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Abstract

Previously we described the identification of a Plasmodium falciparum signal peptide peptidase
(PfSPP) functioning at the blood stage of malaria infection. Our studies also demonstrated that
mammalian SPP inhibitors prevent malaria parasite growth at the late-ring/early trophozoite stage
of intra-erythrocytic development. Consistent with its role in development, we tested the
hypothesis that PfSPP functions at the endoplasmic reticulum of Plasmodium fal ciparum where it
cleaves membrane-bound signal peptides generated following the enzyme activity of signal
peptidase. The localization of PfSPP to the endoplasmic reticulum was confirmed by
immunofluorescence microscopy and immunogold electron microscopy. Biochemical analysis
indicated the existence of monomer and dimer forms of PfSPP in the parasite lysate. A
comprehensive bioinformatics screen identified several candidate PfSPP substrates in the parasite
genome. Using an established transfection based in vivo luminescence assay, malaria heat shock
protein 101 (HSP101) was identified as a substrate of PfSPP, and partial inhibition of PfSPP
correlated with the emergence of gametocytes. This finding unveils the first known substrate of
PfSPP, and provides new perspectives for the function of intra-membrane proteolysis at the
erythrocyte stage of malaria parasite life cycle.
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Introduction

Plasmodium fal ciparum represents the most lethal parasite causing human malaria. Millions
of infections occur each year, and show a particularly high mortality in young children [1].
Due to increasing drug resistance, and the lack of an effective vaccine, there is an urgent
need to identify new drug targets. Proteases have long been considered viable drug targets.
Recent studies have identified a single gene encoded aspartic protease essential for parasite
development and survival [2,3,4,5]. This enzyme termed Plasmodium fal ciparum signal
peptide peptidase (PfSPP) may serve as a promising drug target; however, its precise
cellular function and natural substrates are not yet known. Eukaryotic signal peptide
peptidases (SPPs) are known to process signal peptide “stubs” left behind in the
endoplasmic reticulum (ER) during protein processing [6,7]. The human homologue of
malaria SPP is known to function as a dimer in vivo, and localizes to the endoplasmic
reticulum where it plays a key role in processing the histocompatibility proteins as well as
the hepatitis C virus polyprotein [7,8]. In several other species including Drosophila,
Caenorhabditis elegans, and zebrafish, SPPs play a key role in development [9,10,11].
Additional functions of SPPs in protein processing include a key role in the stabilization of
transmembrane (TM) proteins at the endoplasmic reticulum [12,13,14]. Since human and
malaria signal peptide peptidases share identical catalytic site motifs, it is speculated that
they may perform similar functions by targeting conserved substrates [7].

Genetic knockout experiments of PfSPP in human erythrocytes did not yield any viable
parasites suggesting an essential role PfSPP at the blood stage of parasite life cycle [3].
Moreover, using pharmacological inhibitors of SPP, our studies demonstrated an essential
role of PfSPP during the intracellular development of malaria parasite in human erythrocytes
[3]. Therefore, analogous to the function of mammalian SPPs, we hypothesized that PfSPP
may cleave membrane-embedded signal peptides in the parasite endoplasmic reticulum (ER)
during protein processing. Our results demonstrate that PfSPP is an ER protease that cleaves
malaria heat shock protein 101 (HSP101), the first known substrate of PfSPP. Implications
for the functional role of malaria signal peptide peptidase and HSP101 at the blood stage of
parasite life cycle will be discussed.

Materials and Methods

Plasmodium falciparum (Pf) strain 3D7 was cultured as previously described [2,15].

Monospecific PfSPP-CT Antibody

A short peptide sequence corresponding to the C-terminal amino acids 393-412
(EIPKIQETPVSNAKKRITNK) of PfSPP was synthesized, and conjugated to Keyhole
Limpet Hemocyanin (KLH) via the N-terminus. The anti-peptide antibody against the
PfSPP-CT region was generated by Alpha Diagnostic International (ADI, San Antonio).

Co-Immunoprecipitation

Parasite lysate was prepared in lysis buffer containing 50 mM Tris-HCI, pH 8.0, 150 mM
NaCl, 1% NP-40, 0.5% Sodium deoxycholate, 0.1% SDS, 5 mM EDTA, 5mM EGTA. The
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lysate was pre-cleared with Protein A beads, and then 300 L of supernatant was incubated
with PfSPP-CT antibody, and pre-immune rabbit IgG, overnight at 4°C.

