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Plasmodium falciparum is the causative agent of severe human malaria, responsible for over 2 million deaths
annually. Of the 5,300 polypeptides predicted to control the parasite life cycle in mosquitoes and humans, 60%
are of unknown function. A major challenge of malaria postgenomic biology is to understand how the 5,300
predicted proteins coexist and interact to perform the essential tasks that define the complex life cycle of the
parasite. One approach to assign function to these proteins is by identifying their physiological partners. Here
we describe the use of tandem affinity purification (TAP) and mass spectrometry for identification of native
protein interactions and purification of protein complexes in P. falciparum. Transgenic parasites were gener-
ated which express the translation elongation factor PfEF-13 harboring a C-terminal PTP tag which consists
of the protein C epitope, a tobacco etch virus protease cleavage site, and two protein A domains. Purification
of PfEF-1B-PTP from crude extracts followed by mass spectrometric analysis revealed, in addition to the
tagged protein itself, the presence of the native PfEF-13, the G-protein PfEF-1c, and two new proteins that we
named PfEF-1vy and PfEF-10 based on their homology to other eukaryotic -y and 8 translation elongation factor
subunits. These data, which constitute the first application of TAP for purification of a protein complex under
native conditions in P. falciparum, revealed that the translation elongation complex in this organism contains
at least two subunits of PfEF-1f3. The success of this approach will set the stage for a systematic analysis of
protein interactions in this important human pathogen.

Plasmodium falciparum is the causative agent of the most
severe form of human malaria. Over 2 million deaths caused by
this parasite are reported annually worldwide (34). The alarm-
ing rate of appearance of drug-resistant parasites and mosqui-
toes, the limited effective antimalarial therapeutic arsenal, and
the lack of an effective malaria vaccine have severely hampered
international efforts to control the spread of the disease and
limit the morbidity and mortality associated with it. The de-
velopment of new effective malaria eradication strategies re-
quires a better understanding of the parasite cellular biology
and advanced knowledge of the metabolic discrepancies that
exist between the parasite and the host.

P. falciparum has a nuclear genome size of ~23 MB distrib-
uted among 14 chromosomes varying in size from 0.643 to 3.29
MB (11). This nuclear genome is predicted to encode about
5,300 polypeptides (9). An approximate 60% (3,208 hypothet-
ical proteins) of the predicted open reading frames in the P.
falciparum genome encode proteins with no significant homol-
ogy to proteins in other organisms, and another 5% of the
predicted proteins share significant homology to hypothetical
proteins of other organisms. The difficulty to genetically ma-
nipulate the genome of this parasite has resulted in a very
limited analysis of the function of its proteome, with less than
1% of the 5,300 predicted proteins thus far being assessed for
their essential function during the parasite life cycle (4, 5, 8, 18,
29-31). The major challenge of malaria postgenomic biology is
to define the protein networks that control the parasite life
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cycle in humans and mosquitoes. Tandem affinity purification
(TAP) combined with mass spectrometry has been demon-
strated to be an effective and reliable strategy to identify and
purify protein complexes under native conditions in different
organisms. The original TAP technique was developed in yeast
(23, 25) and was based on a translational fusion of the protein
of interest to an epitope tag composed of the calmodulin-
binding peptide (CBP) and two immunoglobulin G (IgG)-
binding domains of the Staphylococcus aureus protein A
(ProtA). The CBP and ProtA domains are spaced by a cleav-
age site of the tobacco etch virus (TEV) protease. The protein
complex containing the fusion protein is first bound to an IgG
column and, subsequent to washing steps, eluted from the
column following TEV protease cleavage. In a second purifi-
cation step, the fusion protein still harboring the CBP domain
is bound to a calmodulin affinity column, a reaction facilitated
by addition of Ca®?*. Addition of a chelator such as EGTA
allows subsequent elution of the protein complex. Although
this strategy has been successful for purifying protein com-
plexes from different organisms, it proved to be inefficient in
some instances, for example, for the purification of transcrip-
tion factors in the protistan parasite Trypanosoma brucei (27).
It has been proposed that the presence of free calmodulin in
cellular extracts may block CBP binding to the calmodulin
column, thus reducing the yield of the purified complex (23).
Such competition becomes critical when the complex including
the tagged protein is present at low levels in the cell. Conse-
quently, new TAP strategies have recently been developed
which are based on tags in which CBP is replaced either by a
biotinylation tag (3) or the protein C epitope (ProtC) (28). The
latter strategy was termed PTP (ProtC-TEV-ProtA) and in-
volves anti-ProtC immunoaffinity chromatography in the sec-
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ond purification step. The PTP method was successfully
employed in Trypanosoma brucei for the purification and char-
acterization of a multisubunit transcription factor, the Ul
small nuclear RNP and RNA polymerase I (17, 19, 27).
Here we report the use of PTP-based tandem affinity puri-
fication for the analysis of protein networks in P. falciparum.
We have successfully used this strategy to purify the translation
elongation factor complex and determine the identity of its
molecular components. Furthermore, we have developed a
Gateway-based entry clone for rapid cloning of P. falciparum
open reading frames upstream of the PTP tag prior to trans-
fection of the parasite. We present data demonstrating the
successful use of this strategy to purify the native phospho-
ethanolamine methyltransferase Pfpmt of P. falciparum.

