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A Host-Targeting Signal in
Virulence Proteins Reveals a
Secretome in Malarial Infection

N. Luisa Hiller, Souvik Bhattacharjee, Christiaan van Ooij,
Konstantinos Liolios, Travis Harrison, Carlos Lopez-Estrano,*
Kasturi Haldart

Malaria parasites secrete proteins across the vacuolar membrane into the
erythrocyte, inducing modifications linked to disease and parasite survival. We
identified an 11-amino acid signal required for the secretion of proteins from
the Plasmodium falciparum vacuole to the human erythrocyte. Bioinformatics
predicted a secretome of >320 proteins and conservation of the signal across
parasite species. Functional studies indicated the predictive value of the signal
and its role in targeting virulence proteins to the erythrocyte and implicated
its recognition by a receptor/transporter. Erythrocyte modification by the
parasite may involve plasmodial heat shock proteins and be vastly more

complex than hitherto realized.

P. falciparum causes the most virulent form
of human malaria. Blood stage parasites that
infect mature erythrocytes are responsible
for all the symptoms and pathologies of the
disease (/). Proteins secreted from the
parasite to the host erythrocyte are responsi-
ble for many disease pathologies and death
(). They are also thought to underlie struc-
tural and transport changes in the erythrocyte
required for parasite survival (2, 3). Thus,
secreted protein families such as subtelomeric
variable open reading frame (STEVOR),

Within the erythrocyte, P. falciparum
resides and develops surrounded by a para-
sitophorous vacuolar membrane. Several
studies have established that a cleavable
endoplasmic reticulum (ER)-type signal
sequence (SS) is sufficient for protein re-
cruitment into the secretory pathway within
the parasite, as well as release at the parasite
plasma membrane and into the lumen of the

parasitophorous vacuole (§—/0). We have
recently demonstrated that for two histidine-
rich proteins [the knob-associated histidine-
rich protein or histidine-rich protein I (HRPI)
as well as histidine-rich protein II (HRPII)],
cleavage of the ER-type SS reveals a vacuolar
transport signal (VTS) that resides within the
next 40 amino acids of each protein (/7). The
VTS is required to export a reporter such as
green fluorescent protein (GFP) from the
lumen of the parasitophorous vacuole to the
erythrocyte cytoplasm and must be exposed at
the N terminus (/7). We now show (Fig. 1A)
VTSs located within 60 amino acids down-
stream from the SS cleavage site of non—
histidine-rich proteins [such as PIEMP2 (12)
and glycophorin-binding protein 130 (GBP
130) (/3) that are known to be exported to the
erythrocyte].

Multiple Expectation Maximization for
Motif Elicitation (MEME) analysis revealed
the presence of a primary pattern common in
five experimentally validated VTS sequences
(fig. S1, A and B) (/4). Reiterative use of
MEME and of the Motif Alignment and
Search Tool (MAST) (fig. S1) (/4) in the
P. falciparum database yielded an optimized
MEME motif of RxSRILAExxx (/5) (blue
bar in Fig. 1B; the positional value indicated
by x is elaborated in fig. S1A). This motif
was detected in 259 parasite proteins, 8 of
which were removed by hand curation, leav-

Table 1. Summary of predicted secretome based on table S1.

