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Protein trafficking to the stroma of the apicoplast of Plasmodium falciparum requires translocation across
several membranes. To further elucidate the mechanisms responsible, we investigated two proteins: P. falcip-
arum Tic22 (PfTic22), a putative component of the translocon of the inner chloroplast membrane; and
PfsDerl-1, one of two homologues of the P. falciparum symbiont-derived Derl (sDerl) protein, a putative
component of an endoplasmic reticulum-associated degradation (ERAD) complex in the periplastid mem-
brane. We constructed parasites expressing hemagglutinin (HA)-tagged PfTic22 and PfsDerl-1 under the
control of their endogenous promoters using the 3’ replacement strategy. We show that both PfTic22-HA and
PfsDer1-1-HA are expressed predominantly during the trophozoite stage of the asexual replication cycle, which
corresponds to the most dynamic stages of apicoplast activity. Although both proteins localize to the periphery
of the apicoplast, PfTic22-HA is a membrane-associated protein while PfsDer1-1-HA is an integral membrane
protein. Phylogenetic analysis indicates that PfsDer1-1 is one of two Derl paralogues predicted to localize to
the apicoplast in P. falciparum and that it has orthologues in diatom algae, supporting the chromalveolate
hypothesis. These observations are consistent with putative roles for PfTic22 and PfsDerl-1 in protein

translocation into the apicoplast of P. falciparum.

Plasmodium falciparum, the causative agent of malaria, con-
tains a plastid known as the apicoplast that is essential for
parasite survival in its erythrocytic (7) and liver life stages (35,
40). Although the apicoplast is not photosynthetic, it houses
several plastid-like biochemical pathways including the biosyn-
thesis of fatty acids, isoprenoids, heme, and iron-sulfur clusters
(23). Apicoplasts also have prokaryote-derived mechanisms for
replication of their DNA, transcription, and translation (3, 25).
Like other plastids, apicoplasts originate from a bacterial en-
dosymbiont, and this makes them a promising target for novel
therapeutics for the treatment of malaria, one of the world’s
most serious diseases (24).

Generally, apicoplasts occur in members of the phylum Api-
complexa, which includes several parasites of humans such as
P. falciparum, the causative agent of the most lethal form of
malaria, and Toxoplasma gondii, which causes toxoplasmosis.
Other apicomplexan parasites, such as Theileria and Babesia,
cause disease in livestock and severely impact agricultural
practice. The only apicomplexan genus known to lack an api-
coplast is Cryptosporidium, which is believed to have lost the
organelle (41). The recent discovery of a photosynthetic api-
complexan, the coral symbiont Chromera velia (19), strongly
supports the hypothesis that apicoplasts were originally pho-
tosynthetic and ultimately derived from a phagotroph engulf-
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ing a free-living red alga, a process known as secondary endo-
symbiosis (2, 8).

The apicoplast of P. falciparum contains a small, highly con-
densed circular genome of 35 kb that encodes about 52 genes
(38). The apicoplast genome is clearly a remnant plastid ge-
nome that has undergone loss of all photosynthesis genes plus
extensive transfer of genes from the endosymbiont to the host
nucleus during endosymbiosis (17). As a consequence, the
majority of the apicoplast’s protein complement must be
transported back to the organelle posttranslationally, a pro-
cess complicated by the fact that the organelle is surrounded
by four membranes. The localization signals required for traf-
ficking most proteins back to the apicoplast of P. falciparum
have been well established and comprise an N-terminal leader
consisting of a hydrophobic signal peptide and a plastid-tar-
geting transit peptide enriched in basic amino acids and aspar-
agines (6). Together, this bipartite leader is sufficient and nec-
essary to target proteins to the stroma of the apicoplast via the
endomembrane secretory system (30, 37).

Transit peptides of the P. falciparum apicoplast are similar
to plant chloroplast transit peptides in that they vary signifi-
cantly in length and contain no consensus sequences or con-
served secondary structures (22). However, we have previously
shown that the presence of basic residues, regardless of their
positions within the transit peptide, in addition to the deple-
tion of acidic residues, is important for apicoplast targeting
(28). Furthermore, Hsp70 binding is likely to be involved since
disruption of Hsp70 binding sites within an apicoplast transit
peptide markedly reduces transit peptide fidelity (6, 28). In-
deed, there seems to be little else that defines a transit peptide
because completely artificial sequences can mediate targeting
from the endomembrane system into the apicoplast (28). This
degenerate amino acid bias within the transit peptide allowed
the development of two robust apicoplast-targeted protein pre-
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diction algorithms, PATS (42) and PlasmoAP (6). These algo-
rithms have been used to predict the proteome of the apico-
plast of P. falciparum, estimated at almost 500 proteins (23).

While the role of the signal peptide is clearly to facilitate
cotranslational import into the endoplasmic reticulum (ER)
(32, 37), the mechanism of protein transport between the en-
domembrane system and the apicoplast has not yet been shown
experimentally. Confocal microscopy has shown that the api-
coplast is spatially associated with both the mitochondria and
the endomembrane system, which may facilitate communica-
tion between the organelles (21, 30, 33). Recent studies with T.
gondii apicoplast outer membrane proteins have shown that
large vesicle-like structures may be involved in apicoplast pro-
tein import (11, 12). Although the trafficking link between the
ER and the apicoplast is currently unresolved, it is assumed
that entry into the secretory system is equivalent to crossing the
outermost apicoplast membrane.

