioLabs) at
the 5� end and XhoI (New England BioLabs) at the 3� end
restriction overhang, respectively, forward primer: 5�-CCCC-
GAATTCATGGCTATGAAATACGTTGCTG-3�; reverse
primer: 5�-GGGGCTCGAGTTAACCAAATAAGGAAAAT-
CCTAAGTC-3�. Both the PCR amplified PfP2 gene fragment
and the pProExHTa vector (Lablife) DNA were digested using
EcoRI and XhoI restriction enzymes at 37 °C, purified, and
ligated at 16 °C for 16 h using T4 DNA ligase (Roche Applied
Science, catalog number 10481220001). DH5�-competent cells
were transformed by heat shock, and positive clones were iden-
tified through plasmid purification and restriction digestion.
PfP2C�20 and PfP2C�40 were also cloned in the same vector
following the samemethodology, except that the amplifications
were carried out using the following reverse primers:
PfP2C�20, 5�-GGGCTCGAGTTATTCTTTCTTATCTTCT-
TTCTTAG-3�; PfP2C�40, 5�-GGGGCTCGAGTTAACCAC-
CTCCAATATTTTG-3�, and keeping the forward primer as
mentioned above.
The GST-PfP1 construct was made by cloning the PfP1 gene

between EcoRI and XhoI sites in the pGEX-4T-3 vector (GE
Healthcare). The PfP1 gene, with one postulated intron, was
amplified from the P. falciparum (3D7) cDNA library using the
following primers: forward: 5�-CCCCGAATTCATGGCAT-
CAATTCCAGCATC-3� and reverse: 5�-GGGGCTCGAGAC-
CAAATAAGGAGAAACC-3�. The DNA (ORF) sequences of
all the clones were confirmed by DNA sequencing. For gener-
ating mutants of the PfP2 gene, custom based site-directed
mutagenesis was carried out and five differentmutant clones of
the PfP2 gene were generated, M1 (C12A), M2 (C53Y), M3
(C12A,C53Y), M4 (C53A), and M5 (C12A,C53A). The mutant
genes were cloned in pProExHTa vector and the nucleotide
sequence was confirmed by DNA sequencing through Banga-
lore Genei, India.
Recombinant Protein Expression and Purification—All con-

structs (P2, M1(C12A), M2 (C53Y), M3 (C12A,C53Y), M4
(C53A), M5 (C12A,C53A), P2C�20, P2C�40), were trans-
formed in Escherichia coli BL21(DE3) strain and protein

2 R. Tewari and S. Sharma, unpublished results.
3 The abbreviations used are: IE, infected erythrocyte; TIFR, Tata Institute of

Fundamental Research; TRITC, tetramethylrhodamine isothiocyanate; PMI,
postmerozoite invasion; aa, amino acid(s); iRBC, infected RBC.
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expression was induced by 0.5 mM IPTG (Sigma, catalog num-
ber I6758). However, M5 did not get expressed under similar
conditions. Recombinant PfP2 (rPfP2), M1, M2, M3, M4,
rPfP2C�20, and rPfP2C�40 proteins were purified using nick-
el-nitrilotriacetic acid beads (Qiagen, catalog number 30230).
All recombinant proteins, rPfP2,M1,M2,M3,M4, rPfP2C�20,
and rPfP2C�40, were fusion proteins containing an additional
30 amino acids (aa) at the N terminus, including 6-histidine,
totaling 142 (for P2, M1, M2, M3, M4), 122 (for rPfP2C�20),
and 102 aa (rPfP2C�40), respectively. PfP2 was cloned in pQE
and pET vectors to obtain a nonfusion or a cleavable P2-recom-
binant protein. However, no stable expression of PfP2 protein
could be achieved without these additional 30 amino acids.
PfP1 protein was expressed in BL21 cells as a GST fusion pro-
tein and purified using GST beads. 10 mM reduced glutathione
was used to elute PfP1-GST protein from the beads.
Parasite Culture and Synchronization—P. falciparum 3D7

strain parasites were maintained in culture as described earlier
(28). Human blood, from healthy adults with B� blood group,
was collected in K2 EDTA vacutainers (BD Biosciences) as an
anticoagulant. After removing the leukocytes, the erythrocytes
were washed and resuspended in complete RPMI (cRPMI;
RPMI with 0.5% Albumax). Asexual stages of the P. falciparum
3D7 strain were cultured in vitro and maintained at 5% hema-
tocrit in complete RPMI at 37 °C in a humidified chamber con-
taining 5% CO2. Synchronization of parasite was carried out
using 5% sorbitol.
Preparation of P. falciparum Parasite, Infected RBC Cytosol,

andGhost Proteins—P. falciparum 3D7-infected RBCs at about
7–8% parasitemia were pelleted at 500 � g for 5 min, and
washedwith complete RPMI once. RBCpellet was resuspended
in 0.1% saponin and a protease inhibitor mixture (Sigma, cata-
log number P8340) and 1 mM PMSF in phosphate-buffered
saline (PBS), pH 7.4, for 15 min at 37 °C. The sample was then
centrifuged for 10 min at 10,000 � g at 4 °C to remove the
parasite pellet, which was sonicated in lysis buffer (PBS, pH 7.4,
with 0.1% Triton X-100 and protease inhibitors) to obtain the
parasite protein and stored at �80 °C. About 60–70% of the
opaque supernatant (RBC ghost and cytosol fraction) was
gently separated to avoid contamination from the parasite pel-
let. This supernatant fraction was pelleted at 20,000 � g for 2 h
at 4 °C, washed twice with PBS, pH 7.4, and stored at�80 °C for
use as IE ghost. After ghost precipitation, the supernatant (IE
cytosol) was stored at �80 °C for subsequent analysis. All buf-
fers contained protease inhibitormixture (Sigma, catalog num-
ber P8340).
Immunoblots of Recombinant and Parasite Proteins—The

recombinant or parasite proteins were used for the immunob-
lots after protein estimation using Bradford reagent (Sigma).
Before loading, the protein was mixed with gel loading buffer
(50 mM Tris-Cl, pH 6.8, 10 mM DTT, 20 mM �-mercaptoetha-
nol, 2% SDS, 0.1% bromphenol blue, 10% glycerol) and boiled
for 10min. Samples were resolved on 12% SDS-PAGE and pro-
teins were transferred to methanol-activated polyvinylidene
fluoride (PVDF) membrane (Millipore) using anode buffer (25
mM Tris-Cl, pH 10.4, 10% methanol) and the TransBlot Semi-
Dry Transfer system (Bio-Rad). Membranes were blocked with
5% nonfat skim milk powder in 1� PBS overnight and probed

with specific antibodies. Primary antibody dilutionwasmade in
1� PBSwith 0.2%Tween (PBST) and incubated with themem-
brane for 3 h at room temperature (RT) on a rocker. Primary
antibody binding was detected by appropriate secondary anti-
bodies conjugated to HRP (GE Healthcare, catalog number
NXA931). Dilution of secondary antibody was made in PBST.
After every incubation, the membrane was washed with PBST
at least 6–7 times with 5-min intervals. The immunoblots were
developed using the ECL PlusTM (Amersham Biosciences) and
also the Super Signal West Pico chemiluminescent substrate
(Thermo Scientific). The antibodies used were anti-PfP2
monoclonal antibody E2G12 (1:100) (24) and anti-�-actin anti-
body (1:1000) (Sigma, catalog number A1978).
Mass Spectrometry of Recombinant PfP2 Protein Using