Immunofluorescence Microscopy

Methanol fixed parasite slides were incubated with the affinity purified anti-PfSPP-CT
antibody and anti-PMV antibody. Slides were washed and incubated with respective
secondary antibodies, anti-rabbit Alexa 488 (green) and anti-mouse Alexa 594 (red).
Immunofluorescence images were captured using the Zeiss LSM510 confocal microscope
(Germany).

Immunogold Electron Microscopy

Plasmodium falciparum infected erythrocytes were washed in RPMI 1640, fixed in 4%
paraformaldehyde and 0.1% glutaraldehyde for 1 h at 4°C in 0.1M sodium phosphate buffer
(pH 7.2), and embedded in white London resin. Ultra-thin sections were blocked and
incubated with the affinity purified anti-PfSPP-CT antibody. Secondary antibody conjugated
to gold particles was used (15 nm). Labeled sections were stained with uranyl acetate, lead
citrate, and visualized using a Philips FEI Tecnai F30 transmission electron microscope at
the University of Chicago EM facility.

Bioinformatics Screen

We performed a bioinformatics search for PfSPP substrate candidates by selecting genes in
the PlasmoDB that match a selected criteria. This criterion includes seven steps. We selected
for protein coding, single copy genes in Plasmodium falciparum, which contain a signal
peptide, one type Il transmembrane domain protein motif pattern 6666996666 (where 6
represents a hydrophobic residue, and 9 represents a small residue), and the signal peptide
and the transmembrane domain overlap.

PfSPP Luminescence Assay

The cleavage assay was performed and analyzed according to standard methods [16];
however, here the pCGN-HA-ATF6 (1-363)-HSP101 substrate plasmid was used. Inhibitor
concentrations used were consistent with previous studies [16,17]. Mutant constructs of
PfSPP were generated using the QuikChange mutagenesis kit (Agilent Technologies) to
replace residues D228A and D269A. A pCDNAG-PfSPP-GFP construct was generated by
cloning GFP out of the pEGFP-C1 plasmid and inserting it at the C-terminal end of PfSPP.

Transfection of malaria parasite by PfSPP-GFP construct

Results

An 883 bp fragment from the C-terminal region of the PfSPP genomic DNA sequence was
amplified. This region was inserted into the pPM2GT vector with the C-terminal GFP tag as
described previously [18]. We termed this vector, pPSPPGT (Fig. 4A). Transfections were
performed according to standard protocols [19,20].

In previous studies, we raised an antibody against the exofacial loop 4 (EL4) of PfSPP (Fig.
1A, red line) [3]. Due to weak signal in immunolocalization studies, we generated a new
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polyclonal antibody against the last 20 amino acids of PfSPP (Fig. 1A, green line). The anti-
PfSPP-CT antibody detected specific bands of PfSPP corresponding to 35 kDa and 32 kDa
as indicated by the white arrow, and black arrowhead, respectively (Fig 1B, D, E). A similar
pattern of PfSPP bands was observed using a biotin-conjugated anti-PfSPP-CT antibody
(Fig. 1C, E). The predicted MW of PfSPP is 47 kDa, however a previous study expressed a
codon-optimized version of PfSPP in mammalian cells and detected a 35 kDa band [4]. The
gel mobility of PfSPP bands was markedly affected by the parasite lysis conditions. For
example, detection of the 32 kDa band was dependent upon temperature, possibly due to
degradation or aggregation (Fig. 1D). Furthermore, parasites lysed directly in SDS sample
buffer showed the two aforementioned 35 and 32 kDa bands, whereas lysate prepared in
RIPA buffer showed the presence of a 47 kDa band, and elimination of the 32 kDa band
(Fig. 1E). We expressed recombinant PfSPP in HEK293T cells and detected a single 35 kDa
band (Fig. 1C). The 35 kDa and 32 kDa bands are likely either the same PfSPP species or a
consequence of some unknown post-translational modification [21].

Immunoprecipitated material was detected by immunoblotting using the biotinylated anti-
PfSPP-CT antibody (Fig. 1F). Bands of 35 and 65 kDa were detected (Fig. 1F). This 65 kDa
band corresponds to the approximate position of a putative PfSPP dimer. While we did not
detect a dimer in the direct immunoblotting experiments (Fig. 1B-E), immunoprecipitation
of PfSPP from parasite lysate solubilized under mild detergent conditions likely preserved
the dimer species. This observation is consistent with prior evidence showing that
homologous signal peptide peptidases form dimers in vivo [16,22]. Furthermore, our finding
is consistent with published evidence demonstrating recombinant PfSPP at 35 and 70 kDa
bands when expressed in HEK293T cells [4].

