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Summary
The early transcribed membrane proteins (ETRAMPs) are a family of small, highly charged
transmembrane proteins unique to malaria parasites. Some members of the ETRAMP family have
been localized to the parasitophorous vacuole membrane that separates the intracellular parasite
from the host cell and thus presumably have a role in host-parasite interactions. Although it was
previously shown that two ETRAMPs are critical for rodent parasite liver stage development, the
importance of most ETRAMPs during the parasite life cycle remains unknown. Here, we
comprehensively identify nine new etramps in the genome of the rodent malaria parasite P. yoelii,
and elucidate their conservation in other malaria parasites. etramp expression profiles are diverse
throughout the parasite life cycle as measured by RT-PCR. Epitope tagging of two ETRAMPs
demonstrates protein expression in blood and liver stages, and reveals differences in both their
timing of expression and their subcellular localization. Gene targeting studies of each of the nine
uncharacterized etramps show that two are refractory to deletion and thus likely essential for blood
stage replication. Seven etramps are not essential for any life cycle stage. Systematic
characterization of the members of the ETRAMP family reveals the diversity in importance of
each family member at the interface between host and parasite throughout the developmental cycle
of the malaria parasite.

Introduction
Malaria is caused by Plasmodium parasites, which possess several multigene families
important for growth and virulence in mammalian hosts (Templeton, 2009). These genes
play roles in cytoadherence and host cell invasion, but many remain hypothetical, with no
known function (Gardner et al., 2002). One multigene family that is conserved in, and
specific to, Plasmodium parasites is the early transcribed membrane protein (ETRAMP)
family (Spielmann et al., 2000). Members of this family were first recognized in the human
malaria parasite Plasmodium falciparum, the genome of which contains fourteen single-
exon etramp genes (Spielmann et al., 2003). etramps are typified by a well-conserved
domain structure of the encoded proteins, including a signal peptide, followed by a short
cationic N-terminal domain, a transmembrane domain, and a more variable and highly
charged C-terminal domain (22-279 amino acids in length) (Spielmann et al., 2003). Most P.
falciparum etramps are expressed during asexual intraerythrocytic parasite development,
and a few are found in gametocytes and preerythrocytic stages (Spielmann et al., 2003,
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Silvestrini et al., 2005, MacKellar et al., 2010). Furthermore, etramps are highly expressed;
several members are among the most abundant transcripts found in microarray and EST
sequencing studies in blood stages of P. falciparum and P. vivax (Le Roch et al., 2003,
Daily et al., 2004, Cui et al., 2005).

During asexual blood stage development, ETRAMPs localize to the parasitophorous vacuole
membrane (PVM), which surrounds the intraerythrocytic parasite and acts as its interface
with the host erythrocyte (Spielmann et al., 2003). The ETRAMPs are oriented in the
membrane so that the polymorphic C-terminal domain is exposed to the host cell cytoplasm
(Spielmann et al., 2003). Within the PVM, the ETRAMPs associate to form sub-domains
that can exclude other ETRAMPs as well as other resident PVM proteins such as exported
protein 1 (EXP-1, the homolog of the P. yoelii Hep17 protein) (Spielmann et al., 2006).
Some ETRAMPs are exported beyond the PVM, where they localize to the Maurer's clefts, a
group of parasite-derived vesicular compartments located beneath the erythrocyte plasma
membrane (Vincensini et al., 2005, Birago et al., 2003, MacKellar et al., 2010). Two
members of the ETRAMP family were previously identified as the pre-erythrocytic stage-
specific genes UIS3 and UIS4 in the rodent malaria parasites P. yoelii and P. berghei
(Matuschewski et al., 2002, Kaiser et al., 2004). UIS3 in P. berghei shares 34% amino acid
identity with ETRAMP13 in P. falciparum, and UIS4 is syntenous with etramp10.3 (Mueller
et al., 2005a, Mueller et al., 2005b), although the two syntenous proteins show little amino
acid sequence conservation. Both UIS3 and UIS4 localize to the secretory organelles of
sporozoites and the PVM of the liver stages, and each is essential for liver stage
development (Mueller et al., 2005a, Mueller et al., 2005b, Mikolajczak et al., 2007).
Furthermore, UIS3 binds to mouse liver-fatty acid binding protein (L-FABP), and this
interaction is important for liver stage growth (Mikolajczak et al., 2007). This interaction
appears conserved because P. falciparum UIS3/ETRAMP13 binds to human L-FABP, and
co-crystallizes with the phospholipid phosphatidylethanolamine (Sharma et al., 2008). The
data suggest that the UIS3-L-FABP interaction might mediate the uptake of lipids from the
host cytoplasm. Two other blood stage-expressed P. falciparum ETRAMPs have been found
to bind human proteins when expressed in yeast or as peptides, although the biological
relevance of these interactions have not been studied (Vignali et al., 2008, Garcia et al.,
2009).