repetitive interspersed family (RIFIN), and No. of ble ch o .
P. falciparum erythrocyte membrane protein Category proteins Notable characteristics Annotation source
1 (PfEMP1) are responsible for antigenic and -
adhesive changes in the infected erythrocyte Unknowns 91 No annotation None
. . Protein families 8 Range between two to four This report
(4). PIEMPIs are the major virulence deter- sequences from predicted
minants in cerebral and placental malaria secretome per family
commonly seen in young children and preg- Protein rich in internal 10  Repeats This report
nant women [the groups most vulnerable to repeats
malaria (4, 5)]. Despite advances in proteo- Prqteins highly enrichgd ) 11 At lea;t one residue is highly _ This report
mics (6, 7), parasite proteins that underlie in one or more amino acids e.nrlched over expected frequencies
. . . . . RIFINs 119  Variant antigens PlasmoDB
multiple phenotypic modifications in the STEVORs 22  Variant antigens PlasmoDB
erythrocyte meml?rane, as yvell as the. number  candidate phosphatases 3 Aminopeptidase/o/B hydrolase PlasmoDB, this report
of exported proteins, remain enigmatic (2, 3). o/p hydrolase PlasmoDB, this report
We investigated whether critical, conserved Calcineurin-like phosphoesterase This paper
transport signals target proteins from the Can.didate serine-threonine 3 38 protein Pla.smoDB
parasite to the erythrocyte to establish the kinases z:gz: 1::: :zEZ:
presence pf a major host-targeting pathwqy. M predicted heat shock proteins 3 hsp40 homolog PlasmoDB, this report
malarial infection and to enable recognition DNAJ PlasmoDB, this report
of a wide range of proteins (a “secretome”) DNA] domain PlasmoDB, this report
that present high-value candidate effectors of  Predicted ARF 1 Missing one domain critical for PlasmoDB
disease and infection. guanosine 5-triphosphate binding
Presence of glycophorin- 3  GBP 130 PlasmoDB
binding repeats Five repeats PlasmoDB
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ing 251 parasite proteins (fig. SIA). These
included our original input of five soluble
proteins, a surprisingly large number of hy-
pothetical proteins (Table 1 and table S1),
and known exported antigens (/6—18) not in
our original input (thereby validating the
MAST). Prominent among the known pro-
teins were 119 and 22 membrane-bound
RIFINs and STEVORs, respectively, even
though our original input contained only
soluble exported proteins. Consistent with
the location of STEVORs in erythrocytic
“cleft” structures (/6), expression of a full-
length STEVOR fused at its C terminus to
GFP resulted in detection of green fluores-
cence in punctate domains in the erythro-
cyte (Fig. 1Ca). Notably, the first 60 amino
acids downstream of STEVOR SS (but
lacking the transmembrane domains) con-
stitute a VTS and export the GFP reporter
to the erythrocyte cytosol (Fig. 1Cb),
suggesting a shared function for the motif
in both soluble and membrane antigens.
Additional signals must localize full-length
STEVORs to punctate domains in the
erythrocyte.

A sequence logo (19) of the MEME motif
and its surrounding region is presented in
Fig. 2A. It reveals the high information
content of the 11 amino acids in the motif.
It indicates that Arg in position 4 and Leu in
position 6 are the most highly conserved res-
idues in the motif. It also shows the lower
but finite positional value of the three C-
terminal residues represented as “xxx” in the
linearized motif RxSRILAExxx. Placing an
Ala in position 4 or in position 6 in the
PfHRPII VTS blocks export of GFP to the
erythrocyte (Fig. 2B), indicating that the mo-
tif provides a signal for protein export from
the vacuole to the erythrocyte. Inhibition of
export upon single amino acid replacement
implicates recognition of the signal by a
receptor/transporter.

To independently test the predictive
power of the motif in identifying unknown
exported proteins, we investigated whether a
hypothetical protein in the MAST output (fig.
S1A) contained a functional export signal. We
selected a protein (PFE1615c) expressed dur-
ing blood stage infection (as determined by
transcriptome analysis) (20, 21) with no Na-
tional Center for Biotechnology Information
(NCBI) homologs or Pfam pattern recognized
in silico. Furthermore, it is only present in the
second MAST output and not in the first
(fig. S1A). Although still included in the
matrix, its motif (THSRILKQLEF) differs
from that of PfHRPII (LNKRLLHETQA)
(and all of the initial experimental data set).
PFE1615c¢ contains a vacuolar translocation
signal (Fig. 2Ca) that can export GFP to the
erythrocyte, but this export is blocked by
replacement of RILKQLE in its motif with
LNAKALA (Fig. 2Cb). Thus, the motif
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(GBP 130) == C me—mm

= (PfEMP2) » (STEVOR)

B » (STEVOR)
DomainI DomainII
GEP130 DEKYEKAVDYGFRESRILAEGEDTCA
EMP2 ESPTYSYSSIKNNNDRYVRILSETEPPMSLEEIM
HRPI SNNCNNGNGSGDSFDFRNKRTLAQKQ
EMP3 EYFTVVKNYNKIDNVYNIFEIRLKRSLAQVLG
HRPII FNNNLCSKNAKGLNLNKRLLHETQ