Also unresolved is how apicoplast proteins are subsequently
translocated across the next three membranes with the use of
only a transit peptide (29). Initially, translocation across the
inner two membranes was hypothesized to involve homologues
of the translocon of the outer and inner chloroplast envelopes
(TOC and TIC, respectively), since these two membranes are
evolutionarily derived from the plastid of a red algal endosym-
biont (8). Further, the conserved use of transit peptides as a
targeting motif shared by the chloroplast and the apicoplast
implies a common translocation mechanism. However, exten-
sive bioinformatics searches of the P. falciparum genome, as
well as other fully annotated apicomplexan and diatom ge-
nomes, have so far failed to identify any orthologues of TOC
components, and the identity of this translocon remains mys-
terious (18). Putative members of an apicoplast TIC complex,
Tic22 (unpublished data cited in references 18 and 31) and
Tic20 (34), are identifiable though their similarity to plant and
algal Tic homologues. In this paper we characterize P. falcip-
arum Tic22 (PfTic22) and show that it is associated with api-
coplast membranes.

Recently, a novel ER-associated degradation (ERAD) com-
plex, putatively localized to the apicoplast, has been proposed
as the translocation complex across the apicoplast periplastid
membrane (second membrane inward from the cytosol) (26).
Although ERAD complexes are usually associated with ret-
rotranslocation of unfolded or misfolded proteins from the
ER, Sommer et al. (26) have identified homologues of sev-
eral ERAD components with apicoplast-targeting motifs,
including two homologues of Derl (sDerl-1 and sDerl-2), a
putative translocation channel component (39). Here, we
characterize the localization, expression profile, and solubil-
ity of one of these putative apicoplast periplastid membrane
translocons, P. falciparum symbiont-derived Derl-1 (Pfs-
Derl-1).

MATERIALS AND METHODS

Cloning and parasite transfection. The PfTic22-leader green fluorescent pro-
tein (GFP) chimera was constructed by inserting the first 282 bp of the gene
encoding PfTic22 (PFE1460w) into the expression vector pHH2 (37). The Mul-
tisite Gateway (Invitrogen) cloning system was used to construct vectors express-
ing hemagglutinin (HA) tagged PfTic22 (PfTic22-HA) and PfsDer1-1 (PfsDerl1-
1-HA). Briefly, full-length PfTic22 was amplified from 3D7 genomic DNA
(gDNA) and cloned into an intermediate cloning vector, pPDONR-221, using
BP clonase II recombinase (Invitrogen), according to the manufacturer’s
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protocol. The final PfTic22-HA expression vector was constructed using a 5’
chloroquine resistance transporter (CRT) promoter element and three copies of
a 3’ HA epitope (HAX3) tag into the modified expression vector pCHD, which
contains the WR99210 resistance cassette (27), using LR clonase II recombinase
(Invitrogen). The C-terminal 1,065-bp PfsDer1-1 (PF14_0498) was also amplified
from 3D7 gDNA but then cloned into the intermediate cloning vector pPDONR-
P4-P1R using BP clonase II. LR clonase II was then used to construct the final
PfsDer1-1 expression vector, utilizing the pCHD vector without a 5" promoter
element but with two epitope tags at the 3’ end of the PfsDer1-1 gene fragment,
protein C, and HA X3, separated by a tobacco etch virus protease cleavage site.
The protein C epitope was not utilized in these experiments and is not discussed
any further here.

The final expression and integration vectors were transfected into the 3D7
parasite strain using standard protocols (27) and selected for with 5 nM
WR99210. PfTic22-HA-expressing parasites were recovered after 24 days of
continuous drug selection although integration of this expression cassette was
not confirmed until after several months of continuous culturing. PfsDer1-1-HA-
expressing parasites were recovered after 20 days, and parasites were cultured on
and off drug for 6 days (approximately three life cycles), for a total of three
on-drug cycles, to allow the episome to be ejected from wild-type parasites
lacking the integrated vector (5).

Southern and Western blot hybridization. For both vectors, single-site inte-
gration into genomic DNA was confirmed with Southern blot hybridization (4).
Briefly, gDNA was isolated with three rounds of phenol-chloroform extraction
from saponin-lysed parasites (27) and digested overnight with Spel and Xbal for
PfTic22-HA parasites and with Ndel for PfsDer1-1-HA parasites. The digested
DNA was separated on a 1% agarose gel, blotted on nitrocellulose membrane
(GE), and probed with radiolabeled probes generated using the PCR amplicons
from the initial cloning procedures (above) with [**P]dCTP and the Prime-a-
Gene labeling system (Promega), according to the manufacturer’s protocol.

Protein expression was detected by Western blot analysis of saponin-lysed
parasites using rat anti-HA antibodies (Roche) followed by horseradish peroxi-
dase-conjugated anti-rat (Dako). Parasite cultures were tightly synchronized with
two treatments in 5% sorbitol (16) 12 h apart (7) and harvested every 8 h
between 4 and 52 h after the second synchronization step.

