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Transit peptides mediate protein targeting into plastids and are only poorly
understood. We extracted amino acid features from transit peptides that target
proteins to the relict plastid (apicoplast) of malaria parasites. Based on these
amino acid characteristics, we identified 466 putative apicoplast proteins in the
Plasmodium falciparum genome. Altering the specific charge characteristics in
a model transit peptide by site-directed mutagenesis severely disrupted or-
ganellar targeting in vivo. Similarly, putative Hsp70 (DnaK) binding sites present
in the transit peptide proved to be important for correct targeting.

Plastid transit peptides mediate accurate tar-
geting of many hundreds of nuclear-encoded
proteins into the plastids of plants and algae
(1, 2), as well as into the relict plastids (api-
coplasts) of malaria and related parasites (3–
5). In plants, transit peptides vary in length
from around 24 to over 100 amino acids, are
usually enriched in serine and threonine, and
exhibit an overall positive charge (1, 6, 7).
Like their mitochondrial counterparts, plastid
transit peptides bind Hsp70 chaperones (8–
10). However, beyond these few common
characteristics, plastid transit peptides are ill-
defined, with no primary consensus or obvi-
ous secondary structure (1, 11). In contrast to
plants, protein import into the malarial plastid
is a two-step process utilizing a signal peptide
followed by a transit peptide (4, 12). The
signal peptide mediates entry into the endo-
membrane system, where it is cleaved off,
and the transit peptide (the region immediate-
ly downstream of the signal peptide) subse-
quently diverts the protein away from the
default secretion pathway and into the apico-
plast (12, 13). Several apicoplast enzymes are
targets for existing antimalarial drugs, and
the identification of additional apicoplast pro-
teins should yield new drug targets (14).

One approach to recognizing apicoplast
proteins has been through the training of the
neural network PATS (15). Although neural
networks provide reliable predictions of pro-

tein localization (6, 16), they afford no in-
sight into the underlying targeting or import
mechanism and do not allow the formulation
of testable hypotheses. We therefore exam-
ined a collection of putative apicoplast-
targeted and non-apicoplast proteins from
Plasmodium falciparum (15) to determine
which characteristics of (malarial) transit
peptides might be essential for plastid target-
ing. Transit peptides were compared to the
region downstream of the predicted NH2-
terminal signal peptide (16) in non-apicoplast
proteins (called “mature proteins”) and were
analyzed for amino acid composition and dis-
tribution of charge (17). Compared to mature
proteins, malarial transit peptides are highly

enriched in lysine and asparagine and deplet-
ed in acidic residues (glutamic acid and as-
partic acid), especially in their first 20 amino
acids (Fig. 1, fig. S1, and table S1). This
results in an overall positive charge—a fea-
ture shared with plant chloroplast transit pep-
tides (in which the positive charge is mostly
due to arginine). Malarial transit peptides are
also enriched in isoleucine but contain small-
er amounts of small apolar amino acids [gly-
cine, alanine, valine, and leucine (table S1)].

