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The pathogenic nature of malaria infections is due in part to the export of

hundreds of effector proteins that actively remodel the host erythrocyte.

The Plasmodium translocon of exported proteins (PTEX) has been shown

to facilitate the trafficking of proteins into the host cell, a process that is

essential for the survival of the parasite. The role of the auxiliary PTEX

component PTEX88 remains unclear, as previous attempts to elucidate its

function through reverse genetic approaches showed that in contrast to the

core components PTEX150 and HSP101, knockdown of PTEX88 did not

give rise to an export phenotype. Here, we have used biochemical

approaches to understand how PTEX88 assembles within the translocation

machinery. Proteomic analysis of the PTEX88 interactome showed that

PTEX88 interacts closely with HSP101 but has a weaker affinity with the

other core constituents of PTEX. PTEX88 was also found to associate with

other PV-resident proteins, including chaperones and members of the

exported protein-interacting complex that interacts with the major viru-

lence factor PfEMP1, the latter contributing to cytoadherence and parasite

virulence. Despite being expressed for the duration of the blood-stage life

cycle, PTEX88 was only discretely observed at the parasitophorous vacuole

membrane during ring stages and could not always be detected in the

major high molecular weight complex that contains the other core compo-

nents of PTEX, suggesting that its interaction with the PTEX complex

may be dynamic. Together, these data have enabled the generation of an

updated model of PTEX that now includes how PTEX88 assembles within

the complex.

Introduction

Malaria remains a major health issue globally, with

216 million infections and 445 000 deaths recorded in

2016 [1]. Control and treatment of infections with artemi-

sinin-based combination therapies has been hampered by

reports of emerging resistance to artemisinin [2,3], which

has increased the need for development of new therapies.

The causative agents of malaria are parasites of the Plas-

modium genus, of which the most virulent is

Abbreviations

ACP, acyl carrier protein; BPTI, bovine pancreatic trypsin inhibitor; DSP, dithiobis(succinimidyl propionate); EPIC, exported protein-interacting

complex; IFA, immunofluorescence analysis; IMS, intermembrane space; KAHRP, knob-associated histidine-rich protein; LC-MS/MS, liquid

chromatography coupled with tandem mass spectrometry; MICOS, mitochondrial contact site; NLuc, nanoluciferase; PI, protease inhibitor;

PSMs, peptide-spectrum matches; PTEX, Plasmodium translocon of exported proteins; PVM, parasitophorous vacuole membrane.

2037The FEBS Journal 285 (2018) 2037–2055 ª 2018 Federation of European Biochemical Societies

http://orcid.org/0000-0001-5810-8063
http://orcid.org/0000-0001-5810-8063
http://orcid.org/0000-0001-5810-8063


Plasmodium falciparum. Pathogenesis of malaria infec-

tions is attributed to the ability of the parasite to radi-

cally remodel their erythrocytic hosts (reviewed in refs

[4,5]). Upon invasion of an erythrocyte, P. falciparum

synthesizes and exports hundreds of proteins across the

encasing parasitophorous vacuole membrane (PVM) to

actively remodel its host cell. These exported proteins

play essential roles in nutrient acquisition and waste elim-

ination during parasite maturation, in addition to playing

critical roles in virulence and immune evasion [5,6]. That

protein export is fundamental for parasite survival during

the blood stages is supported by a knockout screen of

~ 70 genes that encode for known exported proteins,

which revealed that 25% could not be targeted for dis-

ruption and thus are likely to be essential [6].

The identification of the Plasmodium translocon of

exported proteins (PTEX) at the PVM revealed how

proteins destined for export likely traverse this mem-

brane and access the host erythrocyte [7]. PTEX con-

sists of five constituents termed EXP2, PTEX150,

HSP101, TRX2 and PTEX88 [7]. Attempts to knock-

out the genes encoding PTEX150, HSP101 and EXP2

in either P. falciparum or the rodent parasite species

Plasmodium berghei have been unsuccessful [7–10],
indicating these proteins play an essential role in the

survival of the parasite. This has been confirmed by

the utilization of different conditional knockdown

approaches to deplete PTEX150, EXP2 and HSP101

or interfere with HSP101 function [11,12]. These stud-

ies have confirmed that PTEX provides a gateway for

a diverse range of proteins to access the host erythro-

cyte, and that the failure of parasites to export its pro-

teins ultimately leads to their death [11,12]. Moreover,

FLP-FRT-conditional exp2 mutants expressing

reduced levels of EXP2 in the liver exhibit reduced

patency in mice [13] and irreversibly folded reporter

proteins stuck within the parasitophorous vacuole and

which form a complex with EXP2 also lead to arrested

parasite growth [14]. Thus, the failure to obtain

mutant parasites lacking EXP2, PTEX150 or HSP101

and the strong growth and export phenotypes

observed when the functions of these proteins are

interfered with indicate they play central roles in pro-

tein export. In contrast, the genes encoding the other

two PTEX components, TRX2 and PTEX88, can be

knocked out in P. berghei, suggesting they play an

auxiliary role in protein export [8,9].

Although these studies have provided evidence that

PTEX serves a critical role in the export of proteins, it

remains unclear how the individual PTEX constituents

function to translocate proteins across the PVM. Pro-

tein translocation across membranes requires a mem-

brane-spanning pore through which the cargo can

traverse the membrane. EXP2, despite lacking a trans-

membrane domain, has been touted as the most likely

PTEX candidate to play this role as it is the compo-

nent most resistant to carbonate extraction and model-

ing of this protein suggested it likely forms a pore

similar to that of Hemolysin E (HlyE) in

Escherichia coli [7]. This was supported by a recent

study demonstrating that recombinant EXP2 expressed

in E. coli can form pores estimated to comprise of

~ 10–12 EXP2 subunits in lipid bilayers [15]. Previous

studies have shown that exported proteins must be

unfolded for successful translocation across the PVM

[16], and that protein export is an ATP-dependent pro-

cess [17]. HSP101, which is a ClpB/AAA+-ATPase,

most likely serves as the motor, unfolding cargo as it

passes it through its central pore and using the energy

to drive translocation, although this has not been for-

mally demonstrated. PTEX150, like the other PTEX

components, is unique to Plasmodium parasites, but

lacks any apparent conserved functional or structural

domains that offer insight into its possible function.

Previous studies have shown that PTEX150 binds both

EXP2 and HSP101 [18] and indeed, truncation of the

conserved C terminus of PTEX150 led to less stable

interactions with these two components, suggesting

PTEX150 plays a role in maintaining the stability of

the complex [19].