IFAs. Immunofluorescence assays (IFAs) and confocal microscopy were
performed on parasites fixed in 4% paraformaldehyde and 0.015% glutaral-
dehyde in phosphate-buffered saline (PBS), pH 7.3 (27), using a Leica SP2
confocal microscope. HA was detected with rat anti-HA (Roche) and Alexa
Fluor 488-conjugated anti-rat antibodies (Invitrogen). Acyl carrier protein
(ACP) was detected with anti-ACP (as described in reference37) and Alexa
Fluor 546-conjugated anti-rabbit antibodies (Invitrogen).

Solubilization assays. Parasites expressing either PfTic22-HA or PfsDerl-
1-HA were separated from erythrocytes using saponin lysis, and total protein was
estimated using the Bradford assay. Saponin pellets containing a total of 1.5 mg
of protein were used in each assay and resuspended in 1.5 ml of ice-cold hypo-
tonic buffer (1 mM HEPES-NaOH, pH 7.4, 2 mM EGTA, 2 mM dithiothreitol,
and 1X protease inhibitor cocktail [Roche]). The saponin-lysed cell slurry was
mechanically lysed on ice using a Dounce homogenizer, consisting of a glass
pestle with a Teflon pestle attached to a hand drill. Each saponin slurry was
subjected to 10 strokes of 30 s with 30-s intervals. Large insoluble cell debris and
unlysed cells were removed with a slow-speed spin (1,500 X g for 10 min at 4°C)
prior to a high-speed spin (16,100 X g for 30 min at 4°C) to separate soluble and
insoluble fractions. Equal amounts of the pellet fraction were then resuspended
in either 0.2 M Na,CO, or 1% Triton X-100 for 30 min at 4°C. These treatments
were then centrifuged (16,100 X g for 30 min at 4°C) to separate the supernatant
from the pellet. Equal amounts of protein were then analyzed by Western
blotting.

Triton X-114 solubilization of cells expressing PfsDerl-1-HA was performed
by resuspending saponin-lysed parasites in PBS containing 1% Triton X-114, 2
mM EGTA, and 1X protease inhibitor cocktail for 30 min on ice (20). Insoluble
cell debris was removed by a high-speed spin (16,100 X g for 10 min at 4°C). The
extract was phase partitioned by condensation (for 2 min at 37°C), followed by
centrifugation (16,100 X g for 5 min at room temperature) on a sucrose cushion
consisting of 6% sucrose and 0.06% Triton X-114 in PBS. The layer above the
sucrose cushion in this first round of partitioning was the Triton X-114-soluble
fraction while the layer below the sucrose was subjected to a second round of
phase partitioning. The layer above the sucrose in this second partitioning was
the soluble (wash) fraction while the layer below was the Triton X-114-insoluble
fraction.

Antibody generation. Anti-PfTic22 antibodies were generated by immuniza-
tion of rabbits with a peptide from the mature PfTic22 protein (residues 62 to
283) tagged with an N-terminal poly-His tag in the pET30a expression vector
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(Novagen), overexpressed in Escherichia coli [strain BL21(DE3)] and purified by
affinity chromatography on a Ni®*-agarose column according to the manufac-
turer’s recommendations (Qiagen). Anti-PfsDerl-2 antibodies were raised in
rabbits by immunization with the peptide IKDCVSKYTSRSSTNN (Invitrogen)
and affinity purified against the peptide using a cyanogen bromide-Sepharose
column, according to the manufacturer’s protocol (Roche).

RESULTS AND DISCUSSION

PfTic22 is an apicoplast-localized protein. PfTic22 was iden-
tified from BlastP searches of the P. falciparum genome and
shares 21% identity (40% similarity) with the garden pea
(Pisum sativum) Tic22 orthologue. Similar to other Tic22
homologues (14), PfTic22 has no predicted transmembrane
domains. Both apicoplast-targeting predictors (the neural
network PATS and the rules-based PlasmoAP algorithm) iden-
tify a bipartite leader sequence at the N terminus of PfTic22,
suggesting that the protein is localized to the apicoplast (Fig.
1A and Table 1). An alignment of Tic22 sequences demon-
strates that PfTic22 contains conserved motifs shared by other
Tic22 homologues (see Fig. S1 in the supplemental material)
(10), and a search of the protein family (PFAM) database
using a hidden Markov model detects a Tic22 motif (PF04278)
within PfTic22 with a score of 5.8 X 107%,

Initially, we tested the apicoplast localization of PfTic22 by
expressing a fusion of the N-terminal bipartite leader of
PfTic22 (consisting of the first 94 amino acids) and GFP under
the control of the Hsp86 promoter, which drives high expres-
sion levels of the reporter (Fig. 1B). This PfTic22-leader—-GFP
chimera localizes to a punctate organelle in early trophozoites
that is consistent with stromal apicoplast localization (Fig. 1B).
Furthermore, the pattern of GFP fluorescence throughout the
life cycle mimics that of other apicoplast-targeted proteins
(data not shown). In contrast, plant Tic22 homologues are
known to reside in the intermembrane space between the inner
and outer chloroplast envelopes (15, 36), tightly associated
with the inner membrane via the inner membrane integral
membrane protein Tic20 (14). By analogy, we anticipated that
PfTic22 would reside between the two innermost apicoplast
membranes (which are believed to be homologues of the two
plant chloroplast membranes), perhaps attached to the api-
coplast inner membrane protein Tic20. However, peripheral
apicoplast localization was not observed for the PfTic22-lead-
er—GFP chimera. We reasoned that the stromal localization of
the PfTic22-leader-GFP chimera was probably artificial and
might be due to either the high expression levels under the
Hsp86 promoter or the large GFP moiety disrupting targeting
or, most likely, the lack of mature protein sequence, which is
likely necessary for intermembrane space localization.