We then searched for features that distin-
guished between data sets of apicoplast-
targeted and non-apicoplast proteins, with the
goal of identifying apicoplast proteins from
the complete P. falciparum genome. After
prediction of the signal peptide cleavage site
by the neural network tool SignalP (16), pu-
tative transit peptides were identified by two
main features: (i) the regional net charge at
their NH2-terminus, including the nature of
the first charged amino acid (basic versus
acidic) [characteristics that have also been
found to be important for mitochondrial tran-
sit peptides (18, 19)]; and (ii) the presence of
a sequence region enriched in asparagine and
lysine (and its regional net charge). By as-
signing appropriate cutoff values, we gener-
ated several sets of rules that, in conjunction
with SignalP, identified protein sequences
with NH2-terminal sequence characteristics
typical of apicoplast-targeted proteins. The
simplest set of rules defined a protein as
“apicoplast-positive” if it met the following
three criteria: (i) it started with a signal pep-
tide, (ii) the 80 amino acids following the
predicted signal peptide cleavage site con-
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Fig. 1. Positional properties of apicoplast-targeting leaders of P. falciparum. Sixty-eight putative
apicoplast-targeted proteins were aligned around the predicted signal peptide (SP) cleavage sites
(arrowhead at bottom of left panel) and around the estimated boundaries between the transit
peptide (TP) and the mature protein (MP) (17) (arrowhead at bottom of right panel). The graphs
show average occurrences of acidic (red line) and basic (blue line) amino acids, as well as the
average sum of asparagine and lysine residues (black line) (left scale on y axis). The yellow line
indicates hydrophobicity (average Kyte-Doolittle values; right scale on y axis). Each value repre-
sents the mean of the 68 protein sequences at a given position, which was then averaged over five
consecutive alignment positions.
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tained a stretch of 40 amino acids with at
least nine asparagines and/or lysines, and (iii)
the asparagine/lysine-enriched region had a
ratio of basic residues to acidic residues of at
least 5 to 3. When applied to the published
training sets (15), this combination of rules
correctly classified 72 out of 76 likely apico-
plast-targeted proteins, and 97 out of 102
non-apicoplast proteins. To generate a tool
that would produce a scaled rather than just a
binary (yes or no) output, we combined three
sets of rules based on features described
above. Our tool, “PlasmoAP” (for Plasmodi-
um falciparum apicoplast-targeted proteins),
thus generates a score on a four-point scale

denoting how well a given sequence matches
the characteristics of apicoplast-targeted pro-
teins, which in turn may indicate the likeli-
hood of it being apicoplast-localized in vivo.
This tool is described in the supporting online
material and is publicly available at http://
PlasmoDB.org (20). PlasmoAP readily dis-
criminates apicoplast- from mitochondrion-
targeted proteins, because mitochondrial pro-
teins lack a signal peptide.

Rigorous analysis of PlasmoAP accuracy
in silico is not currently possible because of
the paucity of experimentally validated api-
coplast proteins [only two have been verified
in P. falciparum (12)]. However, an impor-

tant advantage of rule-based predictors such
as PlasmoAP over neural networks (15) is the
ability to test underlying rules in vivo. We
therefore carried out transit peptide mutagen-
esis experiments to test parameters of amino
acid charge intrinsic to PlasmoAP. The wild-
type bipartite leader (signal peptide plus tran-
sit peptide) of acyl carrier protein (ACP)
directed green fluorescent protein (GFP) to
the apicoplast in P. falciparum (Fig. 2A)
(12). Consistent with the two-step mecha-
nism of plastid targeting in apicomplexan
parasites, signal peptide deletion from the
ACP leader resulted in cytoplasmic GFP ac-
cumulation (Fig. 2B). Transit peptide dele-
tion led to the secretion of GFP into the
parasitophorous vacuole, which is the com-
partment that separates the parasite from the
surrounding host erythrocyte (Fig. 2C) (12),
providing a convenient phenotype to assay
transit peptide mutants. Eliminating two pos-
itive charges from the NH2-terminus of the
ACP transit peptide (by changing two lysines
into alanines at transit peptide positions 2 and
6) maintained a net positive charge in the
transit peptide and did not substantially dis-
rupt apicoplast targeting (Fig. 2D). Replacing
either of these two lysine residues by glutam-
ic acid resulted in two different phenotypes.
Insertion of a negative charge at position 6
led to a small perturbation of targeting where-
by most of the GFP was still trafficked to the
apicoplast while a minor component accumu-
lated in the parasitophorous vacuole (Fig.
2E), which is indicative of a slightly reduced
transit peptide efficacy. In contrast, reversing
the charge at the position closest to the
NH2-terminus (transit peptide position 2)
drastically altered targeting, with virtually all
of the GFP accumulating in the parasitopho-
rous vacuole (Fig. 2F). Replacing both lysine
residues with acidic residues completely ab-
lated apicoplast targeting (Fig. 2, G and H)
and produced a phenotype akin to that ob-
served when the transit peptide was com-
pletely removed (Fig. 2C). The fact that glu-
tamic acid (Fig. 2G) and aspartic acid (Fig.
2H) residues generated the same phenotype
indicates that the amino acid charge was the
decisive factor preventing apicoplast target-
ing. Signal peptides were faithfully cleaved
in all mutants, and accurate processing of
transit peptides (21) was apparent where GFP
was targeted to the apicoplast (22).