We examined the localization of PfSPP in infected erythrocytes using our affinity-purified
anti-PfSPP-CT antibody. Subcellular localization of PfSPP was examined in trophozoite-
infected human erythrocytes by indirect immunofluorescence microscopy indicating that
PfSPP is co-localized with Plasmepsin V (PMV), a known ER-marker (Fig. 2 A-F). The
mesh-like network of PfSPP is consistent with the perinuclear endomembrane system
observed at the late stages of intra-erythrocytic parasite development [23,24]. Further
analysis using an antibody against the parasite-derived BiP found a similar co-localization
pattern with PfSPP (data not shown). To further confirm the ER localization of PfSPP,
immunogold electron microscopy was performed (Fig. 2 G, H). Gold particles show a
diffuse pattern across the parasite at several stages of parasite development, including the
trophozoite and schizont stages (Fig. 2 G, H), as well as the late ring stage (data not shown).
PfSPP was not detected in the food vacuole and endosomal compartments of infected
erythrocytes (Fig. 2). The diffuse pattern of PfSPP throughout the parasite cytoplasm is
consistent with the mesh-like network/or perinuclear endomembrane system shown in
previous studies [23,24].

The ER localization of PfSPP suggests potential substrates accessible to PfSPP might
include proteins containing a signal peptide processed within the ER. To identify potential
substrates of PfSPP, we performed a hypothetical substrate search screen and narrowed
down a list of 6 potential substrates in the PlasmoDB (Table 1) [16]. The most intriguing
was Plasmodium falciparum heat shock protein 101 (HSP101). Previous evidence indicates

Biochem Biophys Res Commun. Author manuscript; available in PMC 2015 August 08.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Baldwin et al.

Page 5

that HSP101 encodes an N-terminal ER signal [25], consistent with the ER localization of
PfSPP. While HSP101 is essential for parasite protein export and translocation, a functional
role of its signal peptide is not yet known [26].

We utilized a transient transfection assay previously used to demonstrate the enzyme
activity of PfSPP against a model substrate (Fig. 3A) [4]. The cleavage assay demonstrated
cleavage of HSP101 signal peptide by PfSPP (Fig. 3B). PfSPP activity against HSP101 was
inhibited by (Z-LL)2 ketone and L-685,458, known SPP inhibitors (Fig. 3B). This inhibition
was observed in a dose-dependent manner (Fig. 3C). In contrast, DAPT, a Presenilin-
specific inhibitor, showed no effect on cleavage activity (Fig. 3B). These findings indicate
that malaria parasite HSP101 serves as a substrate of PfSPP under these conditions.
Moreover, we mutated the two active site aspartic acid residues of PfSPP, and the cleavage
of HSP101 by PfSPP mutant was markedly reduced to a level similar observed in the
presence of SPP inhibitors (Fig. 3B). We also measured the cleavage susceptibility of liver
stage antigen-1 (LSA-1) identified as a potential substrate of PfSPP in our bioinformatics
screen (Table 1). PfSPP did not cleave LSA-1 (Fig. 3D). Both wild type and catalytically
inactive mutants of PfSPP showed the same basal level of protease activity against LSA-1
(Fig. 3D). While a cell-free cleavage assay system has been used previously to measure the
protease activity of newly identified substrates of SPP by utilizing their synthetic signal
peptide sequences [27], this approach was not feasible because the putative signal peptide
sequence of parasite HSP101 (YLKYYIFVTLLFFVQVINNVLCA) is extremely
hydrophobic. Genetic tractability of the malaria parasite posed unique technical barriers for
biochemical analysis of PfSPP substrates under endogenous conditions. The putative
endogenous cleavage of signal peptides is likely to occur rapidly, thus precluding the
possibility of detecting PfSPP-associated substrates by conventional pull-down assays.
Therefore, a cell-based assay offers the most practical approach to measure the protease
activity of PfSPP for potential substrates.