Based on the fact that TRX2 and PTEX88 are

nonessential proteins in P. berghei [8,9], it is likely

these proteins play accessory roles in protein export.

Recombinant TRX2 is monomeric in solution and its

structure has been solved at a 2.2-�A resolution. The

molecule adopts a canonical thioredoxin fold, in keep-

ing with a role in thiol exchange to reduce other

proteins, but interestingly it harbors a nonconserved

N-terminal extension [20–22]. This region may be

important for its interaction with the other PTEX

components. Deletion of TRX2 in P. berghei resulted

in moderate reductions in parasite growth and viru-

lence and a moderate decrease in protein export

[8,9,23]. Whether TRX2 regulates the reduction of

exported proteins or other PTEX components that

contain cysteine residues or plays a thiol-independent

role in PTEX function remains to be determined.

PTEX88, like PTEX150, is a protein with no obvious

conserved functional domain(s) and thus predicting its

role in protein export has been difficult. Deletion or

conditional knockdown of PTEX88 in P. berghei

resulted in significant loss of parasite growth in vivo

and attenuation of virulence through a loss of parasite

sequestration, although this could not be linked to a

defect in protein export [23,24]. While knockdown of

PTEX88 in P. falciparum did not affect the growth of
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parasites in vitro, adherence of P. falciparum-infected

erythrocytes to CD36 was reduced, despite the finding

that the major virulence protein PfEMP1 was still

exported in these parasites [24]. Thus, the contribution

of PTEX88 in protein export remains unclear.

In this study, we have utilized a biochemical charac-

terization approach to understand the assembly of

PTEX88 within PTEX across the asexual blood-stage

life cycle. We provide evidence that PTEX88 has the

closest affinity for HSP101 but that its interaction with

the PTEX complex appears to be dynamic. We also

show that PTEX88 interacts with a number of PV-

resident chaperones and other proteins of unknown

function, some of which have been shown to interact

with the major virulence factor PfEMP1 and con-

tribute to efficient cytoadherence and virulence [25].

Together, this suggests that PTEX88 may contribute

to the delivery of particular cargo from ER/PV chap-

erones to PTEX.

Results

PTEX88 is expressed and colocalizes with

HSP101 throughout the blood-stage life cycle

To facilitate the characterization of PTEX88, a

transgenic P. falciparum line expressing PTEX88 with a

C-terminal hemagglutinin (HA) tag that had been for-

merly generated was used [8]. We have previously

shown that PTEX88 localizes to the PVM during ring

stages and that PTEX88 could coimmunoprecipitate

the other constituents of PTEX [8]. Herein, we extended

this analysis and investigated the expression and local-

ization of PTEX88 in tightly synchronized parasites,

this time for the duration of their asexual blood-stage

life cycle. Western blot analysis revealed that PTEX88

is expressed for the duration of the 48-h blood-stage life

cycle, with maximal expression during the schizont

stages (Fig. 1A). This pattern of expression is similar to

what has previously been observed for HSP101 and

PTEX150 [7]. Immunofluorescence analysis (IFA) of

infected erythrocytes confirmed our previous reports

that during the ring stages, PTEX88 colocalizes with

HSP101 and EXP2 at the PV/PVM [8] (Fig. 1B). How-

ever, during the trophozoite stages, PTEX88 localiza-

tion is less distinct – it remains in close proximity to

HSP101 and PTEX150 in the PV, but to a lesser extent

with EXP2, which remains at the PVM until parasite

egress (Fig. 1B) [18]. It is not clear whether the

PTEX88 labeling within the parasites represents the dis-

assembly of this component from PTEX or its dynamic

association of this component with PTEX. During

schizogony, newly synthesized EXP2 and HSP101 is
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Fig. 1. Analysis of PTEX88 expression and localization across the

intraerythrocytic life cycle. (A) Western blot analysis of protein

lysates extracted from PTEX88-HA parasites in reduced sample

buffer at the times indicated after parasite invasion using anti-HA

or anti-EXP2 antibodies (positive control) reveals PTEX88 is expressed

across the intraerythrocytic life cycle. (B) Immunofluorescence

performed on ring-stage, trophozoite- and schizont-stage

PfPTEX88-HA parasites and dual-labeled with anti-HA and either

anti-HSP101 or anti-EXP2 antibodies. DAPI labeling denotes the

parasite nucleus, differential interference contrast (DIC). Scale bar

represents 5 lm.
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trafficked to the dense granules [18] and as PTEX88

and HSP101 labeling colocalize by IFA, this indicates

PTEX88 is also trafficked to these organelles and

secreted along with the other PTEX components.

PTEX88 has a peripheral membrane association

Though PTEX88 has been demonstrated to interact

with the components of PTEX through reciprocal

immunoprecipitation [8] and proteomic approaches

[18,19], the nature of these interactions is poorly

understood. To understand how PTEX88 associates

with the PVM, a sequential solubility approach was

utilized. Synchronous ring-stage and trophozoite-stage

PTEX88-HA parasites were sequentially resuspended

in a hypotonic lysis buffer, an alkaline carbonate buf-

fer and a Triton X-100 buffer to solubilize cytosolic

proteins, peripheral membrane proteins, and integral

membrane proteins, respectively. The resulting immu-

noblots revealed that PTEX88 was almost entirely

released in the alkaline carbonate buffer, suggesting

that PTEX88 is not an integral PVM protein but

rather localizes to the PV and peripherally associates

with the PVM (Fig. 2). Consistent with previous

reports, HSP101 was found in the peripheral mem-

brane fraction while EXP2, the pore-forming compo-

nent that lacks a transmembrane domain, was present

in the integral membrane fraction [7,18].