MALDI-TOF—Purified recombinant PfP2 protein was sub-
jected to mass spectrometry to determine the molecular
weight. For determination of mass, MALDI was used from
Bruker Corporation (model number 201344). The protein was
dissolved in Tris-Cl, pH 7.4, with 50 mM NaCl and reconsti-
tuted using 50% acetonitile and 0.1% TFA (500 �l of 100% ace-
tonitrile � 499 �l of distilled water � 1 �l of TFA). The recon-
stituted protein was loaded on a MALDI plate using saturated
solution of �-cyanohydroxyl cinnamic acid (Bruker 201344)
(�20 mg/ml) in 50% acetonitrile and 0.1% TFA. The proteins
were ionized and the molecular weight was determined. In the
y axis the intensity of the protein in atomic units (AU) was
plotted and in the x axis them/z was plotted.
Gel Filtration of Recombinant and Parasite Protein—For gel

filtration, the AKTA device from GE Healthcare was used,
which was coupled to a UV spectrometer. The gel filtration
profiles of all recombinant rPfP2, mutants, PfP2C�20, and
PfP2C�40 proteins were determined with a Superdex-75 col-
umn, using 1–2 mg of protein. For parasite crude protein frac-
tionation, 3–4 mg of parasite protein extract was injected in to
a Superdex-200 column. For each set of runs about 90 fractions
were collected. The parameters of a gel filtration device were:
pressure, 0.12 MPa; column bed volume, 120 ml; flow rate, 1
ml/min; fraction collection rate, 1 ml/min; empty loop volume,
40 ml. For runs under the reduced conditions, 10 mMDTTwas
added. Fractions were concentrated to 20% volume and 10-�l
concentrated samples from each fraction were resolved on 12%
SDS-PAGE followed by immunoblot using the anti-PfP2
monoclonal antibody E2G12 (24).
Interaction of P2 with Gel Filtration Beads—Gel beads from

different columnmaterials (Superdex, Sephadex G50, and Bio-
Gel P60) were equilibrated in PBS and used as a 50% bead slurry
for further binding experiments. 100 �g of P2 (1 �g/�l) in PBS
was incubated with 50 �l of a 50% bead slurry of Superdex,
Sephadex, and Bio-Gel beads at room temperature with con-
stant mixing for 1 h. Additionally, some samples were incu-
bated in PBS containing 500 mM NaCl. The beads were subse-
quently pelleted down by centrifugation at 1000 � g for 5 min
and the supernatantwas collected. The beadswere thenwashed
for the indicated number of times by resuspension in 20 bed
volumes of PBS followed by centrifugation. The beads and post-
bead supernatant were boiled with gel loading dye for 10 min
before being resolved on a 12% SDS-PAGE followed by staining
with Coomassie Brilliant Blue R-250.
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Concanavalin Awas used as a positive control while incubat-
ing P2 with Superdex 75 gel filtration beads. 100 �g of conca-
navalin A was incubated with gel filtration beads. Post-bead
treatment and after 15 washes, beads and the post-bead super-
natant were resolved in 12% SDS-PAGE followed byCoomassie
staining.
Circular Dichroism (CD)—Far-UV circular dichorism (CD)

spectra of the protein at 25 °C were recorded on a JASCO-J810
spectropolarimeter (Jasco, Hachioji, Japan) using 0.1-cm cell.
Spectra for P2 and point mutants as well as deletion constructs
were recorded. The protein concentration was 30 �M. The CD
machine was pre-calibrated with iolar nitrogen for 1 h before
starting. The samples at appropriate conditions were equili-
brated at least 10–12 h before CD measurements. Each spec-
trumwas an average of three scans (slit width of 2 nm). The data
were plotted asmillidegree versus theUVwavelength (from190
to 250 nm) in the two-dimensional graph and compared with
standards to estimate the extent of � helicity, �-sheet, and ran-
dom coil. Near-UVCD spectrawere recorded using a 1-cm cell,
with protein concentrations at 1.5–2 mg/ml. Each spectrum
was an average of 10 scans (slit width of 2 nm) and the datawere
plotted as the CD in millidegrees versus the UV wavelength
(from 250 to 320 nm).
Fluorescence Labeling of Recombinant PfP2 and PfP1-GST

Proteins with Tetramethylrhodamine Isothiocyanate(TRITC)—
About 2mg of recombinant PfP2 protein was buffer exchanged
with 1 ml of 0.1 M sodium bicarbonate buffer, pH 8.5. While
labeling the protein, the molar ratio of the protein versus the
dye was 1:10 (10-fold more dye was used). 5 mg of tetramethyl-
rhodamine (Invitrogen) was dissolved in 0.5 ml of dimethyl
sulfoxide. The labeling of protein was done according to the
manufacturer’s protocol (Invitrogen). The final concentration
of protein was 0.5 mg/ml. While stirring the protein solution
slowly, 50–100 �l of dye solution was added. Protein and dye
solution were incubated at room temperature for 1 h. 1.5 M

hydroxylamine, pH 8.5, was added into the protein dye solution
to terminate the reaction. A 3-kDa membrane filtration cut off
device was used to remove the unbound dye and purify the
labeled protein. Recombinant GST-PfP1 protein was also con-
jugated with tetramethylrhodamine using the same protocol.
Treatment of Tetramethylrhodamine-labeled rPfP2 Protein

with Parasite Lysate and FPLC Fractions—Synchronized P. fal-
ciparum cultures were harvested at different time points post-
merozoite invasion (PMI), and parasite lysates were prepared.
Parasite lysate was centrifuged at 12,000 � g for 1 h at 4 °C, and
the supernatant was collected. Supernatant protein was quan-
tified usingBradford or BCAassays. About 5�g each of parasite
crude extract from different time points (PMI) was incubated
with 1 ng of tetramethylrhodamine-labeled rPfP2 at 37 °C for
3 h in a water bath with intermittent mixing of the solution.
Postincubation, the mixture was boiled with SDS-loading
buffer containing �-mercaptoethanol and resolved on a 12%
SDS-PAGE. The gel was scanned using Typhoon TRIO (GE
Healthcare) to check the presence of SDS-resistant fluorescent
protein oligomer bands. The PMTgain of the scannerwas set at
250 volts. The �ex of tetramethylrhodamine was 532 nm and
�em was 580 nm. For the FPLC fractions, 25 �l of the pooled
fractions were used for incubation of 1 ng of tetramethylrhod-

amine-labeled rPfP2 or GST-PfP1 protein at 37 °C for 3 h, and
monitored for the SDS-resistant fluorescent protein bands on
SDS-PAGE as described above.