Subcellular localization of PfSPP in the micronemes [2] and ER (Fig. 2) suggests delivery
and localization of PfSPP to specific organelles is regulated by a defined trafficking
pathway. Thus, we generated a PfSPP-GFP (pSPPGT) chimeric construct to monitor the
trafficking of PfSPP (Fig. 4A). However, upon transfection, the parasitemia fell dramatically
and only a small number of resistant clones could be recovered after 15-20 days of parasite
culture. Resistant parasites carrying PfSPP-GFP showed aberrant morphology with
essentially no healthy parasites detectable by microscopy. Interestingly, nearly all parasites
carrying the chimeric PfSPP gene showed gametocyte-like morphology after 15-20 days of
selection in culture (Fig. 4B). We measured the activity of wild type PfSPP and PfSPP-GFP
and found the activity of PfSPP-GFP construct was reduced to 50% activity compared to
wild type (Fig. 4C). These results indicate partial inhibition of PfSPP may be detrimental to
the normal differentiation of malaria parasites.

Discussion

Our previous studies detected PfSPP signal on the merozoite surface and in the interior
compartments of unknown origin [2], consistent with the expression of PfSPP in the
merozoites as detected by mass spectrometry [28]. The short lifespan of free merozoites
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often precludes precise distinction between their apical organelles, which are in close
proximity to the ER in merozoites. Therefore, a distinction between micronemes and ER
compartments is sometimes difficult to discern. Nonetheless, subcellular localization of
PfSPP in the ER of trophozoites and schizonts (Fig. 2) is consistent with the localization of
signal peptide peptidases in malaria and other species [27,29,30]. Furthermore, we identified
HSP101 as a substrate of PfSPP. Upon release of the soluble domain of HSP101 by parasite
signal peptidase (SP), PfSPP is expected to cleave the resident signal peptide within the ER.
Our findings suggest that PfSPP plays an essential ER clearing function, analogous to other
counterparts of SPP [31]. Inhibition of PfSPP may therefore lead to toxic accumulation of
signal peptides within the ER. Alternatively, the release of cleaved signal peptides of
HSP101 by PfSPP may perform critical signaling functions. It is likely that PfSPP cleaves
multiple type 11 TM signal peptides to ensure optimal ER membrane clearance. For example,
a previous study has shown that pharmacological inhibition of malaria SPP inhibits growth
of sporozoites in hepatocytes [5].

A recent study reported that PfSPP is an ER-resident protease required for growth and not
invasion [21]. Our findings are consistent with the localization of PfSPP to endoplasmic
reticulum. We also demonstrate the presence of a major 35 kDa species of PfSPP in parasite
lysate (Fig. 1). Furthermore, we provide evidence for dimerization of PfSPP under mild
conditions of immunoprecipitation (Fig. 1E). The previous study utilized the E64-treated
merozoites to rule out a functional role of PfSPP in erythrocyte invasion [21]. However,
global inhibition of cysteine proteases by E64 would render the functionally-impaired
merozoites unsuitable for other proteases such as PfSPP to function properly. Since PfSPP is
highly expressed in the merozoites, one cannot rule out a functional role of PfSPP in
merozoite invasion particularly under conditions where invasion and re-invasion events
cannot be distinguished experimentally.

A potentially intriguing finding in our study is the expression of a chimeric form of PfSPP
carrying a GFP-tag at the C-terminus resulting in significant conversion of parasites to
gametocyte lineage (Fig. 4). Coincidentally, a very recent study demonstrated that ER stress
triggers gametocytogenesis [32]. Consistent with this finding and the fact that PfSPP is an
ER-resident protease, it is likely that PfSPP plays a key role in ER homeostasis. We
hypothesize that impaired enzyme activity of PfSPP causes a significant level of ER stress,
triggering a response resulting in substantial elevation of gametocytogenesis. The
endoplasmic reticulum is particularly sensitive to stress, and one of the most common
hypotheses for inducing gametocytogenesis is stress [33,34,35,36]. However, at this stage
we cannot rule out the possibility that PFSPP clears the signal peptides of a critical substrate
that is essential for gametocytogenesis. Future studies will test multiple facets of this
intriguing finding in clarifying the mechanism of gametocytogenesis.
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Abbreviations