Analyzing multiple members of a protein family throughout the complete P. falciparum life
cycle is daunting (Moreno et al., 2007). However, tools for characterizing multiple genes
throughout the entire life cycle exist for rodent malaria parasites, making these parasites
attractive models to study multigene families. Conservation of the ETRAMP family in P.
yoelii (Spielmann et al., 2003, Birago et al., 2003), and the relative ease of its genetic
manipulation make this parasite suitable for the comprehensive characterization of this gene
family.

Here, we conduct a systematic analysis of the etramp gene family in P. yoelii. We identified
11 etramps in the P. yoelii genome, and assayed for their expression throughout the parasite
life cycle by RT-PCR. We added epitope tags to a subset of the ETRAMPs to analyze their
expression and localization. Finally, we used targeted gene deletion to identify essential
members of the family. We find that, of the nine previously uncharacterized genes, two
appear essential for blood stage replication. For the remaining seven uncharacterized
etramps that were successfully deleted, we analyzed the entire life cycle of mutants and
determined that none are essential for any life cycle stage. Our results provide a broad view
of this gene family in the rodent parasite model, and will be useful in directing future
research on P. falciparum etramps.
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Results
etramps in the genomes of rodent and human malaria parasites

We identified ETRAMP family members from the Pfam database (www.pfam.org), which
uses alignments of representative members of a protein family to build a Hidden Markov
Model (HMM) that permits the automated identification of additional family members from
a protein database (Finn et al., 2010). This approach yielded 85 sequences across 11 species.
We eliminated redundant entries and candidates that showed improper domain organization
or poor alignment to known ETRAMPs. This resulted in a list of 66 putative proteins
conserved in seven different species of Plasmodium (Supplementary Table 1). Not
surprisingly, the number of etramps found in each species correlated positively with the
extent of sequence coverage and annotation available in the draft genome sequences of these
parasites. Gene identifiers for etramps found in two rodent and two human malaria parasites
are presented in Table 1. These include one previously unpublished P. falciparum etramp,
which we named etramp9, following the convention of naming these genes by the
chromosome on which they are found. Eleven P. yoelii etramps were identified, two of
which have been published previously as UIS3 and UIS4 (Matuschewski et al., 2002).

We also sought to combine the ETRAMPs into groups of orthologs and paralogs, and
consulted the OrthoMCL database (www.orthomcl.org) to accomplish this (Chen et al.,
2006). This tool identifies orthologs via reciprocal best BLAST hits for proteins between
two genomes, and paralogs by intraspecies reciprocal better BLAST hits. The resulting
groups of etramps were further consolidated on the basis of synteny. This approach yielded
13 groups, arranged as rows in Table 1, and three individual genes for which no ortholog or
paralog could be identified. The groups are representative of the possible states of
homology, with some genes possessing exactly one ortholog in all species, other genes
possessing only paralogs within a species, or combinations of orthologs and paralogs.
Importantly, the polymorphic ETRAMP C-terminal domains, which likely impart specificity
for parasite protein-host protein interactions, show conservation within several of these
groups in terms of size, isoelectric point, or both (data not shown).

Expression of P. yoelii etramps throughout the parasite life cycle
We assayed for expression of all P. yoelii etramps using RT-PCR (Fig. 1). Transcripts of all
etramps except UIS3 and UIS4 were detected in mixed blood stages of P. yoelii 17XNL
parasites. Conversely, only these two UISs/etramps were transcribed strongly in sporozoites
isolated from mosquito salivary glands. Weaker evidence for expression of a third gene,
PY03365, was also observed in sporozoites. Transcripts for eight of the etramps were
detected in the livers of mice isolated 24hrs (early schizont) after infection with sporozoites.
All transcripts were detected in late (43hr) liver stages derived from mouse infections, a time
point when many blood stage proteins are also expressed in liver stages, likely due to the
similarity of exoerythrocytic and intraerythrocytic merozoites (Tarun et al., 2008).