RESULTS

SDS-resistant Oligomerization of rPfP2 and Its Mutants—
The Plasmodium ribosomal protein P2 displays a novel nonri-
bosomal role, as well as exhibits oligomerization at the tropho-
zoite stages in the erythrocytic development cycle (24). The
recombinant PfP2 (rPfP2) protein also exhibits oligomerization
(24, 27). To evaluate the propensity of SDS-resistant and -sen-
sitive oligomer formation, the recombinant protein rPfP2 and
certain recombinant PfP2 mutant and deletion proteins (sup-
plemental Fig. S1) were run on SDS-PAGE and through gel-
filtration columns (Figs. 1 and 2).
Coomassie-stained SDS-PAGE of the rPfP2 protein showed

the monomer along with large amounts of SDS-resistant
dimers (Fig. 1A, first lane), which were verified as PfP2 dimers
(Fig. 1B, first lane) using PfP2-specific mAb E2G12 (24). To
check the role of disulfide bonding in such dimer formation,
rPfP2 was run in the presence of the reducing agent DTT. The
dimers were found to be abolished in the presence of reducing
agent (Fig. 1, A and B, second lane). In P. falciparum, two cys-
teine residues are found in the P2 protein at the 12th and 53rd
positions for the 3D7 strain (supplemental Figs. S2–S4). These
were confirmed by sequencing the rPfP2 clone, prepared from
genomic DNA of the 3D7 strain. The sequence was identical in
six different Indian isolates, as also in different laboratory
strains of P. falciparum.4 Interestingly, although the 12th cys-
teine is conserved in all Plasmodium species, the 53rd cysteine
is not present in the rodent species of Plasmodium, namely
Plasmodium berghei, Plasmodium yoelii, and Plasmodium cha-
baudi (supplemental Fig. S4). Conversely, P. falciparum does
not possess a tyrosine residue conserved at the 53rd position in
the rodent and simian parasites. However, the tyrosine residue
is also absent in the malaria parasite species of aves, Plasmo-
dium gallinaceum, and of the chimpanzee, Plasmodium reiche-
nowi (supplemental Fig. S4).
To test the contributions of the two cysteines of P. falcipa-

rum P2 protein toward dimerization, several different recom-
binant clones, M1 (C12A), M2 (C53Y), and M3 (C12A,C53Y)
were generated (supplemental Fig. S1). The C53Ymutation for
the M2 protein was guided by the observation that a tyrosine
residuewas found in certain species of Plasmodium P2 proteins
at the 53rd position (supplemental Figs. S3 and S4). The recom-
binant P2 protein from the M1 clone showed that replacement
of the Cys-12 residue had no significant effect on the DTT-
sensitive rPfP2 dimer amounts, and behaved in a fashion similar
to rPfP2 protein (Fig. 1, A and B). M2 protein, with a C53Y
mutation, showed a large decline in dimerization. M3 protein,
with the double mutations, behaved similar to the M2 mutant
(Fig. 1,A andB). To rule out an influence of the tyrosine residue
at the 53rd position, constructs M4 (C53A) and M5
(C12A,C53A)were also generated, shown schematically in sup-
plemental Fig. S1. M4 behaved the same way as M2, and exhib-
ited no detectable dimer on Coomassie-stained SDS-PAGE

4 H. Joshi and S. Sharma, unpublished data.
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(supplemental Fig. S5IA). Mutant M5 did not show adequate
protein expression (supplemental Fig. S5B), and therefore it
was not possible to assess how the doublemutant (C12A,C53A)
of PfP2 would behave. However, from the results using M4, it
could be deduced that the Cys-53 residue played a dominant
role in the formation of SDS-resistant, DTT-sensitive dimers.
However, the continued presence of small amounts of SDS- and
DTT-resistant oligomers in rPfP2 indicated that although
rPfP2 oligomerization was influenced by disulfide bonding,
other interactions were also operative.
The deduced molecular mass of the parasite PfP2 protein is

12 kDa. The recombinant rPfP2 protein contains an additional
30 amino acids (from the vector pProExHTa) and themonomer
and dimers correctly showed the expected mass of 15.884 and
31.336 kDa on MALDI mass spectrometry (supplemental Fig.
S6). However, on SDS-PAGE, the monomeric and dimeric
rPfP2, as also the PfP2 protein from parasite extracts, migrated
at highermolecularmasses of 18 and 36 kDa and 16 and 32 kDa,
respectively (Fig. 1, A–D). Because the C-terminal region is
negatively charged, it is possible that this repels the negative
charge of SDS and hinders SDS binding. When SDS binding is
less, mobility would be less, giving an anomalously high molec-
ular weight. In silico prediction (DisEMBL 1.5) shows that
amino acids from 72 to 112 of PfP2 protein are disordered in
nature, and therefore this abnormality could also be due to this
disordered acidic C-terminal region not conforming to globu-
lar structure, resulting in abnormal migration on SDS-PAGE.
To test the contribution of the acidic C-terminal domain on
oligomerization andmobility on SDS-PAGE, two deletion con-
structs, rPfP2C�20 and rPfP2C�40 proteins, with C-terminal
20 and 40 aa deletions respectively, were expressed, and run on
SDS-PAGE (Fig. 1, A and B). Although rPfP2C�20 (deduced
molecular mass 12 kDa) was still migrating abnormally,
rPfP2C�40 (deduced molecular mass 10.6 kDa) behaved nor-
mally and migrated at the expected size of 11 kDa on SDS-
PAGE (Fig. 1,A andB). Once again, the dimers of these deletion
proteins were largely DTT-sensitive. However, significant
amounts of SDS- and DTT- resistant oligomerization contin-
ued to occur in the rPfP2C�20 and rPfP2C�40 proteins (Fig.
1B). Indeed, the extent of oligomerization seemed to be slightly
enhanced in the rPfP2C�40 protein (Fig. 1B). Thus the acidic
C-terminal region hindered normal migration of the PfP2 pro-
tein on SDS-PAGE and the DTT-sensitive dimerization was
crucially dependent on the Cys-53 residue. As expected, DTT-
resistant oligomerization was independent of both cysteine
residues.
The concentration of P2 protein in Plasmodium cells is

around 20–50 nM, as determined through ELISA using rPfP2 as
a standard. In the test tube, rPfP2 does not form SDS-resistantFIGURE 1. P2 oligomerization of rPfP2 as well as in the Plasmodium para-

site. A, Coomassie-stained gel of 2 �g of protein each of recombinant purified
PfP2, PfP2 mutants M1 (C12A), M2 (C53Y), M3 (C12A,C53Y), PfP2 deletions
P2del20, and P2del40 (supplemental Fig. S1) proteins were resolved on 12%
SDS-PAGE in the absence and presence of reducing agent (10 mM DTT). B, the
same gel in A was immunoblotted and probed with anti-PfP2 specific mono-
clonal antibody (E2G12) (24). C, about 4 �g each of parasite protein extract
obtained from synchronized P. falciparum cultures harvested at 18, 24, 30,
and 36 h post-merozoite invasion, were separated on 12% SDS-PAGE in the
presence of reducing agent (10 mM DTT), and the immunoblot was probed
using anti-PfP2 monoclonal antibody E2G12 (24). D, 4 �g of crude P. falcipa-
rum parasite protein harvested at 18, 24, and 42 h post-merozoite invasion
were separated on 12% SDS-PAGE without and with reducing agent, 10 mM