MATERIALS AND METHODS

Construction of transfection plasmids. To make the PfEF-1B-PTP-fused frag-
ment for cloning in the pDCI vector (6), forward primer 5'-CGCTCGAGATG
GCTAGTACGCAAGTTTATTAAACGTTA-3’ (with the added Xhol site un-
derlined and the start codon in bold) and reverse primer 5'-ATAGTTTAGCG
GCCGCCAATTTGTTAAAGGAAATAATTTCA-3' (with the added NotI site
underlined and the stop codon deleted) were used in combination to amplify the
PfEF-1B open reading frame from P. falciparum total cDNA. Forward primer
5'-ATAAGAATGCGGCCGCAGAAGATCAGGTGGATCCTCGTC-3" (with
added NotI site underlined) and reverse primer 5'-CCGCTCGAGTCAGGTTG
ACTTCCCCGCGGAATTCGCGTCT-3’ (with the added Xhol site underlined
and the stop codon in bold) were used to amplify the PTP tag coding sequence
cloned in a pN-PURO-PTP vector (28). The PfEF-1p3 and PTP fragments were
digested by NotI and then ligated to create a fusion at the NotI site. The ligation
product was rescued by PCR using a combination of PfEF-1B forward and PTP
reverse primers and subsequently digested by Xhol and ligated at the Xhol site
of the pDCI vector. Directional cloning and the correct sequence of the fused
fragment were confirmed by sequencing. To construct the pPCHDR-Pfpmt-PTP
expression vector, PFPMT cDNA in the pENTR/D-TOPO vector, PTP tag in the
pDONRP2R-P3 vector, the HSP86-5' promoter in pPDONRP4-P1R (32), and the
pCHDR-3/4 destination vector (32) were combined in an LR reaction. Recom-
binant plasmids were propagated in Escherichia coli and extracted by Maxi-prep
(QIAGEN) columns for transfection of P. falciparum.

Transfection of P. falciparum. Synchronized P. falciparum strain 3D7 parasites
cultured in complete medium (6) at 2% hematocrit and 7% parasitemia (pre-
dominantly rings) were used for transfection. Prior to electroporation, a 5-ml
infected red blood cell (RBC) suspension was washed with cytomix, resuspended
in fresh cytomix to a final volume of 400 pl, and kept on ice. About 100 pg of
plasmid DNA dissolved in 100 wl of cytomix was mixed with the 400 wl of the cell
suspension in a 0.2-cm cuvette. Electroporation was performed using a Gene
Pulser II (Bio-Rad) set at 0.31 kV and 950 pF as previously described (6).
Transfected parasites were cultured in petri dishes for 48 h without drug selec-
tion and, thereafter, the selection drug (WR92210) was introduced in the culture
medium at 5 nM final concentration. Drug-resistant parasites were established
after 3 weeks of continuous culture.