Expression and localization of epitope-tagged ETRAMPs
We selected two of the ETRAMPs for epitope-tagging in order to visualize protein
localization throughout the life cycle. We developed constructs encoding the entire protein
sequence of PY02667 and PY03652, with four tandem copies of the c-myc epitope fused to
their C-termini, each expressed under control of their endogenous 5’ non-coding regions
(Vaughan et al., 2009). These constructs were transfected into P. yoelii parasites and
selected for integration of the construct into the genome at the endogenous locus of the
respective gene. These parasites are hereafter referred to as PY02667myc and PY03652myc.
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For PY02667myc, the construct was targeted to replace the endogenous ORF by double-
crossover homologous recombination (Fig.2a). A Western blot of PY02667myc blood stage
parasite lysates probed with anti-myc antibodies, shows the tagged protein as a single
species of approximately 37kDa molecular mass (Fig.2b), which was absent in the wild-type
(WT) control. This mobility is considerably slower than that predicted by the size of the
protein after cleavage of the signal peptide (21kDa). Other ETRAMPs have been reported to
migrate slowly in electrophoresis, presumably because of their high density of positive
charges (Spielmann et al., 2003). Interestingly, however, PY02667 is one of the few
ETRAMPs that carries a net negative charge, with a predicted isoelectric point of 4.4.
Immunofluorescence analysis of blood stages shows that PY02667myc is expressed
throughout the asexual developmental cycle, where it appears to localize to the PVM, as
indicated by its proximity to the PVM resident protein Hep17 (Fig.2c). While PY02667myc
is in the same compartment as Hep17, its distribution in the PVM is more asymmetrical.
Specifically, whereas Hep17 aggregates into foci, PY02667myc shows a smoother pattern
locally, but the fluorescent signal often shows intensity differences across the PVM. This
agrees with previous evidence that ETRAMP proteins associate in sub-domains of the
membrane, which can exclude other ETRAMPs and other PVM proteins (Spielmann et al.,
2006). Expression of PY02667myc continues through late schizogony, when it remains
within the PVM surrounding the new daughter merozoites, as delineated by staining with the
parasite plasma membrane (PPM) marker MSP1 (Fig.2d). The protein is not exported
beyond the PVM to the host erythrocyte. In trophozoites, PY02667myc and Hep17 both also
localized in a concentric ring pattern within the parasite (Fig.2c). It has recently been shown
that ring stages adopt a cup-shaped conformation within the erythrocyte, and the PVM could
conceivably be distorted in three dimensions such that a single image plane represents this
continuous structure as concentric rings (Abu Bakar et al., 2010). Observation of a
deconvoluted stack of images, however, was inconclusive in confirming or excluding this
possibility. Another possibility is that the structure observed here is part of the food vacuole.
Proteins within the PVM could hypothetically be taken up during bulk feeding via the
cytostome, and processed EXP-1, the P. falciparum homolog of Hep17, has previously been
observed in the food vacuole of mature blood stage parasites (Adisa et al., 2003), as has
ETRAMP5 (Lamarque et al., 2008).

For PY03652myc, the construct encoding the epitope-tagged protein was integrated into the
genome upstream of the endogenous ORF, resulting in two copies of the gene (Fig.3a).
Western blots with PY03652myc transgenic mixed blood stage lysates and probed with anti-
myc antibodies revealed a band approximately 20kDa in size that was not detected in WT
control lysates, which is larger than the predicted mass of 10kDa (Fig.3b). The apparent
mass of either PY02667myc or PY03652myc did not change under stronger reducing
conditions including 1mM dithiothreitol, suggesting that the discrepancy between the
predicted and observed masses is not due to residual disulfide bonds, and is better explained
by the high charge density of these proteins (data not shown). Immunofluorescence analysis
of blood stages shows that PY03652myc is expressed in ring stages and early trophozoites,
but then expression is not observed again until late schizogony (Fig.3c). This is evident from
lack of PY03652myc expression in parasites with 2-4 nuclei, which is in contrast with clear
PY02667myc expression at a similar developmental time point (compare Fig.2c, third row
and Fig.3c, third row). In early stages of the intraerythrocytic developmental cycle,
PY03652myc localizes in a circumferential manner that overlapped with Hep17 and thus
indicates PVM localization. Similar to PY02667myc, an inner ring containing PY03652myc
that is separate from the PVM is visible in trophozoites, and may indicate additional
localization to the food vacuole. PY03652myc is not observed to be exported beyond the
PVM. PY03652myc in late schizonts, however, localizes to punctate structures near the
parasite periphery but distinct from the PVM. When late schizonts are co-stained with MSP1
individual daughter merozoites are each seen to possess distinct foci of PY03652myc,
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suggesting packaging of the protein within the new invasive stages, possibly into secretory
organelles (Fig.3d). In order to ensure that these foci are not part of a more convoluted
structure in three dimensions, we recombined multiple deconvolved cross sectional images
into a three dimensional stack, and find that the foci were indeed separate and distinct, found
in roughly a 1:1 ratio with each daughter merozoite (see Video S1). We hypothesize that the
03652myc expressed in secretory organelles of blood stage schizonts is released and
incorporates into the PVM of the early ring stage after merozoite invasion.

We next infected mosquitoes with PY02667myc or PY03652myc parasites to visualize
protein expression in mosquito stages. We do not detect expression of either protein by IFA
in salivary gland sporozoites produced in these mosquitoes (data not shown), in agreement
with our RT-PCR analysis. To look at expression of the myc-tagged proteins early in liver
stage development, we infected the hepatoma cell line HepG2:CD81 with PY02667myc and
PY03652myc sporozoites. However, no discernible expression of either myc-tagged protein
was seen up to 12 hours after sporozoite infection of cells. When PY02667myc or
PY03652myc sporozoites are injected into mice, however, the developing liver stages
express PY02667myc and PY03652myc in a circumferential manner that overlaps with
Hep17 at 24, 40 and 46 hours post-infection, indicating PVM localization in liver stage
schizonts (Fig.4a, b). PY02667myc expression was also seen at 18 hours after infection (Fig.
4a, upper panel) and at 52 hours post infection (Fig. 4a, lower panel), where expression
appeared to be localized to the PVM as well as internal sites of the late liver stage schizont
that showed a degree of co-localization with MSP1. In contrast, PY03652myc expression
was absent at 18 hours after infection (data not shown) and is almost entirely absent from
very late liver stage schizonts when exoerythrocytic merozoites have formed (52 hours post
infection, Fig. 4b, lower panel). Some punctate structures that appeared to co-localize to the
PVM were seen. In contrast to PY03652myc labeling of structures within erythrocytic
merozoites, no localization of PY03652myc was seen within exo-erythrocytic merozoites of
the late liver stage parasite (compare Fig. 3d to Fig. 4b, lower panel). The liver stage protein
expression we see is in agreement with the RT-PCR data showing transcripts for PY02667
and PY03652 at 24 and 43 hours of liver stage development (Fig.1).