DTT, and the immunoblot was probed using anti-PfP2 monoclonal antibody
E2G12 (24). �-Actin was used as a loading control. E, I, Coomassie stain of
rPfP2 and II, immunoblot of 10 �g of asynchronous P. falciparum parasite
crude protein extract, run on 10% native PAGE, and probed using anti-PfP2
monoclonal antibody (E2G12) (24). F, to estimate the concentration-depen-
dent oligomerization, various concentrations of rPfP2 solution in PBS, pH 7.4,
ranging from 0.01 ng/ml to 100 mg/ml were incubated at 4 °C for 48 h, and 1
ng of rPfP2 from each solution, diluted in SDS-PAGE loading buffer, was
resolved on 12% SDS-PAGE with reducing agent (10 mM DTT) followed by
immunoblotting and probing with E2G12 (24).
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FIGURE 2. Gel filtration profile of rPfP2, rPfP2 mutants, and deletion proteins. A, FPLC profile of 1 mg each of purified recombinant proteins (P2, M1, M2,
and M3). Arrowheads show the elution positions of marker proteins, BSA (66 kDa) and aprotinin (6.5 kDa). The y axis represents UV absorption of protein in
arbitrary units (AU) and the x axis shows the fraction number. All gel filtration runs were performed under reducing conditions using buffer containing 10 mM

DTT. B, I and II, gel filtration profiles for rPfP2 and M3 (C12A and C53Y) proteins under nonreducing conditions. About 1 mg each of rPfP2 and M3 proteins were
injected in the Superdex-75 gel filtration column and fractions were eluted. Bar in B, II, indicates void volume (�300 kDa). C, I, Coomassie stain of 12% SDS-PAGE
of peak 1 eluted from A I-IV FPLC runs, showing intact PfP2, M1, M2, and M3 proteins. II, rPfP2 was incubated with agarose-dextran cross-linked Superdex-75
beads and subjected to different wash stringencies (�2, 5, and 10 washes with PBS) to detect for weak binding interactions with the chromatography column
material. I, input; B, beads; S, post-bead supernatant. D, I and II, gel filtration profiles of 1 mg each of recombinant P2del20 and P2del40 proteins, respectively,
run under reducing conditions with 10 mM DTT. Insets show Coomassie stained SDS-PAGE profiles of peaks 1 and 2. Each run was repeated at least three times,
and a representative plot is shown.
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oligomers at that concentration, but were detected in parasite
extracts even at these low concentrations (Fig. 1, C and D). An
analysis of different developmental stages of the P. falciparum
extract showed that SDS-resistant, DTT-sensitive oligomers
(mainly dimers) were detected throughout the erythrocytic
stages, but at certain specific stages, 24 to 36 h postmerozoite
invasion (PMI), SDS- and DTT-resistant oligomers were pro-
duced (Fig. 1, C and D). In summary, PfP2 protein readily
formed dimers that are SDS-resistant but largely DTT-sensi-
tive. However, a fraction of the SDS-resistant oligomers are
DTT-resistant, and these are developmentally regulated.
Multiple bands were seen in the native PAGE for both the

recombinant and parasite PfP2 proteins (Fig. 1E), as seen
through Coomassie staining and upon probing with anti-PfP2
mAb E2G12 (24). We were unable to obtain an NMR solution
structure of rPfP2 because this protein formed aggregates at the
concentration required for a solution NMR structure (�1 mM)
(27). The formation of DTT- and SDS-resistant rPfP2 dimers
and higher oligomers was concentration-dependent and in
vitro the oligomers were observed at �0.1 �g/�l (about 10 �M)
concentration (Fig. 1F).

Thus, both rPfP2 in vitro and PfP2 in vivo exhibited SDS-
resistant oligomers. Although a large part of the DTT-sensitive
forms were dimers, it was the DTT-resistant oligomers that
exhibited developmentally regulated formation in the parasite.
Gel Filtration Profile of rPfP2, M1, M2, M3, rPfP2C�20, and

rPfP2C�40 Proteins—All of the above data pertained to SDS-
resistant oligomerization properties of PfP2 protein. To assess
the nature of oligomeric protein complexes present in rPfP2
solution, 1 mg of purified rPfP2 and mutant proteins were run
on a 120-ml Superdex-75 gel filtration column under reducing
and nonreducing conditions (Fig. 2,A andB). Severalmolecular
markers were run to calibrate the column. In the presence of
DTT, each of the wild type rPfP2, M1, and M2 proteins eluted
as a single peak at a 120-ml fraction volume, projecting at a
globular size far smaller than aprotinin (6.5 kDa), which eluted
at a 90-ml fraction volume (Fig. 2A). However, the M3 protein
behaved differently and some amount of recombinant protein
was eluted at the 60-ml fraction volume (75 kDa), whereas a
larger proportion eluted at the same 120-ml fraction volume
(Fig. 2A). In the absence of DTT, rPfP2 showed a peak that
mapped to 120 kDa, and a minor peak at 75 kDa, whereas the
M3 protein showed predominantly 75-kDa and large aggre-
gates that eluted in the void volume (� 250 kDa) (Fig. 2B, I and
II). Thus both the rPfP2 protein and the double mutant aggre-
gated to variousmolecular sizes under nonreducing conditions.
Peak 1 continued to occur in both rPfP2 and in the double
cysteinemutantM3 under nonreducing conditions as well (Fig.
2B).
The gel filtration column separates proteins by their hydro-

dynamic volumes and for sets of proteins with similar confor-
mation; the hydrodynamic volume is proportional to the
molecular mass. The columns were calibrated with mainly
globular proteins. If the rPfP2 is not a globular protein, its chro-
matographic behavior will change. Moreover, an interaction of
rPfP2 with the Superdex column material may also retard
movement of the protein through the column. The proteins
may be degraded so that they migrate abnormally. Coomassie

staining showed the presence of intact 18-kDa rPfP2/mutant
proteins in the peak fractions, with no evidence of degradation
(Fig. 2C, I). The other fractionswere also runonSDS-PAGEand
only the peak fractions at 120 ml showed the presence of
recombinant PfP2 proteins. To test the possibility of an inter-
action of rPfP2 with the gel filtration column material, rPfP2
was incubated with Superdex-75 beads, and the beads were
assessed for bound rPfP2 protein (Fig. 2C, II). It was observed
that the rPfP2 protein does bind weakly to Superdex-75 gel
filtration materials. The binding is weak and with multiple
washes, the bound protein amount is reduced (Fig. 2C, II). Sim-
ilar behavior was seen with Sephadex G-50 and Bio-Gel beads
(supplemental Fig. S7, I). The presence of NaCl in the binding
buffers did not make much difference to this weak binding
(supplemental Fig. S7, II). With extensive washings the rPfP2
protein showed no signature of binding, although the sugar-
binding protein concanavalin-A did remain bound to the beads
as expected (supplemental Fig. S7, III). Therefore abnormal
migration of the rPfP2 andmutants could be partly due to weak
nonspecific interactions with the column matrix.
To check the effect of the disordered acidic C-terminal

region on abnormalmigration of rPfP2 on gel filtration, the two
deletion constructs, rPfP2C�20 and rPfP2C�40 proteins, were
run on FPLC (Fig. 2D). It was observed that the deletions did
influence the abnormal migration of rPfP2, and the major
amount of protein was eluted at the expected monomeric size
of 11.0 kDa for the rPfP2C�40 protein (Fig. 2D). A peakwas still
observed at the 120-ml fraction volume, but no intact
rPfP2C�40 protein was observed on SDS-PAGE (Fig. 2D), indi-
cating a possible lack of stability in the rPfP2C�40 protein and
collection of very small degradation products. Thus, the anom-
alous gel filtration behavior appears to be mainly due to shape
aberrations and nonspecific interactions caused by the highly
negatively charged C-terminal region. Eliminating this region
resulted in an expected elution profile for a globular protein.
Circular Dichroism (CD) Measurements of rPfP2 and the

VariousMutant/Deletion Proteins—Wehave reportedCDdata
of rPfP2 protein and rPfP2C�40 earlier (27). A CD study of the
rPfP2 protein at the far-UV region shows features of largely
�-helical structures, both in the presence and absence of reduc-
ing agent (Fig. 3,A and B). Comparison of the CD spectra of the
P2 proteins under reducing and nonreducing conditions, as
well as among different mutants, did not show any significant
differences. As shown earlier (27), the CD spectra predicted
about 30% � helicity. CD spectra of both deletion constructs,
rPfP2C�20 and rPfP2C�40, also showed the canonical depths
at 220 and 208 nm (Fig. 3, C and D), indicating the �-helical
nature of both deletion proteins. The extent of the random coil
was reduced considerably in the deletion proteins, which indi-
cated that the carboxyl-terminal amino acids did contribute to
the disordered random coil structures in the PfP2 protein. In
both rPfP2C�20 and rPfP2C�40, the negative millidegree
increased, which indicated that with deletion of the acidic C
terminus, the � helicity of the proteins increased.