Tandem affinity purification of PTP-tagged PfEF-1B. A total of 1.4 liters
culture of transgenic and wild-type 3D7 parasites (8% parasitemia, 2% hemat-
ocrit) was grown to the trophozoite stage, harvested, and treated with saponin.
Pellets containing parasites were resuspended in 10 ml of ice-cold PA-150 buffer
(20 mM Tris-HCI, pH 7.7, 150 mM potassium chloride, 3 mM MgCl,, 0.5 mM
dithiothreitol, 0.1% Tween 20) containing a tablet of Complete Mini EDTA-free
protease inhibitor cocktail (Roche Diagnostics). All subsequent steps were car-
ried out at 4°C. Buffers and solutions were cooled on ice before use. Parasites
were disrupted by sonication, and a crude cytoplasmic extract was obtained from
the soluble fraction after centrifugation at 16,000 X g for 20 min at 4°C. PfEF1p-
PTP was tandem affinity purified from parasite extract essentially as described
previously (28), though some modifications were necessary to accommodate the
P. falciparum system. About 10.5 ml of the crude extract was applied onto a
0.2-ml resin bed of IgG-Sepharose 6 Fast Flow (Invitrogen) packed into a 0.8- by
4-cm Poly-Prep chromatography column (Bio-Rad) and incubated for 2 h on a
rotary mixer at 4°C. The flowthrough fraction was collected and the resin washed
three times with 10 ml of PA-150 buffer. Subsequently, 2 ml of TEV buffer (20
mM Tris-HCI, pH 7.7, 150 mM potassium chloride, 3 mM MgCl,, 0.5 mM
EDTA, 1 mM dithiothreitol, 0.1% Tween 20) containing 200 U of AcTEV
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FIG. 1. (A) Map of the plasmid pDC1-PfEF-1B-PTP. (B) Outline
of the PfEF-1B-PTP cassette. The PTP tag consists of protein C, the
TEV protease site, and two protein A epitopes. (C) Analysis of ex-
pression of native and PTP-tagged PfEF-1B in wild-type (3D7) and
transgenic (TR) parasites using the PAP reagent and anti-PfEF-18
antibodies as described in Materials and Methods. Anti-Pfpmt anti-
bodies were used as a control to detect the native Pfpmt enzyme. M,
protein marker. The dots indicate degradation products.

protease (Invitrogen) was added to the settled resin and incubated overnight at
4°C with gentle agitation. The protein complex cleaved off the matrix by AcTEV
protease was collected by gravity flow, diluted with 4 ml of PC-150 buffer (PA-
150 containing 2 mM CaCl,), and applied to an immobilized HPC4 (anti-ProtC
monoclonal antibody) matrix resin bed (0.2 ml) equilibrated with PC-150. After
2 h of incubation at 4°C, the matrix was washed six times with 10 ml of PC-150
buffer and eluted with 1.5 ml of elution buffer (5 mM Tris-HCI, pH 7.7, 10 mM
EGTA, 5 mM EDTA, 0.1% Tween 20). The final eluate was concentrated to 0.2
ml using a vacuum concentrator. Subsequently, the proteins were collected with
10 wl of hydrophobic StrataClean resin (Stratagene), released into sodium do-
decyl sulfate (SDS) loading buffer at 80°C, separated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE), and stained with Sypro ruby (Invitrogen) accord-
ing to the manufacturer’s protocol.

Mass spectrometric analysis. Individual protein bands were excised from
polyacrylamide gels, digested with trypsin, and analyzed by liquid chromatogra-
phy-tandem mass spectrometry. The resulting micromass files were used to
identify P. falciparum proteins through the Sonar and Mascot search engines.