We therefore transfected parasites with full-length PfTic22
tagged with the smaller HAX3 tandem repeat epitope tag
under the control of the weaker CRT promoter element (Fig.
1C). This construct was intended to be an episomal expression
vector, but an unanticipated single-site integration event (5)
occurred such that the tagged exogenous PfTic22-HA gene
replaced the endogenous untagged copy, fortuitously resulting
in a tagged gene under the control of its native promoter
element (Fig. 1C). This integration event was confirmed by
Southern blot analysis (Fig. 1D).

We compared the expression profile of PfTic22-HA with that
of the native PfTic22 across the 48-h erythrocytic life cycle using
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FIG. 1. PfTic22 is a predicted apicoplast protein. (A) PfTic22 has a
predicted bipartite leader consisting of a signal peptide (SP; yellow)
and transit peptide (TP; orange) and a Tic22 homology domain (blue).
The signal peptide cleavage site is robustly predicted (at position 19),
whereas the transit peptide cleavage site has not been verified (gradi-
ent of orange and blue). Predicted molecular masses were calculated
based on primary sequence, with the mature protein region estimated
from multiple sequence alignments and PFAM homology. (B) Live
fluorescent image of the PfTic22-leader-GFP chimera-carrying para-
sites showing an apicoplast stromal localization. The construct consists
of the first 282 bp of PfTic22 fused to GFP, expressed under the Hsp86
promoter. (C) Construct used to integrate and express PfTic22-HA
into gDNA using single-site recombination. The endogenous PfTic22
gene, consisting of two exons and a short intron (light gray boxes
separated by a bend) is replaced by the introduced PfTic22 copy
(hexagonal patterns) tagged with a C-terminal HA tandem repeat
epitope (dark gray box). Although the CRT promoter (labeled square
arrow) is present in the construct, the final PfTic22-HA gene is ex-
pressed under the endogenous PfTic22 promoter (unlabeled square
arrow) due to the integration event. The positions of Spel (S) and
Xbal (X) digest sites used to create the diagnostic fragments for the
Southern blot are indicated. (D) Southern blot hybridization using a
32P_labeled PfTic22 probe against purified expression vector, 3D7
(wild type), and PfTic22-HA (transfected) gDNA cut with Spel and
Xbal. (E) Anti-HA Western blotting of PfTic22-HA-expressing para-
sites harvested at 8-h intervals from 4 to 52 h after two rounds of 5%
sorbitol synchronization 12 h apart, where time zero is the time of
erythrocyte invasion. The peak of expression is approximately 28 h,
showing both the preprocessed (~37 kDa) and mature (~35 kDa)
forms of PfTic22. (F) Anti-PfTic22 Western blotting using 3D7 wild-
type parasites collected at 6-h intervals from 0 to 42 h after double
synchronization showing a peak of expression at 24 h. The observed
molecular mass of the mature form of PfTic22-HA is unexpectedly
larger than the size predicted from primary sequence analysis. MP,
mature protein; DHFR, dihydrofolate reductase.
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TABLE 1. Predicted N-terminal leaders of P. falciparum Tic22 and
Derl homologues

Presence of N-terminal leader

PlasmoAP output PATS output

Protein Accession no.
Sigpal Tral.]Sit Decision  Confidence
peptide”  peptide®
PfTic22 PFE1460w 4/4 5/5 Yes 0.946
PfsDerl1-1 PF14_0498 4/4 5/5 Yes 0.994
PfsDerl1-2 PFC0590c 4/4 5/5 Yes 0.998
PthDerl-1  PF10_0317 3/4 2/5 No 0.028
PthDerl-2  PF14_0653 3/4 1/5 Yes 0.652

@ SignalP output showing the probability of a signal peptide being present
scored against four parameters, including probability of signal peptide, proba-
bility of cleavage site, cleavage site position, and signal peptide length.

® The probability of a transit peptide being present scored against five param-
eters, including the ratio of basic to acidic residues, an enrichment of lysines and
asparagines, and the position of basic amino acids.

antibodies against the tag and polyclonal antibodies raised against
the recombinantly expressed mature form of PfTic22 (Fig. 1E
and F). As expected, PfTic22-HA has an expression profile that
is similar to that of the native PfTic22 protein, which is con-
sistent with retention of the native promoter during integration
of the tag (Fig. 1C). Both PfTic22-HA and PfTic22 are detect-
able between 12 and 44 h after invasion, with protein amounts
peaking at approximately 24 to 28 h, the early- to mid-tropho-
zoite stage (Fig. 1E and F). Two isoforms of PfTic22-HA are
detectable: the higher-molecular-mass species (~37 kDa)
likely corresponds to the unprocessed form still bearing its
transit peptide, whereas the more abundant lower-molecular-
mass species (~35 kDa) most likely corresponds to the mature
form of the protein (see Table S1 in the supplemental mate-
rial). Antibodies to native PfTic22 detect only one protein,
which we conclude to be the more abundant mature form of
the native protein (Fig. 1E). Although the preprocessed band
is approximately the expected size (see Table S1 in the sup-
plemental material), the mature proteins for both the native
PfTic22 and PfTic22-HA migrate at a slower rate than pre-
dicted, most likely because the actual site of transit peptide
cleavage occurs upstream of where the homology of PfTic22 to
other orthologues commences. To exclude the possibility of
aberrant protein migration, possibly due to incomplete protein
unfolding, proteins extracted from a whole-cell lysate were
fully denatured in 8 M urea and resolved with 8 M urea—
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (see
Fig. S2 in the supplemental material). Under these conditions
we found that PfTic22-HA migrated only slightly faster than in
the absence of urea by approximately 1 kDa, further suggesting
that cleavage of the transit peptide occurs upstream of the
Tic22 homology.