Deletion of P. yoelii etramps and phenotypic characterization of mutants
Finally, we attempted to delete each of the nine uncharacterized etramps in P. yoelii as
single-gene knockouts (KO). Each gene was targeted by double-homologous recombination
for replacement of the endogenous ORF with a cassette containing a mutant copy of the
dihydrofolate reductase/thymidylate synthase gene from Toxoplasma gondii (TgDHFR/TS),
which confers resistance to the antimalarial drug pyrimethamine (Fig.5a) (Ménard et al.,
1997). Replacement was confirmed in each case by PCRs that use oligonucleotide primers
annealing within the construct or within the flanking genomic sequence. These result in
products specific for integration of the construct into the genomic locus as detected from
independent 5’ and 3’ PCR genotyping tests. Two of the etramps, PY02667 and PY07506,
could not be deleted in any of three independent transfections, each performed in duplicate,
strongly suggesting that these genes perform functions that are essential for blood stage
replication. Of the remaining seven etramps, two knockout parasites, PY03652- and
PY04799, were cloned and analyzed for the entire life cycle. To ascertain if the blood stage
replication was affected by the knockout of PY03562 and PY04799, one million parasitized
red blood cells from wildtype, PY03652- or PY04799- parasite lines were injected into
groups of five Swiss Webster mice and subsequently the increase in parasitemia was
followed for 11 days. No significant differences were seen during this time period during on
the increase in blood stage parasitemia (Fig. S1), suggesting that the deletion of PY03652
and PY04799 has no effect on blood stage replication and growth. Similarly, the
development of the mosquito stage of the life cycle of the knockout parasite lines was
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similar to wildtype. This was determined by feeding parasitized blood containing
gametocytes from mice harboring either wildtype, PY03652- or PY04799- parasite lines to
female Anopheles stephensi mosquitoes and determining the sporozoite load in mosquito
salivary glands 14 days post infectious blood meal. This revealed no differences in the
number of sporozoites produced per mosquito (Table S3). To ascertain whether the gene
knockouts affected liver stage development, intravenous injections of sporozoites into
BALB/c mice were carried out and the day to blood stage patency determined. This revealed
no change in liver stage development when comparing the gene knockouts with the wildtype
as measured by the time elapsed before onset of blood stage parasitemia (Table 2).
Furthermore, the size of liver stage schizonts at 40 hours post infection was similar when
comparing wildtype with PY03562- and the PY04799- (Fig. S2).

For expediency, the remaining etramp transfection-positive parasite populations – PY00205,
PY03365, PY03869, PY05433, and PY06488 – were analyzed as enriched populations of
transgenic parasites containing residual P. yoelii WT. These five knockout strains show no
defect in blood stage growth or salivary gland sporozoite production (data not shown).
When knockout sporozoites were injected into susceptible mice, all knockout parasites
completed liver stage development as detected by genotyping of the emerging blood stage
parasites (Fig.5b). While these data show that none of these five etramps are essential for
any stage of the parasite life cycle, we cannot rule out the possibility that the knockouts
might have minor defects in blood stage and/or liver stage development that we cannot
detect by analysis of parental populations.

Discussion
Malaria parasites are separated from their host cell by the PVM throughout intracellular
development. The PVM serves as the interface between parasite and host, and any host
factors required for parasite growth and parasite factors required for interaction with the host
cell must either localize to the PVM or cross this barrier. Despite its critical role in host-
parasite interactions, few PVM resident proteins are known. The ETRAMPs constitute the
largest family of known PVM proteins, are unique to Plasmodium parasites, and are
frequently expressed at high levels and in a stage-specific manner (Spielmann et al., 2003).
Therefore, we have undertaken the characterization of this family in the rodent malaria
parasite P. yoelii, in which the importance of these proteins can be assessed in vivo
throughout the life cycle.