Fig. 1. Identification of a conserved motif of 11 amino acids in VTSs of parasite proteins exported
to the erythrocyte. (A) VTS of proteins PfGBP 130 and PfEMP2 target GFP to the erythrocyte.
Projections (0°) of live cells expressing GFP chimeras of a SS alone (a), SSVTSGBP130 (b), and
SSVTSEMP2 (c). (B) Alignment of MEME motifs in VTSs of indicated five exported soluble proteins.
Red bar underlines 5-amino acid MEME motif 1. Blue bar underlines 11-amino acid MEME motif 2.
(C) Projections (0°) of live cells expressing GFP chimeras of full-length STEVOR (a) and
SSVTSSTEVOR (b). (A) and (C) were detected by digitized fluorescence microscopy. Parasite (p)
nucleus is Hoechst stained (blue). Green, GFP; e, erythrocyte. Schematic above panels indicate
constructs containing SS (black), VTS (orange) of the indicated proteins, and GFP (green). STEVOR
sequences downstream of the VTS are indicated in brown in (C). Scale bars, 5 um.
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Fig. 2. The VTS motif is a signal for vacuolar protein export and shows high value in identification
of unknown parasite proteins exported to the erythrocyte. (A) Sequence logo derived from the
predicted secretome. Amino acids are represented by one-letter abbreviations and color coded as
follows: blue, basic; red, acidic; black, hydrophobic; green, polar. Height of amino acids is
proportional to the fraction of the observed frequency relative to the expected frequency in
P. falciparum proteins. (B) Projections (0°) of live cells expressing GFP chimeras of SSHRPIIVTS
with no change (a) or motif point mutants R4A (b) or L6A (c), where 4 and 6 indicate position
in the signal. Export of green fluorescence (GFP) to erythrocyte (e) is abrogated in both point
mutants. (C) Projections (0°) of live cells expressing GFP chimeras of SSVTSPFE1615¢c with
intact motif (a), or replacement of motif sequences RILKQLE with LNAKALA (b). Replacement
of motif residues blocks export of green fluorescence to the erythrocyte. (B) and (C) were
detected by digitized fluorescence microscopy. Parasite (p) nucleus is Hoechst stained (blue).
Schematics above panels indicate constructs containing SS (black), VTS (orange) of the indicated
proteins, and GFP (green). Stars indicate single amino acid substitutions and the triangle
indicates seven-residue replacement. Scale bars, 5 um.
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provides a vacuolar export signal in un-
known proteins, shows high predictive
value in identifying hitherto unknown par-
asite proteins exported to the erythrocyte,
and is conserved across parasite species
(fig. S4) (22).

Arguably, the most important of known
parasite protein families exported to the
erythrocyte is the PfEMP1 family (7). How-
ever, PfEMPI1s lack a leader SS and are
presumably recruited into the parasite se-
cretory pathway by means of an internal SS
that serves as membrane anchor for these type
I membrane proteins (23). Thus, PfEMPIs
were not included in our initial database sub-
jected to MAST (fig. S1 series). We therefore
investigated the presence of the MEME motif
in a data set that contained P. falciparum
proteins that lack a predicted N-terminal ER-
type SS (fig. S2). Three predicted PfEMP1
sequences containing QFFRWFSEWSE or
IGKRVHAQVQN were detected in the MAST
(fig. S2A). IGKRVHAQVQN was present in
only two proteins, whereas QFFRWFSEWSE
is a highly conserved sequence in all PFEMP1s
(Fig. 3A and fig. S2B). We reasoned that
an export motif should be preserved in the
family. Unfortunately, because of their size,
full-length PfEMP1s cannot be cloned and

A
NAME START

Pfa3D7|chiS|PFOS_0140jAn 305
Pfa3D7|chr13_1[PF13_0003 305
Pfa3D7|chr13_1[MAL13P1354 270
Pfa3D7|chr12|PFLO030c|An 270
Pfa3D7|pfal_che9|PFI1820 w 293