These in vivo experiments demonstrate
that both the placement of basic residues and
the depletion of acidic residues in transit
peptides are crucial for plastid targeting in P.
falciparum, as has been observed in mito-
chondrial transit peptides (18, 19). PlasmoAP
was highly accurate in predicting targeting
outcomes for the mutant transit peptides (Fig.
2). The mutant in which a glutamic acid
replaced a lysine near the NH2-terminus of
the transit peptide (Fig. 2F) represented the

Fig. 2. GFP targeting by mutant ACP transit peptides. (A) Apicoplast targeting of the wild-type ACP
leader. (B) Cytosolic targeting of a construct lacking a signal peptide. (C) Secretion to the
parasitophorous vacuole of a construct lacking a transit peptide. The substitutions introduced into
mutants (D to I) are detailed in the accompanying panels at right (25), where a dot ( � ) indicates
no change. Check marks indicate putative Hsp70 binding sites. Predictions by the apicoplast protein
predictor PlasmoAP are shown for each mutant. Internal labeling in (F) to (I) likely represents GFP
in the food vacuole that has been taken up from the parasitophorous vacuole during phagocytosis.
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only discrepancy between observed pheno-
types and PlasmoAP predictions.

We then used PlasmoAP to predict how
many of the 5282 proteins of the P. falciparum
nuclear genome (5) are likely to be apicoplast
targeted. 529 sequences received a “good” (�)
or “very good” (��) PlasmoAP score (the
PlasmoAP scoring system is described in the
supporting online material). After manual re-
moval of 63 proteins judged to be non-apico-
plast on the basis of their previous annotation,
we thus identified 466 proteins that we predict
to be apicoplast-targeted. Potential apicoplast
proteins thus represent a considerable subset of
the 1399 proteins predicted to enter the Plas-
modium endomembrane system (17). Most
(77%) of the 466 PlasmoAP-predicted apico-
plast proteins are also predicted to be apicoplast-
targeted by the neural network PATS (15).
Furthermore, the size and putative functions of
this predicted set of proteins are congruent with
current understanding of apicoplast metabolic
pathways (5).

Another factor suggested to play a role in
protein targeting to plant plastids is the bind-
ing of Hsp70 chaperones to plastid transit
peptides (8–10). Putative Hsp70 binding sites
can be predicted with a bioinformatic tool
originally developed to predict the binding
affinities of short peptides to the bacterial
Hsp70 homolog DnaK (23), and analyses of
plant transit peptides revealed an abundance
of Hsp70 binding sites (9, 10). Predicted
Hsp70 binding sites in plant transit peptides
are concentrated at two regions: approximate-
ly at amino acid 13 and amino acids 26
through 36 (9, 10) (Fig. 3, inset). This same
pattern is reflected in predicted apicoplast
transit peptides (Fig. 3) but is absent from
non-apicoplast proteins (Fig. 3). This pattern
and the abundance of putative binding sites in
apicoplast transit peptides (�90% of se-
quences) suggested that Hsp70 binding might
be important to apicoplast targeting.

To test this hypothesis in vivo, we con-
structed another ACP transit peptide mutant,
in which one isoleucine and two leucine res-
idues were changed to alanines, and one phe-
nylalanine was changed to tryptophan (Fig.
2I). These conservative mutations did not
alter charge, hydrophobicity, or aromatic
amino acid content (Fig. 2I) but drastically
changed predicted Hsp70 binding affinity
(fig. S3). In the Hsp70 mutant, most GFP was
mistargeted to the parasitophorous vacuole,
although some GFP fluorescence was still
detectable in the plastid of some cells (Fig.
2I), particularly in merozoites where no para-
sitophorous vacuole is present (not shown in
Fig. 2). Ablation of putative Hsp70 binding
sites, without changing charge properties,
thus led to a substantial decrease in transit
peptide efficacy. The hypothesis that Hsp70
binding sites are an important component of
apicoplast transit peptides might also explain