P. yoelii possesses 11 currently identifiable etramps, a number similar to P. falciparum. Six
of these genes have putative orthologs in P. falciparum, four of which have exactly one
ortholog in each of the four Plasmodium species considered in this study. The remaining
five etramps in P. yoelii appear to be specific to rodent malaria parasites, and may even have
undergone lineage-specific amplification since divergence from the sibling species P.
berghei. Such assignments of orthology are predictions, however, and should be tested
empirically before being accepted as correct. For example, a recent study from our
laboratory assessed the functional orthology of P. yoelii UIS4 and syntenous P. falciparum
ETRAMP10.3 (MacKellar et al., 2010). We observed differences in the expression profiles
and localization patterns of these proteins, although both showed expression within the
PVM. Additionally, when etramp10.3 was used to replace UIS4 in the genome of P. yoelii
parasites, it localized to the PVM of liver stages but failed to complement the function(s) of
UIS4, which is essential for liver stage development (MacKellar et al., 2010). These results
underscore the importance of experimental testing when assigning potential functional
orthology, and further demonstrate that rodent malaria models are valuable tools for
clarifying relationships between members of this gene family.
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Comparisons between the etramps are also complicated by the fact that not all of the
genomes of malaria parasites have been sequenced and annotated to the same depth, and
additional members of the family are likely yet to be detected. Still, the available data
support the conclusion that this gene family, specific to Plasmodium, contains some
members that are conserved in all species and others that are specific to a subset of the
malaria parasites. It is interesting that our analysis registered five of the 16 groups of
homologs as specific to either human or murine parasites. While parasite phylogeny often
correlates with host phylogeny, it is thought that P. falciparum and P. vivax are not more
closely related to each other than either species is with the murine parasites (Escalante et al.,
1994, Escalante et al., 1998, Perkins et al., 2002). If the divergence of the parasite proteins
was not constrained by host-specific factors, we would predict no greater sequence
similarity between ETRAMPs of P. falciparum and P. vivax than of either species with the
rodent malaria parasites. Thus, the pattern of homology seen is consistent with the
hypothesis that these proteins mediate host-parasite interactions.

Similar to P. falciparum, the etramps of P. yoelii show varied transcription profiles. Nine of
the etramps were transcribed in blood stages, but only three could be detected in
sporozoites, and eight in liver stages 24 hours after infection. More than half of the etramps
were detected in the blood stages and the liver stages, raising the question of whether they
might perform the same functions in both stages. If so, this assumption would limit the
number of candidate functions that could be performed by proteins at the host-parasite
boundary, since the requirements for parasite survival differ between the two host cells. For
instance, interactions with host cell organelles, which has been observed in liver stages
(Bano et al., 2007), would be irrelevant in blood stages. Similarly, any role in cytostome
organization or hemoglobin uptake into the food vacuole is excluded in the hepatocyte, since
liver stages lack these structures (Meis et al., 1988). ETRAMPs expressed in both
intracellular stages would have to perform distinct functions in either stage, or else not
participate in such processes.

Differences in expression were also seen within the intraerythrocytic developmental cycle
for the two proteins to which we added an epitope tag. PY02667myc was expressed
throughout, whereas PY03652myc appeared to play a role in invasion or early development,
then to disappear with the onset of schizogony, since multinucleate parasites lacked the
protein until new merozoites had formed. This differential regulation within the blood stages
was previously observed at the transcript level for the P. falciparum etramps, and at the
protein level for epitope-tagged ETRAMP2, which disappeared from the PVM partway
through blood stage development (Spielmann et al., 2003, Spielmann et al., 2006). Clearly,
malaria parasites modulate the constituents of the PVM throughout development, even
within a single host cell. Interestingly, we did not see the localization of PY03652myc in
internal structures of exo-erythrocytic merozoites and its expression appeared to be localized
to the PVM throughout liver stage development, although it was absent late in schizogony
when merozoites had already formed. The data suggest that PY03652myc may be playing
alternative roles in the blood stage and liver stage parasite and this could be associated with
the different host cells the parasite finds itself within.

ETRAMPs have previously been shown to oligomerize in membranes and form subdomains
within the PVM (Spielmann et al., 2006). Accordingly, we observed blood stage parasites in
which the epitope-tagged ETRAMPs were distributed in an asymmetrical or punctate
circumferential pattern. The functional significance of such aggregation is unclear. The
authors of another study observed a similar distribution of the Maurer's cleft protein
Membrane Associated Histidine Rich Protein 1 (MAHRP-1) during its transient occupation
of the PVM, and suggest this may represent preliminary steps in the formation of the
Maurer's clefts from budded segments of the PVM (Spycher et al., 2006). It is possible,
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therefore, that the formation of subdomains of the PVM facilitates the reorganization of the
host erythrocyte by establishing regions of the membrane that will be trafficked to the host
cell. If true, however, this hypothesis would not explain the asymmetrical distribution of
ETRAMPs such as PY02667 that appear to remain in the PVM throughout blood stage
development.