One consequence of the integration event is the displace-
ment of the endogenous, untagged PfTic22 gene to be driven
by the CRT promoter (Fig. 1C). CRT is a relatively weak
promoter, and we did not detect expression of the untagged
protein in the PfTic22-HA integrant using our antibodies to
the native protein (data not shown), suggesting that the native
protein is rendered irrelevant.

IFAs of parasites expressing full-length PfTic22-HA con-
firms the predicted peripheral apicoplast localization (Fig. 2).
Close inspection showed that PfTic22-HA expression pattern
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does not overlap that of the stromal marker, ACP. Rather,
PfTic22-HA appears to envelop one side of the stroma, gen-
erally in a U-shaped distribution (Fig. 2A, inset, and B). This
localization is clearly different from the GFP localization of the
PfTic22leader—GFP chimeric protein, which perfectly overlaps
the stromal ACP marker (Fig. 2C). There are two possible expla-
nations for the lopsided distribution of PfTic22-HA around the
apicoplast periphery: a physiological cause or an artifact. A
physiological explanation might be that the apicoplast has dis-
crete functional sides or facets. Previous work has shown that
the P. falciparum outer membrane triose phosphate trans-
porter (PfoTPT) has a lopsided distribution (20), and another
study has shown that the ER is associated with one side of the
apicoplast at ring stage (32). Alternatively, lopsided localiza-
tion of PfTic22-HA might simply be an artifact of the fixation
process whereby lateral diffusion of the target protein within
the lipid bilayer might be caused by antibody capping-type
interactions. This phenomenon is a distinct possibility consid-
ering the small amount of glutaraldehyde used in the standard
IFA protocol. Whichever the case, peripheral apicoplast local-
ization of PfTic22-HA parallels the location of Tic22 in plant
chloroplasts. Our current data cannot determine which mem-
brane the full-length protein is associated with. We observed
PfTic22-HA labeling only in mid-trophozoite parasites (de-
spite analyzing parasites from an asynchronous culture), which
is consistent with the Western blot analyses (Fig. 1E).

Details of the targeting mechanism of plant Tic22 to the
chloroplast intermembrane space are not known. P. sativum
Tic22 bears a seemingly canonical transit peptide that would
ordinarily result in stromal targeting (14), but P. sativum Tic22
probably does not enter the stroma, and its transit peptide
appears to be removed independently of the stromal process-
ing peptidase (36). Similarly, PfTic22 bears a seemingly canon-
ical stromal targeting leader (Table 1) that appears to be re-
moved (Fig. 1E), but the protein clearly localizes to the
apicoplast periphery (Fig. 2). We conclude from this that non-
stromal proteins harbor additional targeting information that
current bioinformatics predictors, whether for plant chloro-
plasts or apicoplasts, are unable to distinguish from the ma-
jority of stromal proteins. The mechanism of transit peptide
processing for PfTic22 (apparently outside of the stroma) re-
mains an intriguing unresolved question, just at it does in plant
chloroplast proteins such as Tic22.

PfTic22 is an apicoplast membrane protein. PfTic22 lacks
predicted transmembrane domains, but our IFA results show a
peripheral apicoplast localization, and plant homologues of
Tic22 are chloroplast membrane-associated proteins (14). To
test the solubility of PfTic22, we separated soluble and insol-
uble proteins by mechanical homogenization and subjected the
membranes to carbonate and detergent washes (Fig. 3A). Af-
ter partitioning, more than half of the mitochondrial matrix
protein Hsp60, a control soluble protein, was partially solubi-
lized as expected although some protein also remained in the
pellet fraction, probably due to incomplete organelle lysis (Fig.
3A, lane 1). In contrast, PfTic22 was found completely within
the pellet fraction (Fig. 3A, lane 2), confirming that it is an
insoluble membrane protein. Treatment of the membrane pro-
tein fraction with alkali (0.2 M Na,CO,) indicated that
PfTic22-HA is a peripheral membrane protein and not an
intrinsic membrane protein since alkali treatment redistributed
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FIG. 2. PfTic22-HA is localized to the periphery of the apicoplast. (A) Confocal image of chemically fixed PfTic22-HA-carrying parasites
labeled with anti-HA (green) and anti-ACP antibodies (red), showing that PfTic22-HA is associated with ACP (merge) but is localized to the
periphery. Scale bar, 1 wm. The inset shows a zoom of X3.3. (B) More examples of peripheral localization, similar to the inset above. Scale bar,
0.5 pm. (C) Colocalization of the GFP fluorescence from the PfTic22leader-GFP chimera and with anti-ACP, which does not exhibit a peripheral

distribution. Scale bar, 1 pwm.

a large component of PfTic22-HA into the soluble phase (Fig.
3A, lane 3). PfTic22-HA was also partially solubilized by Tri-
ton X-100 treatment (Fig. 3A, lane 7). PfTic22 is thus largely a
peripheral, apicoplast membrane-associated protein.