MALGPL.314 303
PFA0015¢ 300
chrd.glm_42 64
PfEMP1 1521
B fragment
with motif

s semssm (PfEMP1)

(o

NNGGAPPTNL DYV
REELIVPTYL DYV
HYEERVPTKL DYV
HYEERVPTEL DYV
CGRDTDPPVV DYI
CGRDTDPPVV DYI
CGHDTDPPVV DYI
DYPVGNDREE GCTEYQFFRWFSEWSE DFCQRQERQL

Amms wemssm (PFEMP1)

expressed as transgenes. Nonetheless, we suc-
cessfully synthesized a “minitransgene” con-
taining the motif that is present in full-length
PfEMP1s beyond amino acid 200 but before
the cysteine-rich interdomain region a
(Fig. 3, A and B). The synthetic PfEMP1 also
contained the conserved transmembrane and
C-terminal cytoplasmic domains (amino acids
1521 to 2042 of P. falciparum P{EMPI,
NCBI accession number AAB09769.1), but
most of the PFEMP1 adhesive domains were
replaced by GFP (Fig. 3B). Expression of
this transgene resulted in the export of green
fluorescence primarily to “spots” (possibly
reflecting clefts) in the erythrocyte (Fig. 3Ca).
When FFRWFSEWS in the motif was re-
placed by AASTDIAST (Fig. 3Cb) or the
N-terminal fragment was deleted (Fig. 3Cc),
green fluorescence remained with the
parasite. This provides the first identifica-
tion of a conserved sequence in the virulence
membrane protein PfEMP1 that can signal
protein export to the erythrocyte. This is
likely to occur without exporting the
membrane protein into the erythrocyte
cytosol. Although the exact step of vacuolar
export catalyzed by the signal in transmem-
brane proteins is not yet delineated, the
motif clearly provides a host/erythrocyte-

SITES
QFVRWFEEWAD DFCRIRKHKL
QF LRWLNEWSE EFCRIENIKI
QFLEWLTEWIEDFYREKQNLI
QF LRWLTEWIE DFYREKQNLI
QRLRWMSEWSE YFCNVLNKEI
QRLERWMSEWSE YFCNVLNKEI
QRLERWMSEWSE YFCNVLNKEI

PfEMP1 2042

™
domain

Cytoplasmic domain

s semsm (PfEMP1)

1936

Fig. 3. A host-targeting signal is detected in the virulence membrane protein PfEMP1. (A)
Alignment of multiple predicted PfEMP1 sequences with colored amino acids highlighting the
MEME of the conserved region (74), in which the last 11 colored amino acids correspond to a
predicted export signal. (B) Schematic representation of a PfEMP1 minigene-GFP chimera
containing PfEMP1 domain (orange) with the MEME motif as well as transmembrane and
cytosolic domain (amino acids 1521 to 2042 from PfEMP1 AAB09769.1) (yellow, brown, and blue).
(C) Projections (0°) of live cells expressing the PfEMP1 minigene—GFP chimera with no change (a),
nine-residue replacement (triangle) of FFRWFSEWS in signal with AASTDIAST (b), and deletion of
the 203-to-321 fragment (c), as detected by digitized fluorescence microscopy. Export of green
fluorescence is primarily to “spots” (possibly reflecting clefts) in the erythrocyte in (a). This export
is blocked by either replacement of indicated residues in the predicted signal or loss of the
fragment (containing the motif). p, parasite; e, erythrocyte. Scale bars, 5 um. Identification codes
shown are from PlasmoDB.

targeting signal in PfEMP1 transport. The
experimentally validated PfEMP1 signal
QFFRWFSEWSE can be incorporated into
the MEME and MAST analysis in fig. S1A
to optimize the plasmodial host-targeting
(PlasmoHT) pattern (22).