The phenotypes of knockout parasites analyzed herein suggest that the majority of the
etramps are not essential for any life cycle stage in P. yoelii. We identified two genes
(PY02667 and PY07506) that appear essential to blood stages, since we were unable to
delete them despite several attempts. Importantly, our replacement of PY02667 with an
epitope-tagged copy suggests this failure was not due to inaccessibility of the genomic
locus. Two other P. yoelii etramps, UIS3 and UIS4, have previously been shown to be
expressed exclusively in preerythrocytic stages and are essential for liver stage development
(Mueller et al., 2005a, Mueller et al., 2005b). Knockouts of the remaining seven members of
this family, however, showed no strong phenotype throughout the parasite life cycle,
including liver stages. Five of the seven gene knockouts were analyzed as mixed parental
populations that still included WT parasites, and such analysis might fail to uncover a subtle
negative phenotype during liver stage development that would manifest as a delay in
patency relative to WT. It seems likely, however, that these ETRAMPs may have at least
partially overlapping functions; three of the five nonessential genes that were analyzed as
mixed parental populations (PY03365, PY05433, and PY06488) share over 80% sequence
identity. Such close paralogs might compensate for the loss of one gene, and therefore a
strong phenotype would not be expected. It will be of interest to determine whether
combinatorial deletions of etramps within a single parasite would reveal such functional
redundancy. While the tools for achieving sequential genetic manipulations are limited in
rodent malaria parasites, our use of TgDHFR/TS as the selectable marker would potentially
permit one additional deletion in any of these strains by using the human DHFR in
conjunction with the drug WR99210(Sultan et al., 2001).

The ETRAMPs have no domains of known homology to any characterized protein, and their
functions remain unknown. Here we have elucidated the expression and essentiality of the
etramp genes in P. yoelii, and the localization of two of their products. The next important
experiments to characterize this family will be the identification of host factors that they
bind directly at the PVM. To date, three studies have described binding between ETRAMPs
and host proteins (Mikolajczak et al., 2007, Vignali et al., 2008, Garcia et al., 2009). Vignali
et al. observed an interaction between P. falciparum ETRAMP5 and human apolipoproteins
in a yeast two-hybrid system, and Garcia et al. found specific binding between synthetic
peptides representing parts of ETRAMP10.2 and unidentified molecules on the surface of
human erythrocytes. In the latter study, pre-incubation of erythrocytes with an excess of
synthetic peptide caused partial inhibition of invasion by merozoites (Garcia et al., 2009).
While this was the only study so far to suggest a role for ETRAMPs in invasion, the
localization that we observe here for PY03652myc does suggest that some members of this
family may be packaged into secretory organelles and could function in invasion or early
intraerythrocytic development. Mikolajczak et al. identified an interaction between UIS3
and L-FABP. The importance of L-FABP for liver stage growth was corroborated by the use
of RNAi against, or overexpression of, L-FABP in hepatoma cells. When L-FABP was
knocked down, parasite development was retarded relative to parasites in untreated host
cells, mimicking the liver stage arrest seen with uis3- parasites in mice (Mikolajczak et al.,
2007). Interestingly, when L-FABP was over-expressed, parasite growth improved over
unmodified cells, suggesting that L-FABP concentration may be limiting for growth, at least
in vitro (Mikolajczak et al., 2007). These studies present a cross-section of the tools
available for identifying host-parasite interactions. Applying them in a systematic manner to
the remaining ETRAMPs, which represent the largest known family of PVM proteins, will
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greatly advance our understanding of the malaria parasite's complex interactions with its
host cells.

Experimental procedures
Bioinformatics tools

ETRAMPs were identified from their entry (PF09716) in the Pfam database (Finn et al.,
2010). Members that showed poor alignment with other ETRAMPs or more than one exon
were excluded from Table S1. These included sexual stage antigens s16 (Pfs16 and Pvs16),
as well as a sequence from Clostridium botulinum. Potentially homologous ETRAMPs were
identified from their entry in the OrthoMCL database (Chen et al., 2006). Some groups of
homologs were then combined on the basis of synteny.

Experimental animals, parasites, and cell lines
Six to eight week-old female BALB/c and Swiss Webster (SW) mice were purchased from
Harlan Laboratories (Indianapolis, IN). SW mice were used for routine parasite life cycle
maintenance; all experimental results were obtained in BALB/c mice. All experiments were
conducted in accordance with protocols approved by the Seattle Biomed Institutional
Animal Care and Use Committee (IACUC). P. yoelii strain 17XNL non-lethal parasites
were used for genetic manipulations and as WT controls. Anopheles stephensi mosquitoes
were used for sporogonic cycles.

RT-PCR
Liver-stage cDNA was prepared from total RNA from whole infected mouse livers. BALB/c
mice were injected with one million P. yoelii sporozoites per mouse, and livers were
collected 24 or 43 hours post-injection. Livers were homogenized in 3mL of Trizol, and
RNA collected according to manufacturer's instructions (Invitrogen). Collection of total
RNA from other life cycle stages, as well as cDNA synthesis and PCR cycling conditions,
are as previously described (Aly et al., 2008). Transcripts were detected with
oligonucleotide primers that anneal to the ORF of the specified etramps. All primers used in
this study are listed in Supplementary Table 2. Primers used for detecting the ORFs are
listed as XXXX orfF and XXXX orfR, where ‘XXXX’ are the final four digits in the
PlasmoDB identifier for each gene.