a previously anomalous experimental result
observed in the related apicomplexan parasite
Toxoplasma gondii. The first 55 amino acids
of the T. gondii ribosomal protein small sub-
unit 9 (S9) leader target GFP to the Toxoplas-
ma apicoplast, but a small COOH-terminal
truncation in the transit peptide, leaving 49
amino acids, abrogates apicoplast targeting
(24). Hence, six amino acids [RVLPLV (25)]
of this transit peptide are vital for apicoplast
targeting (24). These six amino acids com-
pose an excellent hydrophobic core for a
potential Hsp70 binding site (fig. S3). The
Toxoplasma deletion construct (24) is thus
consistent with our findings implicating
Hsp70 binding to transit peptides as being
important for apicoplast targeting.

Several factors limit our understanding of
the importance of Hsp70 binding to transit
peptide functionality. Some residual targeting
to the apicoplast in the mutant transit peptide
(Fig. 2I) suggests that Hsp70–transit peptide
interactions are not an absolute requirement
for plastid targeting and/or import but might
simply increase efficacy and fidelity. As is
the case in mitochondrial and plant chloro-
plast transit peptides (26), a small number
(�10%) of putative apicoplast transit pep-
tides are predicted by the existing algorithm
(23) to lack Hsp70 binding sites, but it is
unclear whether this is due to limitations in
applying this tool to eukaryotic systems. It

remains to be demonstrated that Hsp70 binds
to apicoplast transit peptides, which has been
shown for both plant chloroplast and mito-
chondrial transit peptides (26). Because of
these uncertainties, Hsp70 site prediction was
not incorporated into PlasmoAP. According-
ly, PlasmoAP did not correctly predict the
targeting outcome for the Hsp70 mutant (Fig.
2I), which represents a current limitation as
well as a future challenge for this tool.

These results suggest a simple model of
plastid targeting in malaria parasites that in-
corporates components of mitochondrial and
plant plastid protein import (7, 27, 28), as
well as additional features required to explain
transport across the four membranes sur-
rounding the apicoplast (13). In this model,
the signal peptide mediates cotranslational
insertion into the endomembrane lumen and
is cleaved. Endomembrane-derived vesicles
dock with the outermost apicoplast membrane,
delivering proteins whose NH2-termini are
maintained in an unfolded conformation by
bound Hsp70 molecules (5). Positively charged
transit peptides are electrophoretically drawn
through a series of negatively charged trans-
membrane pores (13) into the reducing environ-
ment of the apicoplast lumen (5, 29). Once
inside, apicoplast-encoded Hsp93 (previously
called Hsp100 or ClpC) (28, 30) and/or Hsp70
bind to the transit peptide, preventing retro-
grade movement and drawing the protein into

Fig. 3. Predicted Hsp70
binding affinities for pu-
tative apicoplast-target-
ed and non-apicoplast
proteins identified in the
P. falciparum genome.
All sequences contained
an NH2-terminal signal
peptide (16), which was
removed before calcula-
tion of Hsp70 binding
affinities (23) (expressed
as free energy; lower val-
ues correspond to higher
Hsp70 affinity). Thus,
the binding affinities re-
fer to the transit peptide
and mature protein re-
gions in the putative
apicoplast-targeted and
non-apicoplast proteins,
respectively. Binding af-
finities were averaged
for (blue line) 651 likely
non-apicoplast proteins
that received a negative
(–) PlasmoAP score [af-
ter removal of 164 puta-
tive rifins and stevors
and seven sequences
that are annotated as
apicoplast-targeted (5)], for (orange line) 466 likely apicoplast-targeted proteins that received a positive (�
and ��) PlasmoAP score (after removal of 63 sequences annotated as localized to other compartments),
and for (dark red line) 95 very likely apicoplast-targeted sequences that received a positive (� and ��)
PlasmoAP score and whose annotation is suggestive of apicoplast localization. The inset (green line) shows
predicted Hsp70 binding affinities for a collection of chloroplast-targeting transit peptides from plants
[redrawn from (9)].
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the apicoplast. The transit peptide is cleaved by
a stromal processing peptidase (21), and the
mature protein refolds with the assistance of the
apicoplast-targeted GroEL homolog Cpn60 (5).
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Most gastrointestinal stromal tumors (GISTs) have activating mutations in the
KIT receptor tyrosine kinase, and most patients with GISTs respond well to
Gleevec, which inhibits KIT kinase activity. Here we show that�35% (14 of 40)
of GISTs lacking KIT mutations have intragenic activation mutations in the
related receptor tyrosine kinase, platelet-derived growth factor receptor �
(PDGFRA). Tumors expressing KIT or PDGFRA oncoproteins were indistinguish-
able with respect to activation of downstream signaling intermediates and
cytogenetic changes associated with tumor progression. Thus, KIT and PDGFRA
mutations appear to be alternative and mutually exclusive oncogenic mech-
anisms in GISTs.