Overall, PfTic22 shares many similarities to its plant Tic22
orthologues, including its amino acid sequence, solubility,
and peripheral plastid localization. As such, we suggest that
PfTic22 may also interact with PfTic20 and may have a role in
protein import into the plastid, similar to its plant Tic22 coun-
terparts.

P. falciparum contains two apicoplast Derl homologues. In
addition to the TIC complex, we also investigated components
of the apicoplast-localized ERAD components as part of our
focus on putative apicoplast translocation machinery. Sommer
et al. (26) identified several ERAD components bearing plas-
tid localization signals in a diatom and several apicomplexan
genomes and postulated that this predicted plastid-localized
ERAD complex had been coopted for apicoplast protein im-
port during the conversion of the endosymbiont to a complex
plastid (26). We focused particularly on the putative P. falcip-
arum homologues of Der1, one of the leading candidates pre-
dicted to form the transmembrane channel of the ERAD com-
plex (39). In total, Sommer et al. (26) identified four P.
falciparum Der1 proteins, two of which have predicted apico-
plast leaders: PfsDerl-1 (PF14_0498), and PfsDerl-2

(PFC0590c). The two other homologues are putatively ER-
localized proteins, containing only signal peptide N termini:
PthDerl1-1 (PF10_0317) and PfhDerl-2 (PF14_0653), where
“h” denotes host of the endosymbiont, which, in this instance,
is the parasite itself and not the human or mosquito host (26).

Our sequence analysis of these P. falciparum sequences con-
curs with these reported findings. We used a reciprocal BlastP
approach to identify 71 Der1 sequences across several apicom-
plexan genomes, as well as plant, animal, green and red algae,
and cyanobacteria (see Table S2 in the supplemental material).
A ClustalX alignment of these sequences shows that all four P.
falciparum proteins contain sequence motifs conserved among
other Derl proteins (see Fig. S3 in the supplemental material).
Closer inspection of the alignment shows that PfsDer1-1, along
with its apicomplexan orthologues, is more similar to the
sDerl-1 sequences from the genomes of the two diatoms
Phaeodactylum tricornutum (PtsDerl-1) and Thalassiosira
pseuodonana than the sDerl-2 sequences. Conversely, PfsDer1-2
is more similar in sequence to the diatom sDer1-2 sequences.
For instance, PfsDer1-1 lacks the conserved proline and tryp-
tophan residues at positions 191 and 466, respectively, a prop-
erty shared by the diatom sDer1-1 sequences at those positions
(see Fig. S3 in the supplemental material). The PfsDerl-2
sequence lacks a conserved glycine at position 512, similar to
the diatom sDerl-2 sequences. A phylogeny calculated from
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FIG. 3. Both PfTic22-HA and PfsDerl-1-HA are membrane pro-
teins. (A) Saponin-extracted parasites expressing either PfTic22-HA or
PfsDerl-1-HA were mechanically lysed with a Dounce homogenizer,
and proteins were separated into soluble (S) and insoluble (I) frac-
tions. Equal amounts of the insoluble fractions were then treated with
either carbonate (0.2 M Na,COs) or detergent (1% Triton X-100) and
then separated into supernatant (SN) and pellet (P) fractions. Both
PfTic22-HA and PfsDerl-1-HA were predominantly in the insoluble
fraction of the untreated membranes (lane 2) while more than half of
Hsp60 (a soluble protein control) was extracted into the soluble phase
(lane 1). PfTic22-HA was extracted into the soluble phase by carbon-
ate treatment (lane 3), indicating that it is peripherally membrane
associated, whereas PfsDer1-1-HA remained insoluble (lane 4), indi-
cating that it is an integral membrane protein. Both proteins were
partially solubilized by Triton X-100 (lane 5) although the majority of
the protein remained insoluble (lane 6). (B) Triton X-114 phase par-
titioning also shows that PfsDerl-1-HA is an integral membrane pro-
tein since it remained in the pellet fraction (P), which is the Triton
X-114-insoluble phase (lane 3), similar to iTPT, the transmembrane
a-helical membrane protein, but different from the stromal marker
ACP, which was in the soluble phase (lane 1). Lane 2 contains the wash
(W) fraction from the soluble layer of the second-phase partitioning.

this alignment confirms that PfsDer1-1 forms well-supported
clades with the diatom sDerl-1 proteins, while PfsDerl-2
forms a distinct clade with the diatom sDerl-2 homologues
(data not shown). Together, these observations support the
proposed hypothesis that the recruitment of ERAD to the
apicoplast most likely occurred prior to the divergence of api-
complexan parasites from the heterokont lineage, which lends
support to the chromalveolate hypothesis (26).