Analysis of PTEX88-interacting partners reveals a

close association with HSP101

We have previously shown that the core constituents

of PTEX are coimmunoprecipitated with PTEX88 by

probing affinity purified material with antibody

reagents against these proteins [8]. To further investi-

gate the proteins that interact with PTEX88, anti-HA

immunoprecipitations were performed on 3D7 wild-

type and PTEX88-HA parasites (without the use of

crosslinkers) and the eluates were separated by SDS/

PAGE (Fig. 3A). Several proteins species were unique

to or enriched in the PTEX88-HA eluate, and these

sections of the gel, along with the corresponding sec-

tion of the 3D7 eluate were excised from the gel and

peptides identified by liquid chromatography coupled

with tandem mass spectrometry (LC-MS/MS). The

PTEX88-HA pull-down yielded 61 peptide-spectrum

matches (PSMs) specific to 18 unique peptides cover-

ing 26% of the total PTEX88 sequence (Table 1). No

PTEX88 peptides were detected in the pull-down on

wild-type parasites, indicating that the immunoprecipi-

tation of PTEX88-HA was specific to the anti-HA

resin. The proteomics also revealed specific enrichment

of HSP101, PTEX150, EXP2, and TRX2, consistent

with previous western blot analysis that validated

PTEX88 as part of the PTEX machinery (Fig. 3B,C)

[8]. Strikingly, HSP101 appears to be similarly

enriched, based on the number of PSMs identified for

this protein in PTEX88 pull-downs. In total, 278

HSP101-specific spectra were identified with the

PTEX88-HA pull-down, while only 27 HSP101-specific

spectra were detected in the wild-type pull-down

(Table 1). This suggested that PTEX88 and HSP101

might be strong interacting partners.

In addition to the interactions between PTEX88 and

other components of PTEX, consistent with previous

PTEX immunoprecipitations [7,19], several other pro-

teins interacting with PTEX88 were of particular inter-

est. One such protein was PV1, a protein that localizes

to the parasitophorous vacuole [26,27] and which has

recently been shown to interact with PfEMP1 [28].

Interestingly, several proteins that interact with

PfEMP1 or other exported proteins were also

affinity purified with PTEX88, including EXP3

(PF3D7_1024800) and the ER-resident DnaJ homolog

Pfj2 (PF3D7_1108700) [29]. Disulfide isomerase PDI-8,

which has also been reported to localize within the PV

[27] and the ER [30], also interacted with PTEX88 in

our proteomics. Furthermore, many of the proteins

pulled down by PTEX88 were chaperones (Fig. 3C),

which may be required to ensure proteins destined for

export are kept in a translocation-competent state. It
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Fig. 2. PTEX88 is a peripheral membrane protein. Western blot

analysis of PTEX88-HA ring stage and trophozoites subjected to

sequential solubilization. The solublized fractions from incubation in

hypotonic lysis buffer (HT SN), alkaline carbonate buffer (Carb SN)

and Triton X-100 (TX-100 SN) along with the Triton X-100 insoluble

material was electrophoresed and western blotted and analyzed

using the indicated antibodies. EXP2 served as a control for

integral membrane proteins, HSP101 served as a control for

peripheral membrane proteins. Actin depolymerizing factor-1

(ADF1) served as a soluble control.

2040 The FEBS Journal 285 (2018) 2037–2055 ª 2018 Federation of European Biochemical Societies

Characterization of PTEX88 S. A. Chisholm et al.



is interesting to note that aside from a weak interac-

tion with the exported Hsp40 PFE0055C (which had

been previously shown to immunoprecipitate HSP101

and EXP2 [31]), PTEX88 did not pull down any

known exported proteins. Although it is tempting to

suggest from these results that PTEX88 does not

directly engage proteins prior to translocation, the

interactions between PTEX and exported proteins are

likely to be very transient since even immunoprecipita-

tion of the core PTEX components under these condi-

tions does not lead to a large enrichment of exported

proteins [18].

IPs after crosslinking confirm the close

interaction between PTEX88 and HSP101

The large number of HSP101-specific PSMs identified

in PTEX88 suggested that these two proteins might

form close interactions within the intact PTEX

complex. To further investigate how these proteins

assemble within the translocon, a previously described

approach involving the use of the chemical crosslinker

dithiobis(succinimidyl propionate) (DSP) was utilized

[18]. Trophozoite-stage PTEX88-HA parasites were

enriched by magnet purification and chemically cross-

linked in situ using DSP at concentrations from 0 to

500 lM. After crosslinking, parasite material was solu-

bilized and immunoprecipitations were performed

using anti-HA, anti-HSP101, anti-PTEX150 and anti-

EXP2 antibodies. The unbound fractions and eluates

were further analyzed by western blots. The western

blots showed that all components were specifically

immunoprecipitated and that crosslinking only mini-

mally affected the amount of antigen being pulled

down. When the blots were probed for other compo-

nents of the complex, it was found that even when

fully crosslinked, the interaction between EXP2 and

PTEX88 was weak and eliminated in the absence of

PTEX150
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Fig. 3. Large-scale immunoprecipitation of PTEX88-HA reveals potential new PTEX components. (A) Elution fractions of 3D7 wild-type and

PfPTEX88-HA parasite lysate pull-downs with anti-HA, electrophoresed, and stained with Sypro ruby. Proteins enriched in the PTEX88-HA

fractions were excised along with the corresponding species in the 3D7 control and analyzed by LC-MS/MS for identification of peptides.

The total number of peptide-spectrum counts is indicated in the pie charts (B and C). *The predicted molecular weight of EXP3 is 171 kDa;

however, all EXP3 peptides were excised at the indicated part of the gel.
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DSP (Fig. 4). PTEX150 appeared to have a slightly

stronger association than EXP2 with PTEX88, while

HSP101 had the strongest association with PTEX88 as

this interaction was preserved much more strongly

than the other two components at low concentrations

of crosslinker (Fig. 4). Reciprocal immunoprecipita-

tions performed using antibodies against HSP101,

PTEX150, and EXP2 validated these findings as well

as previous data that show EXP2, PTEX150, and

HSP101 interact in that order relative to the PVM

[18]. Moreover, these findings are consistent with the

data generated by mass spectrometry that suggest

PTEX88 interacts directly with HSP101 (Fig. 3).