To assess tertiary features of the P2 protein, near-UV CD
data were recorded (Fig. 3, E and F). The data indicates a lack of
significant tertiary structure in each of the rPfP2 proteins and
mutants. However, as expected, the lack of disordered regions
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among the deletion proteins, rPfP2C�20 and rPfP2C�40, gave
rise to some tertiary structure. It was interesting to note that
deletion of the penultimate 20 aa (71 to 91 residues), containing
a large number of alanine residues, reduced the extent of terti-
ary structure, as seen with CD data of rPfP2C�40 protein.
Through NMR analysis, we have demonstrated earlier that
both rPfP2 and rPfP2C�40 proteins form large aggregates (27).
Despite such inter-molecular associations in solution, the
near-UV CD data showed the absence of significant tertiary
structural features in both rPfP2 and rPfP2C�40.
Gel Filtration Profile of P. falciparum Parasite Protein—To

observe the state of the PfP2 complexes in the parasite, total
parasite lysates were run on FPLC and the fractions were tested
for the presence of various oligomers of PfP2. Because we were
aware that critical changes in SDS- and DTT-resistant oligo-
merization occur around 24 h PMI, elution profiles of parasite
lysates at 18 and 30 h PMI were assessed on a Superdex 200

column in the presence of DTT under reduced conditions (Fig.
4, A and C). Fractions of 1 ml were collected, and a standard
curve was generated using several molecular weight standards.
The presence of PfP2 protein was determined by running every
fraction on SDS-PAGE under reducing conditions and probing
with the PfP2-specific monoclonal antibody E2G12 (24). No
PfP2molecules were detected at fractions corresponding to 16-
and 32-kDa sizes, indicating that there was not a significant
presence of free PfP2 monomers or dimers at either of these
stages. A PfP2 protein peak was noted around fractions 76/77
(about 90–100 kDa) in both stages (Fig. 4). The ribosomal pen-
tameric P0–2P1–2P2 complex calculates to 90 kDa theoreti-
cally, with molecular masses of P0 as 38 kDa, P1 as 13 kDa, and
P2 as 12 kDa. However, all three P. falciparum proteinsmigrate
at higher molecular masses in SDS-PAGE (24) and exhibit sizes
of PfP0, 35–37 kDa; PfP1, 17–18 kDa; and PfP2, 16 kDa, respec-
tively. This would estimate a size of about 90–105 kDa for the
pentameric complex and the peak at fractions 76/77 would be
consistent with this size. No other molecular species of PfP2
was detected at the 18-h PMI. The PfP2 present in this complex
was resolved entirely as a monomeric 16-kDa PfP2 band on
SDS-PAGE, showing the absence of detergent-resistant oligo-
mers at 18 h PMI.
In contrast, a dominant presence of additional large aggre-

gates (�600 kDa) were noted during the 30-h stage (Fig. 4, C
and D). These large aggregates also resolved into PfP2 mono-
mers and did not show any other SDS-resistant species. How-
ever, small amounts of PfP2 complexes, observed at fractions
97–102, and 84–85 and 88–91 were detected in the 30-h PMI
sample (Fig. 4D) mapping to average molecular sizes of 29 and
60–80 kDa, respectively (as determined through markers on
the gel-filtration column). The 29-kDa fractions would map to
the dimeric PfP2 (32 kDa) protein, and the 60–80-kDa frac-
tions would correspond to a tetrameric 64-kDa species on SDS-
PAGE. Thus at 30 h PMI under reducing conditions, the para-
site appeared to contain no native free monomer of PfP2, small
quantities of dimers and tetramers of PfP2, which were SDS-
resistant, and predominantly the pentameric P-protein com-
plex and large aggregates, which were SDS-sensitive (Fig. 4D).
A mild saponin treatment of infected RBCs (iRBCs) typically

yields a parasite pellet, iRBC cytosol, and iRBC ghost mem-
branes. The 30-h iRBC cytosol and ghost membrane fractions
were resolved on FPLC and the fractions were probed for PfP2
protein (Fig. 5, A–D). Neither of these extracts exhibited the
prominent 76/77 peak of PfP2, which presumably represents
the pentameric ribosomal P-complex. Nor did either of the
extracts exhibit anymonomeric P2 protein on SDS-PAGE. This
is consistent with our earlier observations of a lack of mono-
meric PfP2 proteins in immunoblots of iRBC ghost and cytoso-
lic preparations (24). The iRBC cytosol and the iRBC mem-
brane fractions from the 30-h PMI parasite preparation showed
the presence of only a 64-kDa PfP2 band on the immunoblot. In
the iRBC cytosol, this SDS-resistant tetrameric species
occurred in gel fractions corresponding to molecular com-
plexes ranging from 50 to 80 kDa, as also in the large aggregate
complexes with a size �600 kDa that eluted with the void vol-
ume (Fig. 5B). However, the iRBC ghost membrane fractions
did not show any large complexes but showed the PfP2 species

FIGURE 3. P2 is largely an �-helical protein and helicity does not change
upon cysteine replacements. Far-UV circular dichroism (CD) spectra of the
protein samples were recorded under native condition as also in the presence
of reducing agent DTT (5 mM) on a JASCO-J810 spectropolarimeter (Jasco,
Hachioji, Japan) at 30 °C, using a 0.1-cm cell and a slit width of 2 nm. 30 �M of
each recombinant protein in PBS, pH 7.4, were subjected for secondary CD.
Each spectrum is the average of 3 wavelength scans. Near-UV CD spectra for
all constructs were acquired under nonreducing conditions. Each spectrum is
the average of 10 wavelength scans acquired using a 1-cm cell and a slit width
of 2 nm. Samples were equilibrated for at least 10 –12 h before CD measure-
ments. A and B, overlay of far-UV CD spectra of P2 and point mutants under
nonreducing (A) and reducing (B) conditions. C and D, overlay of far-UV CD
spectra of P2 and its deletion constructs under nonreducing (C) and reducing
(D) conditions. E and F, overlay of near-UV CD spectra of P2 and its point
mutants (E) as well as deletion constructs (F).
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exclusively at ranges of 50 to 70 kDa (Fig. 5D). Mass spectrom-
etry analysis of this band shows predominantly peptides of the
P2protein andnoother peptidewith a significant score (24).No
PfP2 bands could be detected in any fractions when the 18-h
iRBC cytosol and ghost membrane samples were run through
gel-filtration columns (data not shown).
These results showed that large aggregate complexes con-

taining PfP2 occur in the parasite as also in the red cell cyto-

plasm at 30 h PMI. Only the SDS-resistant tetramers move out
through the red cell cytoplasm as large complexes. At the iRBC
membrane, PfP2 is detected exclusively as 60–80-kDa size spe-
cies, possibly representing the tetrameric PfP2. On SDS-PAGE
both the RBC cytosol and membranes were resolved to a uni-
form 64-kDa SDS-resistant species. All of the above studies
were carried out under reducing conditions and therefore rep-
resent DTT-resistant PfP2 species.