Immunoblot analysis. Immunoblot analyses were performed as previously
described (24, 26) on crude extracts of the wild-type and transgenic parasites as
well as on fractions of the tandem affinity purifications using a monoclonal
anti-ProtC antibody (Roche Diagnostics) as well as polyclonal anti-PfEF-1p3,
anti-PfEF-1q, and anti-Pfpmt antibodies (16, 33). PAP (peroxidase-antiperoxi-
dase soluble complex; Sigma) was used to detect the fusion proteins harboring
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FIG. 2. (A) Schematic representation of the strategy for tandem affinity purification of PTP-tagged proteins from extracts of P. falciparum-infected
erythrocytes. Transgenic parasites expressing PTP-tagged proteins (TR-IRBC) were extracted from RBCs by saponin treatment and sonicated, and the
soluble fraction was applied to an IgG-Sepharose column. The eluate obtained after TEV protease digestion was applied to an anti-ProtC affinity matrix
column (APC), and the bound protein eluted with EDTA-EGTA buffer. IRBC, infected red blood cells. (B) Immunoblot analysis of whole-cell lysates
and tandem affinity-purified fractions of wild-type 3D7 and transgenic parasites expressing the PfEF-1B-PTP protein fusion using a monoclonal antibody
against protein C, the PAP reagent, and polyclonal antibodies against PfEF-1B3, PfEF-1a, and Pfpmt (as a loading control). Identified protein bands are
indicated. (C) Extracts from wild-type 3D7 parasites were subjected to the TAP procedure and analyzed by immunoblotting using a monoclonal antibody
against protein C, the PAP reagent, and polyclonal antibodies against PFEF-1B, PfEF-1«, and Pfpmt. M, protein marker. Asterisks indicate degradation
products. TEV, tobacco etch virus protease; M, protein marker; TE, total extract; TR, transgenic parasites; FT, flowthrough; TE-EL, eluate from IgG
column; Pr.C, protein C; F-EL, final eluate from anti-ProtC column. About 0.28% (vol/vol) of the total protein extract (TR-TE), 1.0% of the TEV

protease eluate (TE-EL), and 2.5% of the final EGTA eluate (F-EL) were loaded in the respective lanes.

the protein A moiety. Immunoblot signals were measured using the Image J
version 1.37v software.

RESULTS

Expression of PTP-tagged PfEF-1$ in P. falciparum. To
establish tandem affinity purification as a tool to purify pro-
tein complexes from P. falciparum under native conditions
and in quantities sufficient for mass spectrometric identifi-
cation, we chose the translation elongation factor PfEF-13
as a bait. PfEF-1B is a member of a conserved family of
translation elongation nucleotide exchange factors that play
an essential role in the GTP-dependent elongation step of
protein synthesis. This step involves binding of aminoacyl-
tRNA to the ribosomal A site, formation of a peptide bond,

and translocation of the newly formed peptidyl-tRNA to the
P site (15). EF-1p is responsible for the regeneration of a
GTP-bound EF-la necessary for each elongation cycle. A
previous study in P. falciparum using radiolabeling and im-
munoprecipitation demonstrated an interaction between
PfEF-1B8 and PfEF-la (16). Furthermore, this study re-
vealed that PfEF-1a exists in a protein complex that may
play an essential function in protein translation (16). For the
purification of PfEF-18, its coding region was fused to the
PTP tag sequence (Fig. 1). The resulting fusion was cloned
under the regulatory control of the calmodulin gene pro-
moter into the pDCI vector (6), which harbors a mutated
human dihydrofolate reductase (DHFR) gene that confers
resistance to the antimalarial drug WR99210 (Fig. 1A). Fol-
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FIG. 3. (A and B) Sypro ruby staining of SDS-PAGE-resolved protein fractions obtained by tandem affinity purification of protein complexes
from transgenic parasites expressing the PfEF-1B-PTP recombinant protein (A) and the wild-type 3D7 parasites (B). About 0.015% (vol/vol) of
the total protein extract (TE), 0.5% of the TEV protease eluate (TEV-EL), and 80% of the final EGTA eluate (F-EL) were fractionated on a
12.5% SDS-PAGE gel. All the bands obtained in the F-EL column were excised and submitted for mass spectrometry analysis. (C) Sequence
alignment of the polypeptide sequences of EF-18 from P. falciparum (PfEF-18; accession no. NP_473308), Cryptosporidium hominis (ChEF-18;
accession no. XP_665336), and Arabidopsis thaliana (AtEF-18; accession no. NP_174314). Sequence identity is indicated in dark gray, and similarity

is indicated in light gray.