PTEX88 exists as part of the high molecular

weight PTEX complex, albeit more transiently

By Blue-Native PAGE analysis, components of PTEX

exist in a high molecular weight species with a mass of

> 1.2 mDa [18,19]. Using a similar approach, PTEX88

from mixed-stage PTEX88-HA parasites was also often

found to exist in a large species at a similar molecular

weight as HSP101, PTEX150, and EXP2, in keeping

with it being a constituent of PTEX (Fig. 5A,B). How-

ever, the apparent dissociation of PTEX88 observed in

some samples (Fig. 5B,C) suggests that the interaction

between PTEX88 and the rest of the PTEX complex

might be more transient than the association between

the core constituents of PTEX. EXP2 and PTEX150

were also present in higher order oligomers of around

600 and 400 kDa, respectively, which is consistent with

previous observations [18,19] (Fig. 5B). Interestingly,

we also observed HSP101 in a complex around 600 kDa

(Fig. 5A). This species is rarely seen by Blue-Native

PAGE and may resemble the hexameric form of

HSP101 [19]. PTEX88 was also commonly observed to

reside in a lower molecular weight band of ~ 150–
200 kDa (Fig. 5A). This form could represent

Table 1. Immunoprecipitation of PTEX88-HA with anti-HA antibodies leads to the specific copurification of PTEX components as well as

additional proteins.a

PlasmoDB ID Protein 3D7 WT PTEX88 % Coverage

PTEX

PF3D7_1116800 HSP101 27 278 78

PF3D7_1436300 PTEX150 0 62 16

PF3D7_1105600 PTEX88 0 61 26

PF3D7_1471100 EXP2 2 27 19

PF3D7_1345100 TRX2 0 9 39

EPIC

PF3D7_1024800 EXP3 0 8 4

PF3D7_1129100 PV1 0 2 4

Chaperones

PF3D7_0917900 BIP 33 119 50

PF3D7_1222300 Endoplasmin 7 36 25

PF3D7_1232100 60 kDa chaperonin 8 19 16

PF3D7_0827900 PfPDI-8 0 9 17

PF3D7_1108700 Pfj2 0 3 5

PF3D7_1134100 Protein disulfide isomerase PDI-11 0 2 6

PF3D7_0501100 Heat shock protein 40, type II 0 2 5

Other

PF3D7_0621200 Pyridoxine biosynthesis protein PDX1 6 14 18

PF3D7_0504600 2-oxoisovalerate dehydrogenase subunit beta 4 9 13

PF3D7_1130200 60s ribosomal subunit 0 9 28

PF3D7_0933600 Mitochondrial processing peptidase beta subunit 0 9 13

PF3D7_1129000 Spermidine synthase 0 6 7

PF3D7_1345700 Isocitrate dehydrogenase 0 4 11

PF3D7_1037300 ADP/ATP transporter on adenylate translocase 0 3 10

PF3D7_1407800 Plasmepsin IV 0 3 10

PF3D7_0919000 Nucleosome assembly protein 0 3 9

PF3D7_0814200 DNA/RNA-binding protein Alba 1 0 2 8

PF3D7_0818200 14-3-3 protein 0 2 11

PF3D7_1007900 Eukaryotic translation initiation factor 3 subunit D 0 2 6

PF3D7_1200700 Acyl-CoA synthetase 0 2 2

aThe number of PSMs present in all excised bands is indicated.
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monomeric PTEX88, with slower migration due to the

lipid detergent and Coomassie stain [32], or alternatively

it may represent PTEX88 dimers or a hetero-oligomer.

The number of peptide-spectrum matches for HSP101

and PTEX88 observed in reciprocal pull-down experi-

ments we have performed to date are suggestive of either

one or two PTEX88 molecules per HSP101 hexamer,

although we note this type analysis is not quantitative.

In some parasite preparations, less prominent species of

PTEX88 at ~ 900, ~ 700, and ~ 400 kDa were also

observed by Blue-Native PAGE (Fig. 5B). As these spe-

cies do not contain the other PTEX components, they

may represent complexes with the other proteins that

PTEX88 was found to interact with by proteome analy-

sis of the PTEX88 interactome (Fig. 3).

Since PTEX88 harbors several conserved cysteine

residues [8] and cysteine residues in EXP2 have been

shown to be important for oligomerization [18], it was

next investigated whether the PTEX88 150–200 kDa

form observed by Blue-Native PAGE likely represents

a PTEX88 monomer or higher molecular weight oligo-

mer (dimer or trimer) comprised of disulfide-bonded

monomers. To test this, mixed-stage PTEX88-HA par-

asites were treated with different concentrations of the

reducing agent DTT and PTEX88 migration by SDS/

PAGE was analyzed by western blot. In the absence

of DTT, PTEX88 appeared predominantly as a species

with an apparent molecular weight of ~ 100 kDa, with

a less prevalent species observed at the predicted

molecular weight of 90 kDa (Fig. 6A). The absence of

a larger molecular weight species in the presence of

0 mM DTT leads us to conclude that PTEX88 does

not form dimers through the formation of disulfide

bonds. As increasing amounts of DTT were added, the

~ 100 kDa species became less prominent and was

completely absent at concentrations of 5 mM and

above, while only the 90 kDa species persisted. To

investigate the nature of this apparent molecular

weight shift, we immunoprecipitated PTEX88-HA and

separated the eluates by SDS/PAGE after treatment

with either 0 or 50 mM DTT. The resulting gel was Sil-

ver-stained and a species at ~ 110 kDa was visible only

in the absence of DTT (Fig. 6B). This band, along

with the corresponding band in the 50 mM DTT sam-

ple as well as other prominent bands around 75–
100 kDa was excised and analyzed by LC-MS/MS.

However, no small proteins were present in the

~ 110 kDa band to indicate that PTEX88 was forming

a hetero-oligomer with a small protein through the

formation of disulfide bonds (e.g., TRX2) and instead

the second top hit was PTEX88 (Table 2). We suspect

rhoptry neck protein 5 (RON5, PF3D7_0817700) is a

contaminant, given that this protein is involved in for-

mation of the tight junction between the parasite and
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Fig. 5. Blue-Native PAGE reveals that PTEX88 exists with other PTEX components in a high molecular weight complex. Mixed-stage

PfPTEX88-HA parasites were solubilized with 1% digitonin and electrophoresed by BN-PAGE. Representative western blot analyses of

different sample preparations with antibodies against PTEX components showed (A) PTEX88-HA existing in a species > 1236 kDa with

HSP101 and EXP2, with a smaller PTEX88-HA species observed at ~ 180 kDa. (B) On some occasions, additional PTEX88-HA species were

observed at ~ 900, ~ 700 and ~ 400 kDa. (C) PTEX88 existing as ~ 250 kDa species separate from the > 1236 kDa species observed with

HSP101 and PTEX150. ACP served as a control to confirm the specificity of the high molecular weight species.
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the host cell during invasion [33]. Thus, we conclude

that the conserved cysteine residues in PTEX88 are

involved in the formation of intramolecular disulfide

bonds leading to slower migration by SDS/PAGE.