We previously suggested that PfsDer1-2 might reside in the
second apicoplast membrane (counting out from the inside)
and replace the plant chloroplast outer membrane translocon
incorporating Toc75, which appears to be absent from apico-
plasts (29). However, this hypothesis is not supported by recent
data from Hempel et al. (9), who used the split GFP system in
P. tricornutum to show that both of the two apicoplast-targeted
PtsDerl paralogues most likely localize to the periplastid
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membrane, with the C terminus situated in the periplastid
compartment (9). In addition, the authors showed with coim-
munoprecipitation experiments that both of the PtsDer1 para-
logues interact both homotypically and heterotypically (9). We
infer from these observations that it is likely that PfsDerl-1
and PfsDerl-2 also localize to the periplastid membrane and
most probably interact both homotypically and heterotypically.

Based on their N-terminal targeting motifs, it appears that 7.
gondii, Babesia bovis, and both Theileria annulata and Theileria
parvum encode only one homologue of sDer1 each (see Fig. S3
in the supplemental material). Given the observation that both
P. tricornutum and P. falciparum contain two sDerl homo-
logues that interact, it could be that a second, divergent sDerl
homologue not identified by our reciprocal BlastP approach
exists in these other apicomplexan genomes. In contrast, all
three Cryptosporidium sp. genomes lack any sDerl homologues
but still encode two putative hDerl paralogues (see Fig. S3 in
the supplemental material), which is consistent with the total
loss of the apicoplast in these apicomplexans.

In this analysis, we used a manually curated gene model for
the second predicted apicoplast-localized Derl homologue
(Fig. 4A). The initial gene model encompasses a very large
two-exon open reading frame that results in a protein with a
predicted molecular mass of 220 kDa, which is markedly larger
than other Derl homologues. Antibodies raised against a pep-
tide from the mature region of PfsDerl-2 detect a 36-kDa
protein (Fig. 4B), which is commensurate with our new gene
model. The syntenic orthologues of the gene encoding PfsDer1-2 for
both Plasmodium vivax (PVX_119810) and Plasmodium
knowlesi (PKH_082580) were modified in a similar way.

Full-length PfsDer1-1 localizes to the apicoplast periphery.
Previously, Sommer et al. (26) fused the N-terminal leader of
PfsDerl-1 to GFP and showed that this bipartite leader was
sufficient to target the reporter to the apicoplast stroma (26),
reminiscent of the PfTic22-leader-GFP chimera described
above (Fig. 1B). While this result confirmed that PfsDer1-1 is
not an ER protein and implicates it in apicoplast protein traf-
ficking, it does not indicate whether PfsDerl1-1 is an apicoplast
membrane protein. We utilized single-site recombination inte-
gration (5) to create parasites expressing full-length PfsDer1-1
with an HA X3 tag under the control of the native PfsDerl-1
promoter (Fig. 4C). The integration vector encoded approxi-
mately 1 kb of the C-terminal portion of PfsDer1-1, lacking the
first 42 bp of the coding sequence. Since the vector lacks both
a promoter region and a translation initiation codon, the re-
combination event generates a single complete gene copy of
PfsDerl-1 tagged with a C-terminal HAX3 epitope. Integra-
tion was confirmed by Southern blot analysis (Fig. 4D). Some
vector is still detectable in the mixed parasite culture, which
may represent parasites that contain multiple insertions of the
episomal vector at the gDNA site or parasites containing epi-
somal vectors that had not yet undergone integration. How-
ever, as the episome does not encode a complete coding region
(Fig. 5C), these vector sequences do not affect our assays.

IFAs showed that PfsDer1-1-HA localizes to the apicoplast,
but as with PfTic22, PfsDerl-1-HA encompasses the stromal
ACP signal rather than overlapping with it (Fig. 5). Full-length
PfsDerl-1-HA is thus a peripheral apicoplast protein. This
result differs from previous observations made by Sommer et
al. (26), where fusion of the first 416 bp (approximately 138
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FIG. 4. P. falciparum has two predicted apicoplast Derl homo-
logues. (A) Both PfsDerl-1 and PfsDerl-2 contain predicted api-
coplast targeting leaders (yellow and orange), and both contain four
predicted transmembrane helices (diagonal boxes) within their Derl ho-
mology domains (red). The mature region is predicted from multiple
sequence alignments and PFAM homology. The gene model encoding
PfsDer1-2 was modified to exclude the large 3’ exon. (B) Anti-PfsDer1-2
Western blot analysis with antibodies raised against an antigenic peptide
(IKDCVSKYTSRSSTNN) indicates a protein with a molecular mass of
~39 kDa, which is more consistent with our new gene model. (C) Single-
site recombination integration strategy used to construct PfsDerl-1-HA.
Only the 3’ end of the gene is introduced (open-ended box with hexagonal
patterns) tagged with HA (dark gray) to replace the endogenous gene
(light gray), resulting in a chimeric gene under the control of its endog-
enous promoter (square arrow). The positions of Ndel (N) restriction
sites used to detect integration are indicated. (D) Southern blot hybrid-
ization using a >*P-labeled PfsDerl-1 probe against purified expression
vector, 3D7 (wild-type), and PfsDer1-1-HA (transfected) gDNA cut with
Ndel. (E) Anti-HA Western blotting of PfsDerl-1-HA-expressing para-
sites harvested at 8-h intervals from 4 to 52 h after two rounds of 5%
sorbitol synchronization 12 h apart, where 0 h is the time of erythrocyte
invasion. The peak of expression is approximately 28 to 32 h, where the
preprocessed (~47 kDa) and mature (36 kDa) forms are detected in
addition to a lower-abundance intermediate (41 kDa) form, which may
represent a trafficking intermediate. MP, mature protein; DHFR, dihy-
drofolate reductase; SP, signal peptide; TP, transit peptide.

amino acids) of PfsDer1-1 to GFP expressed episomally under
the control of the CRT promoter resulted in apicoplast stromal
localization (26). The most likely cause of this difference in
localization is that we used the full-length PfsDerl-1, which
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includes four predicted transmembrane domains. It is also
possible that the non-native CRT expression and larger GFP
tag may have resulted in mistargeting to the stroma.