FIGURE 4. Gel filtration profiles of PfP2 from total parasite protein extracts from a synchronized P. falciparum culture at 18 and 30 h postmerozoite
invasion. A and C, gel filtration profiles of about 3– 4 mg of total parasite protein extracts in PBS from 18- and 30-h PMI parasite cultures, respectively, was
resolved on a Superdex-200 gel filtration column and fractionated. Arrows indicates the elution positions of marker proteins. B and D, fractions eluted from A
and C respectively, were run on 12% SDS-PAGE under reducing conditions and immunoblotted using anti-PfP2 monoclonal antibody (E2G12) (24). All fractions
were tested, and only those fractions that showed reactivity with anti-PfP2 antibody (E2G12) are shown.

FIGURE 5. Gel filtration profile of PfP2 from infected RBC cytosol (A and B) and RBC ghost (C and D) prepared from a synchronized P. falciparum culture
at 30 h postmerozoite invasion. A and C, gel filtration profiles of 3– 4 mg of protein from 30-h PMI P. falciparum-infected RBC cytosol and ghost, respectively,
using Superdex-200 gel filtration column. Arrows indicate the elution positions of marker proteins. B and D, fractions eluted from A and C were run on 12%
SDS-PAGE under reducing conditions and immunoblotted using anti-PfP2 monoclonal antibody (E2G12) (24). All fractions were tested, and only those
fractions that showed reactivity with anti-PfP2 antibody (E2G12) are shown.
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Effect of Parasite Extracts on Oligomerization of rPfP2—The
erythrocytic stages ofP. falciparum cycles is about 48 h,moving
through ring, trophozoite, and schizont stages (Fig. 6A), within
which SDS- and DTT-resistant oligomers of PfP2 were pro-
duced in the parasites beyond 24 h PMI (Figs. 1, 4, and 5). To
test if certain protein components of the parasite were promot-
ing such oligomerization, the rPfP2 protein was treated with
total parasite lysates at different PMI stages and run on SDS-
PAGE (Fig. 6B). The rPfP2 was labeled with tetramethylrhod-

amine, so that selectively the changes in rPfP2 protein could be
tracked through the fluorescence. The reaction was carried out
at 1 ng/�l concentration of labeled rPfP2, where no self-associ-
ation of rPfP2 would be observed (Fig. 1F). It was observed that
24- and 30-h parasite lysates could indeed propel aggregation,
whereas 6-, 12-, 18-, and 42-h extracts were not so effective in
such oligomer formation (Fig. 6B). To dissect out the P. falcip-
arum proteins responsible for such oligomerizations, pools of 5
FPLC fractions from 30- and 18-h PMI samples (Fig. 4) were

FIGURE 6. Probing in vitro oligomerization of tetramethylrhodamine-labeled rPfP2 protein using parasite extracts. A, schematic depiction of the time
scale of P. falciparum parasite development in erythrocyte. In a 48-h life cycle, the parasite changes its morphology from ring, trophozoite to multinucleated
schizont stages. All subsequent panels depict reactions where 1 ng of tetramethylrhodamine-conjugated rPfP2 protein was incubated in 40 �l of various
parasite protein preparations at 37 °C for 3 h. The mixture was treated with SDS loading dye and resolved on a 12% SDS-PAGE under reducing conditions.
B, labeled rPfP2 was incubated with 4 �g of parasite protein extracts from each of 6-, 12-, 18-, 24-, 30-, and 42-h synchronized P. falciparum cultures. C, labeled
rPfP2 was incubated with 25 �l of pooled gel filtration fractions obtained from 30-h parasite cultures Fig. 4C. D, labeled rPfP2 was incubated with 25 �l of pooled
gel filtration fractions obtained from 18-h parasite cultures (Fig. 4A). E, labeled rPfP2 was incubated with 5 �l of individual gel filtration fractions (number
80 – 84) from 30-h parasite culture Fig. 4C. F, rhodamine-labeled recombinant GST-PfP1 (24) protein was incubated with 25 �l of pooled gel filtration fractions
(65– 69 and 80 – 84) obtained from 30-h PMI parasite cultures Fig. 4C. Labeled rPfP2 was used a positive control. G, about 25 �l of the two pooled gel filtration
fractions (65– 69 and 80 – 84) were boiled for 10 min. The supernatant was incubated with rhodamine-labeled rPfP2. Rhodamine-labeled rPfP2 incubated with
the respective fractions without boiling was used as a control.

Developmentally Regulated Oligomerization of Plasmodium P2 Protein

41508 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 49 • NOVEMBER 30, 2012



used for the treatment of rhodamine-labeled rPfP2 and such
incubated fractions were run on SDS-PAGE (Fig. 6, C and D).
Although none of the 18-h samples exhibited significant oligo-
merization (Fig. 6D), certain pools of proteins from the 30-h
PMI parasite sample caused distinct rPfP2 oligomerizations
(Fig. 6C). The oligomerization was observed upon incubation
withmainly fractions 65–69 (molecular size 230–183 kDa) and
80–84 (molecular size 85–70 kDa). However, when individual
fractions from these pools were tested, no oligomerization was
observed. Representative data of treatment with individual
fraction numbers 80–84 are shown in Fig. 6E. The effect was
specific to PfP2, because rhodamine-labeled PfP1-GST protein
did not exhibit such oligomer formation (Fig. 6F). The pooled
fractions 80–84 always showed oligomer formation and was
used typically as a positive control (Fig. 6, D, F, and G). The
properties of the effective pooled fractions were likely to be due
to protein components, because heat treatment abolished such
oligomerizing capability (Fig. 6G). Thus specific protein com-
ponents of the 24–30-h PMI parasites appear to propel oligo-
merization of PfP2 as seen through our rhodamine-labeled
rPfP2 assay.