PTEX88 is not essential for the export of a

disulfide-rich reporter protein

Previously, we reported that several known exported

proteins could still be exported after conditional

knockdown of PTEX88, in direct contrast to knock-

down of PTEX150 and HSP101 [24]. However, loss of

PTEX88 in both P. falciparum and P. berghei was

associated with a reduction in cytoadherence. This led

to the hypothesis that PTEX88 may serve to optimize

protein export under particular conditions such as heat

shock or that it is only required for the trafficking of

specific exported protein(s) that are critical for cytoad-

herence. We performed a multiple sequence alignment

of all available PTEX88 sequences in PlasmoDB [34]

to search for any conserved motifs that could offer

any insight into its apparent role in cytoadherence.

These alignments revealed that four of the six cysteine

residues in PTEX88 that are conserved across the

Plasmodium spp., exist within two separate motifs.

Each of these motifs consists of a pair of cysteine resi-

dues separated by 10 amino acids (CX10C) at sites

C475 and C590 (Fig. 7). A search for proteins that

harbor this or a similar sequence revealed a compo-

nent of the mitochondrial contact site (MICOS),

Mcs19/Mic19, contains a conserved CX10C motif near

its C terminus [35], with Mcs19 involved in the mainte-

nance of the MICOS complex and its assembly [36].

Another protein termed Mia40 contains six highly con-

served cysteine residues, including a pair of conserved

CX9C motifs that form intramolecular disulfide

bridges to stabilize the structure of the molecule

[37,38]. Mia40 is an oxidoreductase at the mitochon-

drial intermembrane space (IMS) and is involved in

oxidative folding and the import of the cysteine-rich

Tim22 and other IMS proteins [37,38]. A number of

Mia40 substrates also contain dual CX9C motifs,

many of which are substrates of a disulfide relay path-

way that ensure they remain in the correct oxidative

state [39]. These proteins play diverse roles, serving as
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Fig. 6. Reduction of PTEX88-HA alters migration rate by SDS/

PAGE. (A) Western blot analysis of PfPTEX88-HA lysate treated

with indicated concentrations of DTT shows that reduction of

disulfide bonds within PTEX88 alters the apparent molecular

weight of PTEX88 when subjected to SDS/PAGE and

immunoblotting with anti-HA antibodies. (B) Elutions of PTEX88-HA

parasite lysate pull-downs with anti-HA treated �50 mM DTT,

electrophoresed, and Silver-stained. The indicated bands from both

samples were excised and analyzed by LC-MS/MS. The top hits for

each band are indicated with the number of peptide-spectrum

counts identified in each sample shown.

Table 2. Immunoprecipitation of PTEX88-HA with anti-HA

antibodies in the presence or absence of DTT.

PlasmoDB ID Protein

0 mM

DTT

50 mM

DTT

Band #1

PF3D7_0817700 RON5 13 8

PF3D7_1105600 PTEX88 4 0

PF3D7_0818200 14-3-3 protein 2 3

PF3D7_0610400 Histone H3 3 3

PF3D7_0617900 Histone variant H3.3 3 3

Band #2

PF3D7_1116800 HSP101 32 22

PF3D7_1105600 PTEX88 8 3

PF3D7_0610400 Histone H3 3 3

PF3D7_0617900 Histone variant H3.3 3 3

PF3D7_0619400 Cell division cycle

protein 48 homolog

3 0

PF3D7_1211800 Polyubiquitin (PfpUB) 3 2

PF3D7_0804500 Conserved Plasmodium

membrane protein

3 0

PF3D7_0616500 TRAP-like protein (TLP) 3 0

PF3D7_0503000 50S ribosomal

protein L28, apicoplast

3 0

PF3D7_0831700 Hsp70-x 3 1

Band #3

PF3D7_1105600 PTEX88 26 27

PF3D7_1410400 Rhoptry-associated

protein 1 (RAP1)

4 0

PF3D7_0818200 14-3-3 protein 3 3

PF3D7_0610400 Histone H3 3 3

PF3D7_0617900 Histone variant H3.3 3 3
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chaperones for cargo imported into the IMS or as part

of metal transfer in the biogenesis of the respiratory

transfer pathway [40–42]. Thus with this information

in hand and from the analysis above indicating cys-

teine residues in PTEX88 are involved in intramolecu-

lar disulfide bonding, we reasoned that the cysteine

residues of PTEX88 may help to stabilize the protein

(despite being structurally unrelated to Mcs19/Mic19

or Mia40) or participate in disulfide exchange to aid

the translocation of cysteine-rich proteins across the

PVM as the PV is an oxidative environment in which

disulfide bonds can form [43].

In order to test whether PTEX88 is involved in the

trafficking of cysteine-rich substrates, P. falciparum

PTEX88-HAglmS parasites were transfected with a

plasmid containing the N-terminal export sequence of

the knob-associated histidine-rich protein (KAHRP)

fused in frame to the cysteine-rich bovine pancreatic

trypsin inhibitor (BPTI) and nanoluciferase (NLuc).

BPTI forms a folded structure due to the formation of

three disulfide bonds in the oxidative environment of

the PV [43,44] and thus its fusion to the KAHRP

export motif serves as a reporter for cysteine-rich

exported proteins that can be readily quantitated by
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Fig. 7. Alignment of PTEX88 sequences highlights conserved cysteine residues. PTEX88 protein sequences from all Plasmodium species

were aligned in CLUSTALX and viewed using JALVIEW [59]. The species corresponding to each sequence is shown on the left. Shading indicates

the degree of conservation for each residue. No conserved functional domains were found. The alignments reveal two separate CX10C

motifs and two additional cysteine residues (red) are conserved across all species.
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measuring NLuc activity. NLuc was chosen as the

reporter in this instance because of its relatively small

size (19.1 kDa), and previous fusion of BPTI to the

larger and more stable GFP, rendered it partially

trapped in the PV [14]. However, when parasites were

grown in the absence of glucosamine (i.e., PTEX88 is

still expressed), the export of KAHRP-BPTI-NLuc

was still less efficient than export of KAHRP-NLuc

lacking BPTI, evidenced by the reduced amount of

NLuc released into the erythrocyte supernatant upon

treatment of infected erythrocytes with tetanolysin

(Fig. 8A). The exported KAHRP-BPTI-NLuc fusion

also demonstrated partial accumulation in the para-

sites. Nevertheless, the knockdown of PTEX88 with

2.5 mM GlcN did not appear to exacerbate the loss of

export of KAHRP-BPTI-NLuc any further, whereas

these parasites could still efficiently export a KAHRP-

NLuc reporter lacking BPTI (Fig. 8B). This is consis-

tent with previous IFA using anti-KAHRP antibodies,

which revealed KAHRP could still be exported in

PTEX88-glmS parasites that had been depleted of

PTEX88 [24]. As expected, parasites expressing NLuc

without an export motif retained NLuc within the par-

asite, irrespective of whether parasites were grown in

the presence of 2.5 mM GlcN (Fig. 8C). These experi-

ments indicate that PTEX88 is not essential for traf-

ficking of cysteine-rich substrates across the PVM but

in agreement with previous findings also point to

export of disulfide-bonded proteins being less efficient

in P. falciparum [14].