Generation of transgenic P. yoelii parasites
etramp knockout constructs were made by cloning the 5’ and 3’ sequences flanking each
etramp ORF into the b3D.DTH.D vector (catalog# MRA-80 in MR4-Malaria Research and
Reference Reagent Resource Center; http://www.malaria.mr4.org/) (Waters et al., 1997).
The 5’ flank for each gene was amplified with the respective Rep1F and Rep2R primers, and
the 3’ flank was amplified with the Rep3F and Rep4R primers. These constructs were then
digested with SacII and SpeI and transfected into P. yoelii 17XNL schizonts to target the
genomic locus for replacement of the ORF by homologous recombination. Transfection,
selection, and cloning of parasites were performed as described previously (Tarun et al.,
2006). Epitope-tagged etramp constructs were made by cloning the endogenous promoter
sequence and ORF of specified etramps into the b3D vector that has been modified to
encode four tandem copies of the c-myc epitope fused in frame to the 3’ end of the ORF
(Vaughan et al., 2009). These constructs were transfected into P. yoelii schizonts to target
the genomic locus for integration as a second copy of the gene, or for replacement of the
endogenous ORF.
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Parasite genotyping
Transgenic parasites were genotyped with oligonucleotide primers to detect integration of
the relevant construct at the genomic locus that was targeted. Integration from the 5’ end
was detected by PCR amplification using the primers TgR and a specific forward primer that
anneals in the genomic sequence 5’ to the integration site (listed as XXXX TestF in Table
S2, where ‘XXXX’ are the final four digits of the PlasmoDB identifier for each gene).
Integration from the 3’ end was detected by PCR using the primers TgF and a specific
reverse primer that anneals in the sequence 3’ to the integration site (listed as XXXX TestR
in Table S2). The presence or absence of the ORF was confirmed by PCR using the same
oligonucleotide primers used for detecting transcripts by RT-PCR.

Western blots
Asynchronous blood stage PY02667myc, PY03652myc, or PyWT parasites were collected
from mouse blood and lysed in Laemmli sample buffer containing 5% beta-mercaptoethanol
or 1mM dithiothreitol. Lysates were separated by electrophoresis in a 4-20% SDS-PAGE gel
(Thermo Scientific, Rockford, IL). Proteins were transferred to a nitrocellulose membrane
via semi-dry electrophoresis (Bio-Rad, Hercules, CA). Blots were blocked with Tris-
buffered saline and 5% bovine serum albumin prior to incubation with antibodies against
PyHSP70 or the c-myc epitope, and imaged on the Odyssey imaging platform with far-red
secondary antibodies (Li-Cor Biosciences, Lincoln, NE).

Patency assay
Mosquitoes were fed on mice infected with transgenic or WT blood stage parasites to
generate sporozoites. Sporozoites were obtained on day 14 post-feed from salivary glands of
dissected mosquitoes, and injected into the tail vein of BALB/c mice. These mice were
monitored twice daily for parasitemia by microscopy of Giemsa-stained thin blood smears.

Phenotypic analysis of blood stage P. yoelii PY03652- and PY04799- parasites
—To assay growth of non-lethal P. yoelii 17XNL wildtype (wt), PY03652- and PY04799-

blood stages, blood was removed from infected SW mice when parasitemia was between
0.5% and 1.5%. The blood was diluted in RPMI-1640 media (HyClone, Logan, UT) so that
100 μl contained 106 parasites. SW mice (5 in each group) were then injected intravenously
with the parasites. Percentage parasitemia was followed as often as daily for eleven days by
assay of Giemsa-stained blood smear.