lowing transfection of the P. falciparum 3D7 clone, stable
transfectants were selected and analyzed for the expression
of the fusion protein by Western blotting. As a control,
wild-type 3D7 parasites were also examined. As shown in
Fig. 1C, a band of 55 kDa of the expected size of the fusion
protein could be detected in 3D7-PfEF-1B-PTP parasites
but not in 3D7 using the PAP reagent that recognizes the
protein A moiety of the fusion protein. Immunoblotting
using anti-PfEF-1p antibodies revealed two bands of 55 and
36 kDa corresponding to the sizes of the PTP-tagged and
native PfEF-1B, respectively, whereas only one band of 36
kDa could be detected in the 3D7 clone. As a positive
control, antibodies against the P. falciparum phosphoeth-

anolamine methyltransferase, Pfpmt, detected a single band
of 30 kDa in both 3D7 and 3D7-PfEF-1B-PTP parasites.
Purification of the PfEF-1§3 protein complex. To purify pro-
tein complexes that include PfEF-1B, crude extracts were pre-
pared from 3D7-PfEF-1B-PTP transgenic parasites and passed
through an IgG column followed by cleavage of the bound
material by TEV protease (Fig. 2A). Input extract and released
material were analyzed by immunoblotting using the PAP re-
agent to detect the protein A moiety and anti-ProtC antibodies
to detect the protein C moiety (Fig. 2B). The latter antibody
detected a band of 55 kDa in the crude extract and a smaller
size protein (39 kDa) in the TEV protease-released material
consistent with the cleavage of the C-terminal double protein
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A motif (Fig. 2B). Accordingly, no bands could be detected in
the TEV protease-released material using the PAP reagent
(Fig. 2B). TEV protease-released proteins were then passed
through a column containing an immobilized HPC4 monoclo-
nal antibody that recognizes the ProtC epitope and binds to it
with very high affinity in the presence of calcium (K,;, ~1 nM).
The latter property enabled the final elution of the PfEF-1B-
ProtC fusion protein and any other proteins that were in com-
plex with it by adding a buffer containing EGTA. The eluted
material was separated by SDS-PAGE and further analyzed by
immunoblotting using the anti-ProtC monoclonal antibody and
the PAP reagent (Fig. 2B). The immunoblot assay demon-
strated that both chromatography steps were highly efficient,
since the flowthrough fractions from both columns were nearly
depleted of tagged PfEF-1B. Densitometric quantification of
immunoblot signals indicated ~13% recovery of the purified
proteins in the final eluates relative to their abundance in total
extracts. Consistent with previous radiolabeling and immuno-
precipitation studies (16), antibodies raised against PfEF-1a
detected this protein in the final eluate (Fig. 2B), thus validat-
ing the coexistence of PfEF-1B and PfEF-1a in a complex dur-
ing the P. falciparum intraerythrocytic life cycle. Interestingly,
immunoblotting of the purified fractions, including the final elu-
ate using antibodies against PfEF-1B, revealed in addition to the
tagged PfEF-1B-ProtC, the presence of the native PfEF-1B pro-
tein (Fig. 2B). This suggests that the translation elongation factor
complex contains more than one subunit of PfEF-1B3. To demon-
strate the specificity of the purification, all fractions were tested by
immunoblotting using antibodies against Pfpmt, which is involved
in parasite phospholipid biosynthesis (20-22, 33). No Pfpmt signal
could be detected in the IgG or TEV eluates, whereas this protein
was clearly present in the crude extracts (Fig. 2B). As a control
for the tandem affinity purification procedure, extracts from
wild-type 3D7 parasites were subjected to the same purifica-
tion strategy as transgenic parasites. As expected, no detect-
able protein bands could be observed using anti-ProtC anti-
body or the PAP reagent, and using antibodies against PfEF-
1B, PfEF-1a, and Pfpmt, only the endogenous proteins could
be detected in the total extract and the flowthrough of the IgG
column (Fig. 2C).