Discussion

PTEX88 was initially discovered and tentatively

assigned as a PTEX component through proteomic

approaches that identified it as an interacting partner

of both HSP101 and PTEX150. It was subsequently

validated as a genuine component of PTEX in a study

that showed that an epitope-tagged version of

PTEX88 could coprecipitate all the core constituents

of PTEX (EXP2, PTEX150, and HSP101) in both

P. falciparum and P. berghei [8]. This is further sup-

ported by the expression data herein, which demon-

strated PTEX88 has a constitutive expression profile

similar to that of HSP101 and PTEX150 [7]. More-

over, the colocalization of PTEX88 with HSP101 in

the dense granules during schizogony and at the PV in

the ring stages is in keeping with PTEX88 being syn-

thesized alongside HSP101 and PTEX150 at the end

of the erythrocytic cycle. Following this, the complex

is secreted from the dense granules into the PV after

invasion to facilitate protein export across the PVM

shortly thereafter [18].

Deletion or knockdown of PTEX88 has not revealed

any significant defects in protein export [23,24], and

thus its contribution to the operation of PTEX is not

evident. Here, we utilized the transgenic PTEX88-HA

P. falciparum line to investigate how PTEX88 is

assembled within the PTEX complex to gain insight

into how this may relate to a role in protein export.

By Blue-Native PAGE, the presence of PTEX88 in a

species at > 1236 kDa that migrated at the same rate
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Fig. 8. Knockdown of PTEX88 does not alter the export of

cysteine-rich substrates. Proportion of NLuc activity exported into

the erythrocyte cytosol (red), secreted into the parasitophorous

vacuole (yellow) or present in the parasite cytoplasm (blue) of

KAHRP-BPTI-NLuc (A), KAHRP-NLuc (B) or NLuc (C) variants

transfected into PTEX88-glmS parasites and grown in �2.5 mM

GlcN. Error bars denote mean � SD (n = 4). An unpaired t-test

revealed that there were no significant differences (P > 0.05) in the

proportions in NLuc present in any of the compartments

between � treatments for any of the parasite lines.

2047The FEBS Journal 285 (2018) 2037–2055 ª 2018 Federation of European Biochemical Societies

S. A. Chisholm et al. Characterization of PTEX88



as the core constituents of PTEX is again consistent

with PTEX88 being a component of this molecular

complex. However, PTEX88 could not always be

observed in this high molecular weight species, which

implies its interaction with the core constituents of

PTEX may be more transient or that in the presence

of mild detergents PTEX88 may dissociate more read-

ily from PTEX.

The substantial number of HSP101 PSMs identified

by mass spectrometry after immunoprecipitation of

PTEX88 (being 4.5-fold higher than that of PTEX88)

and the close affinity between PTEX88 and HSP101

demonstrated through the crosslinking experiments sig-

nifies these two proteins have a close interaction. This

is consistent with both the IFA data, showing PTEX88

colocalizes with HSP101, and the solubility data,

which place both proteins in the PV and associating

with the PVM. It is currently unknown how HSP101

recognizes cargo to be translocated and whether this is

via the diverse cargo directly interacting with HSP101

or indirectly via a cargo receptor docking onto

HSP101. Given the interactions observed between

PTEX88 and HSP101, PTEX88 may serve as a recep-

tor to hand over cargo to HSP101. However, this

could only be for a subset of cargo that are also not

essential for P. falciparum growth in vitro, given the

lack of export and growth phenotypes when PTEX88

is conditionally knocked down in P. falciparum [23,24]

and lack of enrichment of exported proteins in the

PTEX88 immunoprecipitations.

Alignment of PTEX88 sequences from Plasmodium

spp. revealed two fully conserved CX10C motifs at the

C terminus end of the protein. A comparison of the

migration of PTEX88 under reducing and nonreducing

conditions reveals the CX10C motifs within PTEX88

(and potentially the other conserved cysteine residues)

most likely aid in the formation of intramolecular

disulfide bonds to stabilize the structure of the mole-

cule as observed with the CX9C/CX10C motifs of

Mia40 and Mic19 [45,46]. Secondary structure predic-

tions using PSIPRED [47] (Fig. 9) and I-TASSER [48]

(Fig. 10) reveal that PTEX88 contains high levels of

b-strands. The I-TASSER analysis indicated PTEX88

has greatest (albeit low) similarity to proteins that har-

bor 7-blade beta-propeller domains, such as heparin

and heparin sulfate-binding protein BT4663 from Bac-

teroides thetaiotaomicron [49] and the ubiquitin ligase

protein DDB1 [50] (Fig. 10A). As proteins containing

7-blade beta propellers perform a diverse range of func-

tions, from lipid, carbohydrate and protein ligand
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Fig. 9. PSIPRED analysis of PTEX88 indicates PTEX88 has high levels of beta sheets. Secondary structure information of PfPTEX88

generated from PSIPRED. Secondary structure prediction for each amino acid is indicated; C, coil; H, helix; E, strand. The confidence

indication for each prediction is shown. CX10C motifs and two additional cysteine residues are highlighted in red.
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binding to a variety of metabolic enzymatic roles [51],

it is difficult to predict the specific function of PTEX88

from this analysis, but the CX10C may help to stabilize

this propeller domain in PTEX88. Further analysis of

the PTEX88 model generated by I-TASSER shows that

the two CX10C motifs are localized within two separate

blades of the 7-blade beta-propeller domain (Fig. 10B).

PYMOL (Schr€odinger, New York, NY, USA) analysis of

the CX10C motifs within the individual blades sug-

gested that C475 is unlikely to form a disulfide bond

with C486 (Fig. 10C), whereas the CX10C motif at

C590–C601 is much more likely to form a disulfide

bond as the thiol groups from each residue face toward

each other and are in close proximity (4.2 �A). The shift

in the apparent molecular mass of PTEX88-HA in the

absence of a reducing agent is in keeping with this as

PTEX88 peptides were identified by LC/MS in the

bands of higher molecular mass. Support for an alter-

native role for the cysteine residues in disulfide

exchange to aid in the export of cysteine-rich proteins

could not be provided in this study as knockdown of

PTEX88 did reduce the ability of a cysteine-rich

KAHRP-BPTI-NLuc reporter to be exported.