Western blot analysis of PfsDerl-1-HA throughout the
erythrocytic life cycle of the parasite indicates a broad window
of expression throughout the trophozoite and schizont stages,
with peak expression around 28 to 32 h after erythrocyte inva-
sion (Fig. 4E). This expression profile largely overlaps with that
of the other putative apicoplast import protein PfTic22, which
is consistent with a role for PfsDerl-1 in apicoplast protein
import. Somewhat unexpectedly, Western blots of PfsDerl-
1-HA detect three HA-positive proteins (Fig. 4E). The small-
est protein (~36 kDa) is most abundant and most likely cor-
responds to the processed mature protein although it is larger
than expected from in silico predictions (see Table S1 in the
supplemental material). The largest species (~47 kDa) most
likely corresponds to the preprocessed, transit peptide-bearing
form. The third and intermediate species (~41 kDa) is the
least abundant and is a possible targeting intermediate en
route to its final destination in the periplastid membrane. This
intermediate species was unexpected, as most apicoplast pro-
teins have only the preprocessed and mature forms. We note
that multiple processing intermediates have also been reported
for the P. falciparum apicoplast inner membrane TPT protein,
PATPT (20), and the T. gondii peripheral apicoplast membrane
protein FtsH1 (12, 13), but the sequence of events and what
proteases are involved in processing are not known for any
apcioplast membrane proteins. By contrast, no third, interme-
diate protein species was detected for the apicoplast mem-
brane protein PfTic22 (Fig. 1E).

PfsDerl-1 is an integral apicoplast membrane protein. To
confirm membrane localization for PfsDerl1-1, we performed
detergent solubility tests (Fig. 3). All three mass forms of
PfsDer1-1 were pelleted with the insoluble membrane fraction
of isolated membranes (Fig. 3, lane 2), consistent with the
prediction of four hydrophobic a-helices (Fig. 4A). Alkali
treatment (0.2 M Na,COs;) did not redistribute PfsDer1-1 into
the soluble phase (Fig. 3A, lane 4), indicating that it is not
peripherally associated with the membrane. Triton X-100
treatment partially solubilized PfsDerl-1 (lane 7). We also
tested the solubility of PfsDer1-1-HA with Triton-X 114 (Fig.
3B), which solubilizes proteins lacking o-helical transmem-
brane domains (1). PfsDerl-1 remained in the Triton X-114-
insoluble fraction, confirming that it contains integral a-helical
transmembrane domains (Fig. 3B, lane 3). Triton X-114 treat-
ment solubilized the ACP stromal control (Fig. 3B, lane 1), but
PAiTPT, a membrane protein with 10 predicted transmembrane
domains (20), remained in the Triton X-114-insoluble fraction
(Fig. 3B, lane 3). Together, these results indicate that PfsDer1-1
is an integral membrane protein.

Concluding remarks. We have shown that both PfTic22 and
PfsDer1-1 are membrane proteins localized to the periphery of
the apicoplast and that both proteins are maximally expressed
during the trophozoite stages of the asexual cycle. All these
characteristics are consistent with their proposed roles in api-
coplast protein translocation, but our results cannot exclude
the possibility that both PfTic22 and PfsDer1-1 have functions
outside of protein translocation.

An unresolved question is how proteins with seemingly typ-
ical bipartite leaders localize to non-stromal locations. With
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FIG. 5. PfsDerl-1-HA is located at the periphery of the apicoplast. (A) Confocal images of chemically fixed PfsDerl-1-HA parasites
labeled with anti-HA (green) and anti-ACP (red) antibodies showing that PfsDer1-1-HA is associated with ACP (merge) but is peripheral,
similar to PfTic22-HA. Inset shows a X3.3 zoom of the localizations. (B) More examples of peripheral localization, similar to the inset above.

Scale bar, 0.5 pm.

four bounding membranes, the apicoplast has at least three
distinct soluble compartments, and these likely have distinct
proteomes. Our results indicate that our initial assumption that
all bipartite leader-bearing proteins localize to the stroma
needs rethinking. In particular, both PfTic22 and PfsDerl-1
demonstrate that the detection of transit peptide processing
(by Western blotting) is not necessarily always an appropriate
diagnostic for apicoplast stromal localization.

Although our localization of these candidates in the appro-
priate location in the malaria parasite plastid lends further
weight to their postulated roles in transport and fleshes out
earlier genome mining models based solely on sequence sim-
ilarity (18), the challenge remains to elucidate their precise
roles in apicoplast protein translocation and to identify the
interacting partners involved in the transport machinery.
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