PfSPP Plasmodium fal ciparum signal peptide peptidase

PMV Plasmepsin V

A HSP101 heat shock protein 101

LSAl liver stage antigen-1

ATF6 activating transcription factor 6

DMSO dimethyl sulfoxide

GFP green fluorescent protein

PTEX Plasmodium Translocon of Exported proteins

SPPL2A signal peptide peptidase like 2A
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Fig 1.
In?munoblotting of PfSPP using the anti-C-terminal PfSPP antibody. (A) Predicted
membrane topology of PfSPP according to Li et al. [3]. Highlighted area in red is the
exofacial loop 4 of PfSPP. Highlighted area in green corresponds to the C-terminal domain
of PfSPP, where the antibody used in this study was raised. (B) Immunoblotting detected
two bands of PfSPP as indicated by arrows (white arrow for 35 kDa, and black arrowhead
for 32 kDa, lane 2). (C) Transient transfection of a synthetic PfSPP construct ()CDNAG-
PfSPP) resulted in PfSPP expression in HEK293T cells. (D) Sample incubation at different
temperature alters the mobility of PfSPP with the disappearance of the 32 kDa band at
higher temperature (arrowhead). (E) Lysis conditions significantly alter the mobility of
PfSPP. (F) Immunoprecipitation of PfSPP from parasite-infected erythrocyte lysate.
Asterisks correspond to heavy and light chain bands in the pre-immune IgG negative control
(Lane 1).
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Fig 2.

Cc?—localization of PfSPP and Plasmepsin V in the endoplasmic reticulum. Indirect
immunofluorescence microscopy using specific antibodies demonstrates PfSPP (green) co-
localizes with a known parasite ER marker Plasmepsin V (red) in the Plasmodium
falciparum (3D7) trophozoite. (A) Staining of PfSPP. (B) Staining of known ER marker,
Plasmepsin V. (C) DAPI stain. (D) PfSPP and PMV overlay. (E) Overlay of PfSPP and
DAPI stain. (F) Bright field microscopy. (G, H) Immunogold electron microscopy of PfSPP
in the parasite infected erythrocytes. PfSPP is indicated by black dots and several spots are
identified by black arrowheads. (G) Schematic illustration of a mature trophozoite stage
parasite in the infected erythrocyte adapted from Bannister et al. [37]. PfSPP staining in the
trophozoite shows a diffuse staining pattern throughout the perinuclear endomembrane
system/ER. (H) Illustration of a late schizont-stage parasite in an infected erythrocyte
adapted from Bannister et al. [37]. PfSPP staining in the late-schizont stage of parasite
development shows staining throughout the perinuclear endomembrane system/ER.
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PfSPP cleaves the signal peptide of HSP101 but not LSA-1. HEK293T cells were transiently
transfected with a combination of plasmids expressing PfSPP, HSP101/LSA-1 SP, Renilla
luciferase, and Firefly Luciferase. (A) Schematic diagram of PfSPP assay, adapted from
Nyborg et al. [16]. (B) Overexpression of PfSPP significantly increased peptidase activity
relative to the endogenous activity (*P<0.01). This cleavage activity was inhibited by the
SPP inhibitors (Z-LL)2 ketone (10 uM) and L-685,458 (25 uM). DAPT (15 uM) did not
show inhibition of PfSPP activity. Mutant PfSPP (D228A and D269A) significantly reduced
HSP101 cleavage activity. (C) A dose-dependent analysis was performed using (Z-LL)2
ketone. (D) LSA-1 was tested as a substrate of PfSPP. Luminescence activity of LSA-1 was
measured alone, in the presence of the wild type PfSPP, and a catalytically inactive mutant

of PfSPP.
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Generation of chromosomal PfSPP-GFP chimera and its effect on parasite life cycle. (A)
Schematic illustration of PfSPP vector with GFP inserted at the C-terminus. The integration
event produced a full-length PfSPP coding frame fused to GFP. The bottom panel shows
parasites displaying GFP fluorescence along with the DIC images of live parasites. (B) A
montage of gametocyte-like parasites recovered after transfection and selection in the
presence of WR99210. (C) Quantification of HSP101 cleavage activity by PfSPP and
PfSPP-GFP constructs.
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Table 1

Parasite Substrates Predicted from the Bioinformatics Screen

Gene Identified Gene ID Predicted Function

Heat Shock Protein 101 (HSP101) PF11_0175 Component of protein export machinery

Erythrocyte Membrane Protein 3 (PfEMP3) PFB0095C Destabilization of erythrocyte membrane skeleton

Aspartate Carbamoyltransferase MAL13P1.221  Role in pyrimidine biosynthesis

Liver Stage Antigen 1 (LSA1) PF10_0356 Putative role in liver schizogony and merozoite release
Malonyl CoA-acyl Carrier Protein Transacylase Precursor ~ PF13_0066 Involved in fatty acid biosynthesis

Apicoplast Ribosomal Protein L21 Precursor, putative PF08_0014 Member of large ribosomal subunit; role in protein synthesis
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