The observation that export of the KAHRP-BPTI-

NLuc reporter was inefficient in P. falciparum sheds

some light on why the PV has an abundance of chaper-

ones and proteins involved in disulfide relay [27]. It is

interesting, therefore, that analysis of the PTEX88

PTEX88 BT4663 DDB1

C475-C486
13.9 Angstrom

C590-C601
4.2 Angstrom

A

C

B

Fig. 10. I-TASSER analysis of PTEX88 suggests formation of beta-propeller structures. (A) Top model predicted I-TASSER for PTEX88

protein structure. The closest structural analogs to PTEX88 were BT4663 from Bacteroides thetaiotaomicron and the ubiquitin ligase protein

DDB1, both of which contain a 7-blade beta-propeller structure. (B) CX10C motifs are localized to two separate blades within the beta-

propeller structure. Residues C475 and C486, and C590 and C601 are highlighted. (C) The distance between thiol groups of cysteine

residues in conserved CX10C motifs was estimated using PYMOL to determine whether either motif may form an internal disulphide bond.
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interactome by mass spectrometry revealed PDI-8 and

chaperones as interacting proteins, in addition to PV1

and EXP3. Notably, PDI-8, PV1, and EXP3 have all

been localized to the PV [27,28]. Moreover, PV1 and

EXP3, which are members of a novel complex termed

the exported protein-interacting complex (EPIC), have

been shown to interact with PTEX88 as well as with

PDI-8 and ER/PV chaperones, and are suspected to

play a role in delivering the major virulence factor

PfEMP1 in an unfolded state from ER/PV chaperones

to PTEX [28]. Another recent study has also linked

PV1 to PTEX, with its interaction suspected to be tran-

sient [19]. While attempts to delete PV1 in P. falci-

parum have been unsuccessful [26], knockdown of PV1

and EXP3 in P. falciparum using the riboswitch

approach did not result in any growth phenotypes [28].

PV1 is not essential in P. berghei; however, mice

infected with P. berghei lacking PV1 succumb to exper-

imental cerebral malaria later than wild-type parasites,

indicating this protein contributes to parasite virulence.

These findings are in keeping with decreased binding of

erythrocytes infected with P. falciparum depleted of

PV1 to CD36 as well as their altered knob morphology

and reduced cell rigidity [28]. Notably, knockdown of

PTEX88 in P. berghei also affects the ability of mice to

succumb to experimental cerebral malaria [23,24] and

P. falciparum parasites depleted of PTEX88 expression

also display reduced binding to CD36 [24].

In summary, the association of PTEX88 with chaper-

ones and EPIC and the similarities in phenotypes of

parasites in which components of EPIC and PTEX88

have been conditionally depleted or knocked out,

together with the more transient nature of PTEX88

assembly into the PTEX complex, leads us to speculate

a model whereby PTEX88 is co-opted to PTEX to aid

in the delivery a subset of proteins from EPIC to

HSP101, which are unfolded and translocated more

efficiently by PTEX if they interact with chaperones in

this complex while awaiting translocation (Fig. 11).

Certainly, the makeup of other known translocons is

dynamic [52], with components recruited under certain

conditions or at specific times to optimize translocation

or to help translocate specific cargo. The identity of

cargo that requires PTEX88 for efficient trafficking is

not currently known, although the data generated in

this study suggest that cysteine-rich cargo do not specif-

ically require PTEX88 for proper translocation or that

PTEX88 itself directly engages with cargo. However,

one of the current limitations with using the transgenic

P. falciparum line in which PTEX88 is conditionally

depleted is that even minimal expression of PTEX88

may still be sufficient to detect export of this cargo.

Therefore, using this system without appropriate

fractionation and quantitative proteomics would make

it difficult to identify potential cargo that requires

PTEX88 for efficient export. Nevertheless, while there

is undoubtedly still much more to understand regarding

the composition of PTEX, the insight gained into how

PTEX88 assembles in the PTEX complex, combined

with further functional studies of this protein, may help

to shed some light on its contribution to translocon

function, so that PTEX can best be strategically tar-

geted for future therapeutic development.

Materials and methods

Plasmid construction

To create the targeting construct for the exported reporter

protein fused to NLuc, a gene encoding the N-terminal lea-

der sequence from KAHRP in frame with the BPTI (NCBI

Gene ID: 404172) was synthesized by GeneArt (Life Tech-

nologies, Carlsbad, CA, USA). The resulting fragment was

digested with BglII and AvrII and ligated into pHGBrHrBl-

1/2 [53] to create the plasmid pKAHRPL-BPTI-GFP. This

plasmid was subsequently digested with NotI, treated with

PVM
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Fig. 11. An updated model for PTEX assembly. EXP2 has the

strongest membrane association and oligomerizes (~ 10–12 mer)

to form the PTEX pore in the PVM. EXP2 binds to PTEX150 (an

oligomer), which in turn binds a hexamer of HSP101. PTEX88

exists as either a monomer or possibly a dimer, binding most

strongly to HSP101. The nature of TRX2 assembly within the

complex is not known. Proteins destined for export are secreted

into the PV and some cargo such as PfEMP1 may engage with

EPIC (comprising PV1, PV2, and EXP3) and chaperones prior to

recognition by PTEX to aid in translocation efficiency (for example,

by keeping proteins in an unfolded state). HSP101, a AAA+-ATPase

may also unfold cargo to facilitate translocation across the PVM by

PTEX, after which the cargo is refolded in the erythrocyte cytosol,

presumably by Hsp70 and Hsp40 chaperones or by human TRiC.
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Klenow fragment (NEB, Ipswich, MA, USA) and then

digested with AvrII to remove the GFP and allow insertion

of the sequence encoding NLuc. NLuc was PCR-amplified

from pPfNLuc [54] using the primers DO750R and

DO286F (Table S1), and the resulting product was digested

with MluI, treated with Klenow and then digested with

AvrII. The resulting plasmid incorporating the KAHRP

leader sequence (including the signal sequence and

PEXEL motif) [55] fused in frame to BPTI and NLuc was

termed pKAHRPL-BPTI-NLuc. Another plasmid, termed

pKAHRPL-NLuc was also created. This involved digestion

of pKAHRPL-BPTI-NLuc plasmid with BglII and AvrII to

remove BPTI and replace with KAHRPL (amplified from

pKAHRPss-BPTI-NLuc with the primers DO981F and

DO982R) using the NEB HiFi DNA Assembly kit. To cre-

ate a plasmid encoding nonexported NLuc, the pKAHRPL-

BPTI-NLuc plasmid was digested with BglII and AvrII to

release the sequences encoding the KAHRP leader sequence

and BPTI and the plasmid was then treated with Klenow

before being religated to create the plasmid pNLuc.