The presence of the host-targeting signal
in putative parasite phosphatases and kinases
expressed during blood stage infection (Table
1 and table S1) suggests that these activities
modify the erythrocyte, consistent with pre-
vious data suggesting export of these parasite
functions to the erythrocyte (24). A putative
parasite adenosine 5'-diphosphate-ribosylation
factor (ARF) or ARF-like protein is also
predicted to be exported, the functional
evaluation of which may reveal whether the
parasite exports both the machinery and cargo
underlying erythrocyte modification. Notably,
our study provides the first prediction for the
export of parasite-encoded heat shock proteins
to the erythrocyte. Moreover, evidence that a
GFP fusion of a soluble heat shock protein 40
(HSP40) (with motif TSLRSLAEFNS) is ex-
ported to the erythrocyte (fig. S3) strongly
supports a role for these parasite chaperones in
the process of protein export and/or erythro-
cyte modification.

The vacuolar export/host-targeting signal
is also present in 91 unknown proteins
(Table 1). Conservative estimates project that
at least 50 of these unknowns are expressed
during blood stage infection (table S1), sug-
gesting the possibility that the parasite in-
duces substantial complex molecular changes
in the erythrocyte, of which we remain
largely ignorant. Importantly, they provide
high-value candidate effectors, the functional
analyses of which may yield further insights
into mechanisms underlying virulence and
disease associated with blood stage malarial
infection as well as the ability of the parasite
to survive within the erythrocyte.
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We report a draft sequence for the genome of the domesticated silkworm
(Bombyx mori), covering 90.9% of all known silkworm genes. Our estimated
gene count is 18,510, which exceeds the 13,379 genes reported for Drosophila
melanogaster. Comparative analyses to fruitfly, mosquito, spider, and butterfly
reveal both similarities and differences in gene content.

Silk fibers are derived from the cocoon of the
silkworm Bombyx mori, which was domesti-
cated over the past 5000 years from the wild
progenitor Bombyx mandarina (I). Silk-
worms are second only to fruitfly as a model
for insect genetics, owing to their ease of
rearing, the availability of mutants from
genetically homogeneous inbred lines, and
the existence of a large body of information
on their biology (2). There are about 400
visible phenotypes, and ~200 of these are
assigned to linkage groups (3). Silkworms
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can also be used as a bioreactor for protein-
aceous drugs and as a source of biomaterials.
Here, we present a draft sequence of the
silkworm genome with 5.9x coverage.

B. mori has 28 chromosomes. More than
1000 genetic markers have been mapped at
an average spacing of 2 ¢cM (~500 kb) (4). A
physical map is being constructed through
the fingerprinting and end sequencing of
bacterial artificial chromosome (BAC)
clones (5). Many expressed sequence tags
(ESTs) have been produced (6), and a 3x
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domain and cytoplasmic tail has NCBI identification
code AAB09769.1.
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draft sequence has just been announced by
the International Lepidopteran Genome Proj-
ect (7). Our project is independent of, but
complementary to, that of the consortium.
Our sequence has been submitted to the
DNA Data Bank of Japan/European Molec-
ular Biology Laboratory/GenBank (project
accession number AADK00000000, version
AADKO01000000) and is also accessible from
our Web site (http://silkworm.genomics.
org.cn) (8). ESTs discussed in this Report
can be found at GenBank (accession num-
bers CK484630 to CK565104).

DNA for genome sequencing is derived
from an inbred domesticated variety, Dazao
(posterior silk gland, fifth-instar day 3, on a
mix of 1225 males). A whole-genome shot-
gun (9) technique was used, and our coverage
is 5.9%. Including the unassembled reads, the
total estimated genome size is 428.7 Mb, or
3.6 and 1.54 times larger than that of fruitfly
(10) and mosquito (/7). The N50 contig and
scaffold sizes are 12.5 kb and 26.9 kb. Our
assembly contains 90.9% of the 212 known
silkworm genes (with full-length cDNA se-
quence), 90.9% of ~16,425 EST clusters, and
82.7% of the 554 known genes from other
Lepidoptera. Additional details of our quality
analyses are given in the supporting online
material (fig. S1 and tables S1 to S6).

We developed a gene-finder algorithm
BGF (BGI GeneFinder) (fig. S2), based on
GenScan and FgeneSH. To determine a gene
count for silkworm, one must correct for
erroneous and partial predictions (Table 1).
The final corrected gene count for silkworm
is 18,510 genes, which far exceeds the
official gene count of 13,379 for fruitfly
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