Molecular determination of the components of the P. falcip-
arum translation elongation factor complex. To demonstrate
the utility of the method for mass spectrometric identification
of proteins that are copurified with PfEF-1B, the proteins of
the final eluate were separated by SDS-PAGE and visualized
by UV transillumination using Sypro ruby, a highly sensitive
fluorescent stain for proteins that is compatible with mass
spectrometric analysis. Eight major protein bands could be
detected in the final eluate (Fig. 3A). As a control, the same
purification conducted with extracts from wild-type 3D7 para-
sites did not reveal any detectable parasite protein bands (Fig.
3B). For identification of the proteins detected in the Sypro
ruby staining of the PfEF-1B purification, bands were excised,
digested with trypsin, and subjected to liquid chromatography-
tandem mass spectrometry. For each band, several peptides
could be detected (Table 1). These were used to identify the
corresponding proteins by screening against the available P.
falciparum predicted proteins. Consistent with the immuno-
blotting data obtained using anti-PfEF-1B, anti-ProtC, and
anti-PfEF-1a antibodies against the eluate, the tagged and
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TABLE 1. Liquid chromatography-tandem mass spectrometry-
identified peptides of proteins purified by TAP of PfEF-13

Peptide”

Protein

PEEF-10t coooooeeeeeeeeeeeeen. QIVVGVNK

IGGIGTVPVGR

STTTGHITYK

SGDSALVSLEPK

GYVASDTKNEPAK

YFFTVIDAPGHK

QIVVGVNKMDTVK

FTAQVIILNHPGEIK

AGMVLNFAPSAVVSECK

EVLEEARPGDNIGFNVK

VDFIPISGFEGDNLIEK

SVEMHKEVLEEARPGDNIGFNVK

VGYQADKVDFIPISGFEGDNLIEK
PfEF-18-Pooeoereee. IYHQIK

IVDENIK

SIDTDIAK

DTYPHLFR

QKIVDENIK

DSASNLLLEK

KLPVAFGLYK

IENIDLDNEEDK

IVDENIKWGEEVK

AAGGDDDDDNDIDLFGDDDDNTK

LHMSCIITYDDFVNTNELIEK

AAGGDDDDDNDIDLFGDDDDNTKDSASNLLLEK
PEEE-1 eooveeeeereeeeeeeeesee IVDENIK

SIDTDIAK

DTYPHLFR

QKIVDENIK

DSASNLLLEK

SIDTDIAKIPK

DSASNLLLEKK

IENIDLDNEEDK

IENIDLDNEEDKK

AAGGDDDDDNDIDLFGDDDDNTKDSASNLLLEK
451 I LENNFSK

HIEDTLK

YLCSIHR

LLAPKNDVR

GTDIPFEMK

LDINNTQDK

LYDTISNQK

YVFACDQNK

LDINNTQDKK

VQTVASFCNVK

YVFACDQNKK

ETVDNRPLVDR

ETVDNRPLVDRK

LNMPNFELGKDNK

TYDPNGFSLYYMK

GTDIPFEMKDHPSFEYHIFK

DDNNNNNNNDADNQHADLLSDDLAEK

DDNNNNNNNDADNQHADLLSDDLAEKK
PEEF-18 oo, TPFAFGLFK

SSLIIDIKPYGENTDLDEVLK

“ The phosphorylated serine residues are underlined.

native PfEF-1B (NCBI 23613651) as well as PfEF-1a (NCBI
3410705) were all identified in the purified complex. Interest-
ingly, two additional proteins, PFC0870w and PF13_0214, that
we named PfEF-18 (NCBI 23957766) and PfEF-1y (NCBI
23619320) were also identified as associated with PfEF-1p3.
PfEF-15 is a 156-amino-acid polypeptide highly homologous to
the & subunit of the fungal and plant elongation factor complex
(Fig. 3C). PfEF-13 also shares 55% identity and 72% similarity
with PfEF-1pB, primarily in the predicted nucleotide exchange
domain. PfEF-1v is a 434-amino-acid polypeptide highly ho-
mologous to the y subunit of the fungal and plant elongation
factor complex (not shown). Additional bands detected in the
stained gel were found to correspond to degradation forms of
native and tagged PfEF-1B as confirmed by mass spectrometry
and immunoblotting using anti-PfEF-13 and anti-ProtC anti-
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FIG. 4. (A) Schematic representation of gene recombination strategy using the MultiSite Gateway system to clone the PfPMT open reading
frame fused to PTP tag under the regulatory control of the P. falciparum HSP-86 promoter (HSP86-5") and the P. chabaudi DHFR-TS terminator
(PbDT-3"). (B) Immunoblot analysis of whole-cell lysates and tandem affinity-purified fractions of wild-type 3D7 and transgenic parasites
expressing the Pfpmt-PTP protein fusion using a monoclonal antibody against protein C and polyclonal antibodies against Pfpmt and PfEF-18 (as
control). Identified protein bands are indicated. TEV, tobacco etch virus protease; M, protein marker; TE, total extract; TR, transgenic parasites;
FT, flowthrough; TE-EL, eluate from IgG column; Pr.C, protein C; F-EL, final eluate from anti-ProtC column. Asterisks indicate native protein
degradation products. About 0.28% (vol/vol) of the total protein extract (TR-TE), 1.0% of the TEV protease eluate (TE-EL), and 2.5% of the