Immunofluorescence assays
Infected erythrocytes were fixed in 4% paraformaldehyde, permeabilized, and incubated
with the indicated primary antibodies, then with fluorophore-conjugated goat anti-rabbit or
goat anti-mouse secondary antibodies, as well as 4’, 6-diamidino-2-phenylindole (DAPI).
Liver stage in vitro assays were conducted using the human hepatoma cell line HepG2
expressing the tetraspanin CD81 (HepG2 CD81) cultured in Dulbecco's modified Eagle's
medium with 10% fetal calf serum at 37°C and 5% CO2 as previously described (Vaughan
et al., 2009). Liver stage in vivo assays were carried out in BALB/c mice. Livers were
harvested from mice infected 24, 40, 46 or 52 hours earlier with 106 sporozoites. Livers
were fixed in 4% paraformaldehyde and 50μm sections were made with a Vibratome (Ted
Pella, Inc., Redding, CA). Sections were permeabilized and incubated with the indicated
primary antibodies, then the appropriate secondary antibodies and DAPI. Images were
captured on a Deltavision Spectris RT microscope (Applied Precision, Issaquah WA) using
a 40x or 100x oil objective, and subjected to deconvolution with the softWoRx software
package. Three-dimensional reconstruction was made with the Volume Viewer tool in the
softWoRx package.
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Figure 1.
RT-PCR analysis of etramps gene expression throughout the life cycle of P. yoelii. Each
row represents a gene-specific amplicon for individual etramps, listed by their gene
identifiers. Columns indicate the life cycle stage at which RNA was isolated, and then
processed with (+) or without (-) reverse transcriptase. All etramps except UIS3 and UIS4
are expressed in blood stages. In addition to UIS3 and UIS4, only PY03365 is transcribed in
salivary gland sporozoites. Transcripts are also detectable for eight of the 11 etramps in 24
hour liver stages. All 11 etramps are expressed in late liver stages. HSP70 is used as a
positive control to verify RNA integrity.
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Figure 2.
Protein expression and localization of PY02667myc in blood stages. (A) Schematic
representation of the strategy used to replace PY02667 in P. yoelii with a construct encoding
a c-terminal fusion of the 4x myc epitope to PY02667. (B) Western blot of lysates from
mouse blood infected with asynchronous PY02667myc parasites or WT control. (C)
Immunofluorescence (IFA) microscopy images of PY02667myc blood stages labeled with
anti-myc or anti-Hep17 antibodies, and DAPI (to label DNA). A differential interference
contrast (DIC) image of the liver section is shown to the right. Overlap of myc signal with
Hep17 indicates localization of PY02667myc to the PVM. PY02667myc is expressed in all
stages of intraerythrocytic development. Stages are distinguishable on the basis of
morphology and DAPI staining; small uninucleate ring stages (top) grow into uninucleate
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trophozoites (middle rows). Myc staining persists throughout karyokinesis with the onset of
schizogony (bottom). Infected erythrocytes are shown with differential interference contrast
(DIC). Scale bars = 5 micrometers. (D) IFA of blood stage PY02667myc schizont, labeled
with anti-myc or anti-MSP1 antibodies, and DAPI. Myc signal remains in the PVM
surrounding the newly formed daughter merozoites, indicated with the PPM marker MSP1.
Scale bar = 5 micrometers.
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Figure 3.
Protein expression and localization of PY03652myc in blood stages. (A) Schematic
representation of the strategy used to insert a construct encoding a c-terminal fusion of the
4x myc epitope to PY03652 upstream of the endogenous PY03652 ORF. (B) Western blot
of lysates from mouse blood infected with asynchronous PY03652myc parasites or WT
control. (C) IFA images of PY03652myc blood stages labeled with anti-myc or anti-Hep17
antibodies, and DAPI (to label DNA). A differential interference contrast (DIC) image of the
liver section is shown to the right. Overlap of myc signal with Hep17 indicates localization
of PY03652myc to the PVM in ring and trophozoite stages. Myc staining was weak or
absent in early schizonts, but appears again in late schizogony, when it localizes to vesicular
structures in the parasite periphery, not in the PVM. Scale bars = 5 micrometers. (D) IFA of
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blood stage PY03652myc schizont, labeled with anti-myc or anti-MSP1 antibodies, and
DAPI. The myc signal appears in small foci within the daughter merozoites, likely within
secretory organelles. Scale bar = 5 micrometers.
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Figure 4.
PY02667myc (A) and PY03652myc (B) are expressed in liver stages. IFA of liver stage
PY02667myc or PY03652myc parasites 18, 24, 40, 46 and 52 hours after infecting BALB/c
mice with 1 × 106 sporozoites. Liver sections were labeled with anti-Hep17, MSP1 or anti-
myc antibodies, and DAPI (to label DNA). A differential interference contrast (DIC) image
of the liver section is shown to the right. Overlap of myc signal with Hep17 indicates
localization of PY02667myc and PY03652myc to the PVM. Scale bar = 5 micrometers.
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Figure 5.
Individual deletion of seven etramps in blood stages and passage through mosquito and liver
stages reveals no critical function in any stage. (A) Generalized schematic representation of
the strategy used to replace P. yoelii etramp ORFs with TgDHFR/TS. (B) Genotyping of
etramp KO blood stage parasites before (“Input”) and after (“Output”) passage through
mosquito and liver stages. The presence of knockout parasites in the output blood stages
indicates that each individual etramp is not essential for completion of the parasite life cycle.
Specific oligonucleotide primer amplicons indicated in (A) are used to test for integration of
the KO construct from the 5’ end or 3’ end, and also to test for the presence of the
endogenous etramp ORF. PY03652- and PY04799- parasites were analyzed as clones; the
remaining strains were analyzed as mixed parental populations of gene deletion parasites
and WT parasites, and therefore show evidence for both 5’ and 3’ integration, as well as the
unmodified ORF, in different parasites.
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Table 2

Patency in mice infected with P. yoelii etramps knockout clones, or P. yoelii WT

Parasite strain Sporozoites injected Mice patent/Mice injected Avg prepatent period (to within 0.5 days)

PY03562- 10,000 5/5 3.0

1,000 5/5 3.5

PY04799- 10,000 5/5 3.0

1,000 5/5 3.5

wildtype 10,000 5/5 3.0

1,000 5/5 3.5
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