DISCUSSION

In this paper we have analyzed the biophysical properties of
the P. falciparum acidic ribosomal protein PfP2. The secondary
structure of rPfP2 is largely �-helical. The extensive oligomer-
ization states of the recombinant and parasite PfP2 proteins
have been detailed. The PfP2 protein shows SDS-resistant olig-
omers that are sensitive to reducing conditions. The 53rd cys-
teine residue, but not the 12th cysteine residue, appears to be
mainly responsible for such DTT-sensitive, SDS-resistant
dimerization. The acidic disordered C-terminal 40 aa residues
contributed toward abnormal migration of the recombinant
protein in gel filtration columns. The PfP2 protein in the para-
site lysate was largely associatedwith the pentameric ribosomal
P-protein complex, atmore or less the expected size and did not
exhibit the retarded behavior shown by the recombinant pro-
tein on gel filtration column. A lack of free C-terminal acidic
ends of the PfP2 protein within the parasite extract would
explain this difference inmigration of the rPfP2 and the parasite
PfP2 protein on gel filtration chromatography. Apart from the
ribosomal P-protein complex, larger complexes containing the
PfP2 protein were observed in 30-h PMI samples, and these
complexeswere resolved toDTT- andSDS-resistant tetrameric
structures in SDS-PAGE. Rhodamine-labeled rPfP2 protein
was used for monitoring oligomer formation on SDS-PAGE.
Using this simple visual technique, it was demonstrated that
multiple parasite protein components are apparently involved
in the stage-specific formation of PfP2 oligomers.
Progressively it is becoming clear that several proteins func-

tion as complexes in the cell. Among these, the proportion that
form self-complexes (or with very similar peptide chains) are
considerable (29). An estimate of such homo-oligomeric pro-
teins have indicated that there are a significantly larger number
of self-interacting proteins than would be expected randomly
(30, 31). Apart from general folding and stability issues, such a
form of generating new protein surfaces using a single peptide
chain would provide the cell with new functions and regulation

without additional burden on the gene pool. Facilitating such
oligomerization with development-specific protein(s) could
regulate new activities, trafficking, and pathways.
Disulfide Bond and PfP2 Protein Oligomerization—The role

of disulfide bonding in protein oligomerization is well estab-
lished. The importance of cysteine residues in such a process,
with consequences to protein functions, has been demon-
strated in numerous experiments using chemical modification
techniques and cysteine scanning mutagenesis (32, 33). Several
malaria vaccine candidates’ surface antigens, such as MSP1,
AMA1, and EBA175, possess cysteine-rich motifs, which are
engaged in disulfide bonding. Critical conformation domains
belonging to these proteins are sensitive to reducing conditions
(34–36). It is curious that the P2 protein of most organisms,
other than a few protozoans, do not possess any cysteine resi-
dues (supplemental Fig. S3). The Apicomplexan species closest
to Plasmodium, Toxoplasma and Babesia, possess no cysteine
residues (supplemental Fig. S3). Thus it would be expected that
disulfide bonding or reducing conditions would play no roles in
the structural versatility of these P2 proteins. Several of the
protozoan P2 proteins such as those from Entamoeba histo-
lytica, Theileria annulata, and Leishmania mexicana contain a
single cysteine residuewithin 12 to 28 aa positions (supplemen-
tal Fig. S3). Rodent malarial parasites P. yoelii, P. berghei, and P.
chabaudi also possess only one cysteine residue at the 12th
position (supplemental Fig. S4). This Cys-12 is conserved in all
Plasmodium P2 proteins, but did not appear to play a role in the
SDS-resistant DTT-sensitive oligomerization. The cysteine
residue around the 53rd position is seen in all Plasmodium
species, other than the rodent species (supplemental Fig. S4). It
occurs at the 52nd position in the related simian/human
malaria Plasmodium vivax and Plasmodium knowlesi, at the
54th position in avianP. gallinaceum and at the 53rd position in
P. falciparum and P. reichenowi. The chimpanzee malaria par-
asite P. reichenowi is phylogenetically closest to the human par-
asiteP. falciparum (37), andhence the similarity in the groups is
understandable. Interestingly the apparently conserved tyro-
sine residue at the 53rd position in the rodent and simian par-
asites is not observed in the other species (supplemental Fig. S3
and S4).
From the results presented in this report it is apparent that

the conserved cysteine at the 12th position does not seem to
play a role in DTT-sensitive oligomerization in Plasmodium.
On the other hand, the 53rd cysteine residue in P. falciparum is
important for such DTT-sensitive oligomers (largely dimers).
Neither of the functions of DTT-sensitive dimers nor DTT-
resistant oligomers of PfP2 in the parasite is clear at present.
TheDTT-sensitive dimers exist in P. falciparum throughout all
developmental stages, but it is the DTT-resistant oligomers
that seem to occur in a developmentally dependent fashion.
Not only are these oligomers generated at certain stages of the
parasite (24–30 h PMI), some of these oligomers get exported
through the red cell cytosol to the erythrocyte membrane (24).
The erythrocytemembrane at 30 h PMI showed the presence of
the 60–80-kDa species that eluted from the gel-filtration col-
umn, but these resolved to a single 65-kDa SDS- and DTT-
resistant PfP2 on SDS-PAGE (Fig. 5). In contrast, the predom-
inant species of the PfP2 protein in the parasite protein
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preparation consisted of large aggregates (�600 kDa) and the
pentameric complex, which yielded monomeric PfP2 on SDS-
PAGE (Fig. 4). Small quantities of SDS- and DTT-resistant
dimer and tetramers were also detected in the parasite lysate.
The infected RBC ghostmembrane showed no large aggregates
but only the 60–80-kDa species thatwas resolved exclusively to
the SDS- and DTT-resistant tetrameric component and no
monomer. However, it was interesting to note that the infected
RBC cytosol contained several complexes, one set around�600
kDa, and another set ranging from 60 to 80 kDa. All of these
complexes resolved to 65-kDa SDS- andDTT-resistant PfP2 on
SDS-PAGE, and no monomer was detected (Fig. 5). As
expected, the pentameric complex was limited to the parasite,
whereas the species transported to the RBC cytosol and mem-
brane belonged to different complexes. This is consistent with
the ribosomal role of the pentameric complex. It is also appar-
ent that translocation through the RBC cytosol was occurring
through a range of molecular complexes, with mainly the
smaller 60–80-kDa complex localized to the RBC membrane.
As far as the SDS- and DTT-resistant components are con-
cerned, within the parasite largely monomeric species existed
(with small quantities of dimeric and tetrameric species),
whereas the IE cytosol and ghost showed the exclusive presence
of a SDS- and DTT-resistant 65-kDa tetrameric component.
We have earlier shown that the SDS- and DTT-resistant

65-kDa band consisted exclusively of the PfP2 peptides, ana-
lyzed through immunoprecipitation and mass spectrometry
analysis (24). It has also been shown that PfP2 is exposed on the
infected red cell surface and that blocking of PfP2 with specific
monoclonal antibodies arrested the parasite at the onset of cell
division (24). With the demonstration of various PfP2 oligo-
meric complexes in the IE cytosol (the present study), an anal-
ysis of the composition of such PfP2 complexes in the IE cytosol
may help to elucidate the mechanism of translocation of the
PfP2 protein to the red cell surface.
Regulation of SDS-resistant Oligomer Formation—Oligo-

merization and aggregation of proteins occur extensively in
nature (29). The pathological state of various neurological dis-
orders is associated with the accumulation of insoluble amyloid
fibrils. In Alzheimer disease these amyloid fibrils are formed by
multimerization of the 39–42-aa residue amyloid peptide (A�)
(38, 39). Many types of oligomeric amyloid-� assemblies have
been described (40). It has been reported that A�42 forms a
noncovalent, SDS-resistant species with apparent molecular
masses of dimer, trimer, and/or tetramer (41). A growing body
of evidence indicates that prefibrillar oligomeric forms (A�)
may represent the primary pathological species and not the
mature amyloid fibrils that accumulate in plaque deposits; and
the monomer to oligomer transition perhaps converts a benign
protein to a neurotoxic one (41–44). Diverse experimental sys-
tems have been used to monitor amyloid-� self-association
(45–48). It has been surmised that amyloid-� possesses an
intrinsic potential to move through different assembly path-
ways, providing uncertainty about amyloid-� oligomeric states
and their relevance to the final amyloid formation. Similarly
Parkinson disease is associated with abnormal aggregation of
the protein �-synuclein (49). In the presence of dopamine,
recombinant human �-synuclein produces nonfibrillar, SDS-

resistant oligomers, whereas �-sheet-rich fibril formation is
inhibited. Pharmacologic elevation of the cytoplasmic dop-
amine level increased the formation of SDS-resistant oligomers
in DA-producing neuronal cells (49). Thus, in this case, neu-
rotransmitter signaling appears to regulate peptide oligomeri-
zation and secretion of �-synuclein oligomers.