final EGTA eluate (F-EL) were loaded in the respective lanes.

bodies (Fig. 1B and 2B). Together these data provide the first
evidence that tandem affinity purification can be used to purify
the complete translation elongation factor complex of P. fal-
ciparum. Interestingly, further analysis of the data revealed
that of the 18 peptides of PfEF-1v revealed by mass spectrom-
etry, two peptides were found to be phosphorylated on serine
263 (Table 1).

Gateway-based PTP tagging of P. falciparum proteins. The
results described above show that the PTP-based strategy can
be used for purification and identification of protein complexes
in P. falciparum. For rapid construction of targeting vectors
harboring various P. falciparum open reading frames fused to
PTP and to facilitate the large-scale purification of proteins
under native conditions or the determination of protein net-
works in this parasite, we have developed a PTP entry vector
compatible with the Gateway-based expression vectors re-
ported by van Dooren and colleagues (32). As a proof of
principle we used this strategy to construct a targeting vector
harboring a fusion between the phosphoethanolamine methyl-
transferase open reading frame, PfPMT, and the PTP sequence
(Fig. 4A) and used it to transfect P. falciparum 3D7 clone
parasites. Transgenic parasites harboring this vector expressed
the fusion protein, as was demonstrated using anti-ProtC and
anti-Pfpmt antibodies (Fig. 4B). As shown by immunoblotting,
the tandem affinity purification of Pfpmt was as efficient as the
PfEF-1B purification (Fig. 4B). Only one protein was purified
this time and it was unambiguously identified by mass spec-
trometry as Pfpmt (data not shown). Unlike PfEF-1pB, the
native Pfpmt did not copurify with the tagged Pfpmt (Fig. 4B),
suggesting that under native conditions Pfpmt does not dimer-
ize. This strategy would thus make it possible to biochemically
characterize the native Pfpmt enzyme. Together, the combina-
tion of Gateway-based cloning and PTP tagging would ease
and expedite the whole procedure of purification of protein

complexes as well as proteins that otherwise cannot be ex-
pressed in heterologous systems for subsequent biochemical or
cell biological characterization under their native states.

DISCUSSION

The major challenge of malaria biology following the decod-
ing of several Plasmodium genomes has been to understand
how a complex life cycle spent between two hosts, within dif-
ferent host cells, in different cellular locations, and under dif-
ferent morphological, physiological, and metabolic states is
controlled by less than 6,000 proteins. Large-scale microarray
and mass spectrometry analyses during different life cycles of
P. falciparum have revealed a highly coordinated expression
pattern in this parasite (1, 2, 7, 13, 14, 35). It remains, however,
unknown how, at any given time during the parasite’s life cycle,
different proteins interact to accomplish their essential tasks. A
large-scale two-hybrid screen using P. falciparum cDNA de-
rived from mixed stages of the parasite intraerythrocytic life
cycle has been reported (10). The pair-wise interactions re-
ported have not been validated in P. falciparum, and their
physiological relevance remains to be established, for most of
the interactions were performed in a heterologous system (i.e.,
yeast) and involved fragments rather than full-length cDNAs
(10). Furthermore, due to the mixed population of RNAs from
different intraerythrocytic stages, some interactions may occur
between different proteins in vitro, whereas in vivo these pro-
teins do not coexist at the same time.