Gastrointestinal stromal tumors (GISTs) are the
most common mesenchymal tumors of the gas-
trointestinal tract and are particularly sensitive
to Gleevec, a new cancer therapy (1–5).
Gleevec inhibits the constitutively activated
form of the KIT receptor tyrosine kinase, which
is the critical transforming oncoprotein in more
than 85% of GISTs. Although most GISTs
have activating KIT mutations, a subset are KIT
wild type (KIT-WT ) (6, 7). Notably, a high
level of total KIT protein expression, which is a
defining feature of GISTs (2, 7, 8), is not char-
acteristic of KIT-WT GISTs (fig. S1). However,
cells of the interstitial cells of Cajal lineage—
from which GISTs are thought to arise—ex-
press KIT strongly (2, 9). Therefore, activation
of another oncoprotein in KIT-WT GISTs
might be accompanied by KIT transcriptional
down-regulation.

To explore alternative receptor tyrosine
kinase (RTK) oncoproteins that might partic-
ipate in GIST pathogenesis, we performed
immunoprecipitations with polyclonal anti-
sera (panRTK antisera) against peptides from
regions of strong sequence conservation
across the family of receptor tyrosine kinases.
These panRTK antisera have been extensive-
ly validated in immunoprecipitations of
ERBB2, NTRK3, ALK, and KIT kinase on-
coproteins from lysates of frozen human tu-

mors (10). Phosphotyrosine immunostaining
of panRTK immunoprecipitates from a KIT-
WT GIST (GIST478) revealed presumptive
phosphoproteins of about 150 and 170 kD,
consistent with the size of immature and ma-
ture glycosylated PDGFRA, respectively
(Fig. 1, A and B). We next showed that
phosphorylated PDGFRA (phosphoPDG-
FRA) was strongly expressed and comigrated
with the panRTK phosphoproteins and sev-
eral of the predominant phosphorylated pro-
teins from the GIST478 whole-cell lysate
(Fig. 1, A and B). By contrast, KIT was not
demonstrably phosphorylated. Therefore,
phosphoPDGFRA appeared to be the pre-
dominant phosphoRTK in GIST478.

Mutually exclusive phosphoKIT and phos-
phoPDGFRA expression was demonstrated, re-
spectively, in a GIST with a KIT juxtamem-
brane region mutation and another KIT-WT
GIST (Fig. 1, C to E). We then confirmed
differential phosphoPDGFRA expression in
three KIT-WT and two KIT-mutant GISTs.
PhosphoPDGFRA expression was restricted to
the KIT-WT GISTs, where KIT expression was
low to undetectable (Fig. 1, F to H). Likewise,
PDGFRA expression was low to undetectable
in �70% of KIT-mutant GISTs (fig. S2). Con-
firmation of GIST diagnosis in KIT-WT GISTs
was enabled by immunostaining for protein
kinase C � (fig. S3).

We identified PDGFRA activation loop
(exon 18) mutations in the three KIT-WT
GISTs that expressed phosphoPDGFRA (Fig.
1). Two of the KIT-WT GISTs had an identical
PDGFRA missense mutation, leading to substi-
tution of valine for the highly conserved aspar-
tic acid at codon 842 (PDGFRA D842V ) (11).
The other KIT-WT GIST had an in-frame de-
letion, resulting in loss of PDGFRA amino acid
residues 842 to 845 (DIMH). These PDGFRA
mutations ( Table 1) (figs. S4 to S6) are homol-
ogous to those responsible for KIT and FMS-
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