Apart from disease-associated amyloids, there are several
instances of functional amyloids that utilize the amyloid-fold to
fulfill important physiological functions (50, 51). Yeast prions
are possibly the first proven example of the heritable traits con-
trolled by transmissible amyloids, and it is observed that fungal
prions may be pathogenic, neutral, or beneficial (52, 53). Func-
tional amyloids provide the cell with a stable protein structure
that can be utilized in many different ways. Such functional
amyloids are involved in the generation of important proteina-
ceous components in various organisms, such as the produc-
tion of bacterial biofilms, insect chorion, and human Pmel17
amyloid templates in the formation of melanin (50, 54–57).
Each of these display oligomeric intermediates in the amyloid-
folding pathway, and because amyloid fibers are cytotoxic, it is
postulated that highly controlled pathways are used to assem-
ble such functional amyloids. The occurrence of higher oligo-
mers at a particular erythrocytic stage in Plasmodium is also
reflective of a very specific onset and reversal of P2 oligomeri-
zation by the parasite during its development.
The PfP2 protein has mainly �-helical structures, whereas

the amyloid-folding proteins are characterized by the �-sheet
structure of the peptides. However, this applies mainly to the
peptide regions of amyloid proteins that are directly involved in
the formation of amyloid axis. For�-sheet structures it has been
postulated that hydrophobic and aromatic residues influence
peptide self-assembly (58, 59). Apart from intrinsic properties,
self-associative structures are influenced bymodulators such as
metal ions (60, 61) and drugs such as curcumin or chloroquine
(47, 62). Interestingly, the disordered N-terminal octapeptide
region of mammalian prion protein PrP, which is not essential
for prion infectivity, plays a major role in the self-association of
the prion protein (64, 65). Although the PfP2 protein has a
strong disordered region at the C-terminal end, in the del40
recombinant PfP2, DTT- and SDS-resistant oligomerization is
seen to persist, suggesting that the acidicC-terminal disordered
region is not an absolute necessity for oligomerization. Recent
examinations of the structural properties of amyloid fibrils
formed spontaneously by recombinant mammalian PrP indi-
cated a major refolding of the C-terminal domain from the
�-helix to �-structure (66, 67). Such a possibility of a DTT- and
SDS-resistant oligomeric structure arising from such a conver-
sion of �-helix-rich PfP2 to a �-structure, therefore, may exist.
Indeed, an NMR assessment of the PfP2 protein in the dena-
tured state indicates a �-structure propensity on the basis of
secondary chemical shift analysis (27). Thus, although the PfP2
protein primary sequence appears to be quite distinct from the
amyloid proteins, the possibility remains that PfP2 may repre-
sent an amyloid species. Determination of the structure of the
PfP2 oligomers will help to resolve such a possibility.
Distinct states of oligomerization of substrate proteins

resulting in differential trafficking have also been documented.
For instance, angiopoietin 2modulates the endothelial receptor
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tyrosine kinase Tie2 and induces Tie2 translocation to the spe-
cific cell-matrix contact sites located at the distal end of focal
adhesions. It is reported that the different oligomeric/multim-
eric forms of the angiopoietins cause induction of distinct pat-
terns of Tie2 trafficking (68). Similarly phosphorylation and
dimerization regulate nucleocytoplasmic shuttling of mamma-
lian STE20-like kinase (69). Such post-translational modifica-
tions of proteins, resulting inmultiple states of oligomerization
that lead to differential functions/trafficking, have been exten-
sively documented (29). The P2 protein has been shown to be
phosphorylated in mammals and yeast at the serine residues at
the carboxyl-terminal end (70). PfP2 does not possess these
serine residues, but there is a conserved C-terminal serine res-
idue at the 109th position (supplemental Fig. S4). However, the
observation that deletion of theC-terminal 40 amino acids does
not affect SDS- and DTT-resistant PfP2 oligomerization indi-
cates that this serine may not be important for such an oligo-
merization. P. falciparum possesses other serine/threonine
amino acids at positions 21/22 and 52, but these are not con-
served in the rodent malarial parasite (supplemental Fig. S4).
Because we see definite oligomerization in P. berghei and P.
yoelii parasites, these amino acid residues are unlikely to be
crucial. The two serine/threonine residues at the 47th and 58th
positions, and a tyrosine at position 9 are conserved throughout
Plasmodium, and these may be sites for possible phosphoryla-
tion. Our observations that rPfP2 oligomerization occurs with-
out any added source of ATP (Fig. 6) indicates that such an in
vitro process precludes active kinase reaction(s). It does not
exclude possibilities such as nucleation of the complex with
phosphorylated P2 protein present in those appropriate frac-
tions, or the process of dephosphorylation of PfP2 through
phosphatase(s). Mass spectrometry data on stage-specific par-
asite PfP2 protein will be informative regarding the post-trans-
lational modifications present at various positions in PfP2.
The most common method of analysis for assessment of

SDS-resistant oligomerization is through immunoblotting
using peptide-specific antibodies (47, 63), as was used in our
studies of PfP2 as well. However, the labeling of rPfP2 with
rhodamine allowed us an easy visual assay for the activation of
formation of SDS-resistant oligomers (Fig. 6). Rhodamine
labeling of peptides is an old and established technique, and
such labeled proteins are typically assessed for their solution
structures. However, in our case, we have used this simple
method to search for parasite factors that may modulate SDS-
resistant oligomerization. Because SDS-resistant oligomeriza-
tion of peptides is a potential problem in various disease pathol-
ogies, the cellular factors responsible for such oligomerization
may be accessed using this simple method.
Such a technique, using rhodamine-labeled rPfP2 incubated

with various parasite extracts, confirmed that there were devel-
opmental stage-dependent factors in Plasmodium that propa-
gated oligomerization of rPfP2 in vitro. Furthermore, using gel
filtration-fractionated parasite proteins at the appropriate
stage, we showed that a combination of multiple parasite pro-
tein components is required to promote oligomerization. Olig-
omerization of rPfP2 is a concentration-dependent phenome-
non and does not seem to depend on any other extrinsic factors
in vitro (Fig. 1F); indicating that the intrinsic structure of the

PfP2 molecule has the propensity to form oligomers. However,
at very low concentrations, the oligomerization of rPfP2 is pro-
pelled through the presence of a combination of certain para-
site proteins belonging to specific developmental stages (Fig. 6).
This happens without any added source of ATP, once again
pointing to the noncovalent nature of aggregation. Analysis of
the post-translational modifications on PfP2 and further dis-
section of parasite proteins to identify specific components that
promote oligomerization will allow further understanding of
themechanism of developmental regulation of Plasmodium P2
protein oligomerization, and export of the P2 protein through
the infected red cell to its surface.
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