The strategy described herein provides a better way to study
protein networks in the parasite and at any given time during
any stage of the parasite life cycle. We have applied this strat-
egy to the purification of the protein complex that includes the
translation elongation factor PfEF-1B. Evidence for the pres-
ence of such a complex in P. falciparum was first demonstrated by
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radiolabeling of P. falciparum-infected erythrocytes followed by
immunoprecipitation using anti-PfEF-1B and anti-PfEF-1a anti-
bodies (16). PfEF-1B8 was found to coimmunoprecipitate with
PfEF-1a and vice versa. Interestingly, additional proteins also
coimmunoprecipitated with PfEF-18 and PfEF-1a; however, the
identity of those proteins remained unknown (16). Employing
tandem affinity purification and mass spectrometry, we were able
to identify in addition to the tagged PfEF-1B3, the native PfEF-
1B, and three copurified proteins, PfEF-1a, PfEF-1y, and
PfEF-13, all homologs of known translation elongation factor
subunits (15). These data suggest that the PTP-based strategy
has resulted in the purification of the translation elongation
factor EF-1 complex of the parasite. Furthermore, detailed
characterization of the purified proteins revealed that serine
263 of PfEF-1v is phosphorylated. This finding is consistent
with a previous study using orthophosphate labeling that
showed that some components of the EF-1 complex of P.
falciparum are phosphorylated (16). The finding that the native
PfEF-1B copurifies with the tagged PfEF-1B suggests that at
least two PfEF-18 subunits are part of the translation elonga-
tion factor complex in P. falciparum. To the best of our knowl-
edge, our study is the first of its nature to provide direct
evidence that more than one subunit of EF-1 exist in the EF-1
complex.

Unlike human EF-18, none of the components of the ma-
larial translation elongation complex contains leucine zipper
domains. These domains have been proposed to play a role in
the protein-protein interactions that define the ordered qua-
ternary structure of the translation elongation complex (15).
PfEF-13 shares significant homology with the C-terminal do-
main of PfEF-1B, which is predicted to be responsible for the
nucleotide exchange activity of the protein. Whereas PfEF-13
has been demonstrated to catalyze the GTP/GDP exchange on
PfEF-1q, the function of PfEF-18 as an exchange factor re-
mains to be elucidated. Interestingly, while tagged and native
PfEF-1B proteins as well as PfEF-1y and PfEF-18 concen-
trated in the final purified complex, only a fraction of PfEF-1a
was found to associate with the translation elongation complex.
This finding is consistent with previous studies that showed
PfEF-1a as a monomeric protein as well as in association with
high-molecular-weight protein aggregates (26) and with its
well-defined cycle of association and dissociation and transient
interactions with the other components of the translation elon-
gation complex. Furthermore, besides its essential role in pro-
tein translation, EF-1a has also been shown to interact with
tubulin and actin and to be involved in different cellular pro-
cesses, such as organization of the cytoskeleton, cell differen-
tiation, and apoptosis (for a review, see reference 12).

Unlike PfEF-183, TAP analysis of Pfpmt did not reveal de-
tectable copurified proteins. This might reflect an inherent
biological property of this enzyme or might be due to low
expression of Pfpmt-PTP, which was under the control of the
HSP86 promoter. The latter hypothesis could be tested in
future studies using the endogenous PfPMT promoter or a
stronger promoter, such as the CAM promoter.

The highly efficient purification of P. falciparum proteins
demonstrated in this study will set the stage for the purification
of other important protein complexes and the identification of
new proteins involved in important physiological functions
during the parasite’s life cycle. TAP tagging and purification
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may, for example, help better understand the mechanism of
parasite invasion by TAP tagging components of the mi-
cronemes and rhoptries or the molecular determinants of pro-
tein trafficking to the red blood cell membrane, the food vac-
uole, or the apicoplast by tagging components of the Mauer’s
cleft, the food vacuole membrane, or the apicoplast mem-
brane. This strategy may also be useful in the identification of
components of the transcription complexes of the parasite as
well as new regulators that specifically bind to specific promot-
ers and regulate their expression during the parasite’s life cy-
cle. Our proposed strategy to combine the Gateway-based
cloning and PTP tagging will make it possible to achieve these
goals and will facilitate the large-scale functional analysis of
the malarial proteome.
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