Parasite culturing

Parasites were cultured continuously as previously described

[56]. The transgenic P. falciparum line PfPTEX88-HA used

throughout this study was generated previously [8]. Trans-

fection of P. falciparum was performed with 100 lg of plas-

mid DNA using previously described methods [57], followed

by selection with 2 lg�mL�1 Blasticidin-S (Sigma, St Louis,

MO, USA).

Indirect IFA

Thin smears of infected erythrocytes were fixed with ice cold

90% acetone/10% methanol for 1 min. Cells were then

blocked in 1% (w/v) BSA/PBS for 1 h. All antibody incuba-

tions were performed in 0.5% (w/v) BSA/PBS. Primary anti-

bodies were used at the following concentrations: mouse anti-

HA 1 : 100, rabbit anti-HSP101 1 : 500, rabbit anti-EXP2

1 : 500. After 1 h incubation in primary antibody, cells were

washed three times in PBS and then incubated with the

appropriate AlexaFluor 488/568-conjugated secondary anti-

body (1 : 2000) for 1 h. Cells were washed three times in

PBS, and mounted in Vectashield mounting medium contain-

ing the nuclear stain 40,6-diamidino-2-phenylindole (DAPI)

(VectorLabs, Burlingame, CA, USA). Images were taken on

an Olympus IX71 microscope (Olympus, Shinjuku, Japan)

and images were processed using IMAGEJ v1.46r (National

Institutes of Health, Bethesda, MD, USA).

Sequential solubility analysis and western

blotting

PfPTEX88-HA P. falciparum-infected erythrocytes at ring

stage or trophozoite stage were lysed with 0.05% (w/v)

saponin in PBS. The pelleted parasite material was resus-

pended in a hypotonic lysis buffer (1 mM HEPES, pH 7.4)

to release cytosolic parasite proteins. After a 30 min incu-

bation on ice, the material was centrifuged at 100 000 g for

30 min at 4 °C. The supernatant was removed and the pel-

let was resuspended in 0.1 M Na2CO3 (pH 11.5) to release

proteins peripherally associated with membranes. After a

30 min incubation on ice, the material was centrifuged at

100 000 g for 30 min at 4 °C. The supernatant was

removed and the pellet was resuspended in 1% (w/v) Triton

X-100 in PBS to release integral membrane proteins. After

incubation of this material at room temperature for

30 min, the samples were centrifuged at 100 000 g for

30 min at 4 °C. The starting material, soluble fractions and

the Triton X-100 insoluble fraction were electrophoresed by

SDS/PAGE and transferred onto 0.45 lm PVDF mem-

brane (Millipore, Billerica, MA, USA) using SDS transfer

buffer with methanol and a wet transfer blotting device

(Bio-Rad, Hercules, CA, USA). Immunoreactions were per-

formed using antibodies in 5% skim milk/PBS. Primary

antibodies were monoclonal mouse anti-HA (12CA5)

(1 : 1000), rabbit anti-HSP101 (1 : 1000), rabbit anti-EXP2

(1 : 1000), rabbit anti-ADF-1 (1 : 500), while secondary

antibodies were horseradish peroxidase-conjugated goat

anti-mouse and goat anti-rabbit antibodies (1 : 2000;

Thermo Scientific, Waltham, MA, USA). Detection was

performed using ClarityTM ECL Substrate (BioRad).

Blue-Native PAGE

Plasmodium falciparum-infected erythrocytes were lysed with

0.05% (w/v) saponin in PBS. The pelleted parasite material

was resuspended in 20 pellet volumes of 1% (w/v) digitonin

in PBS and incubated on ice for 30 min. The material was

then centrifuged at 17 000 g for 30 min at 4 °C. Solubilized
material was then electrophoresed on 3–12% NativePAGETM

Bis-Tris protein gels and transferred on to PVDF according

to protocols outlined by the manufacturer (Life Technolo-

gies). The membranes were then immunoblotted as previ-

ously described [24] using antibody reagents against HA,

HSP101, PTEX150, EXP2 and acyl carrier protein (ACP).

Immunoprecipitations

Ring-stage 3D7 and PTEX88-HA were lysed with 0.05%

(w/v) saponin in PBS containing cOmpleteTM protease inhibi-

tors (PI) (Roche, Indianapolis, IN, USA). Pelleted parasite

material was resuspended in 1% (v/v) Triton X-100 in PBS

containing 1 9 PI. After a 30–60 min incubation on ice, the

material was centrifuged at 17 000 g for 10 min at 4 °C.
Anti-HA-conjugated agarose (20 lL) (Roche) or polyclonal

serum (20 lL) from rabbits was added to the supernatant

and incubated overnight at 4 °C. When immunoprecipita-

tions were performed with polyclonal serum, 50 lL Protein

G-conjugated agarose beads (Sigma) were added to the
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material the following day and incubated for a further 4 h

at 4 °C. The mixture was then placed on a spin column and

unbound material was collected by gravity flow. Beads were

then washed twice with 1 mL 0.5–1% (w/v) Triton X-100 in

PBS containing cOmpleteTM protease inhibitors (Roche).

Bound proteins were eluted with 100 lL 19 nonreducing

sample buffer [1% (w/v) SDS, 10% (v/v) glycerol, 1 mM

EDTA, 0.005% (w/v) bromophenol blue and 50 mM Tris

HCl (pH 6.8)]. DTT was added to the elutions at a final con-

centration of 50 mM to reduce disulfide bonds and the pro-

teins were electrophoresed by SDS/PAGE.

Mass spectrometry

After electrophoresis of proteins on Nu-PAGE� 4–12%
Bis-Tris polyacrylamide (Life Technologies) or mini-PRO-

TEAN TGXTM precast gels (Biorad), the gels were subse-

quently stained overnight in either Sypro-Ruby protein

stain under constant agitation at 15 r.p.m. or stained over-

night in PierceTM Silver Stain for Mass Spectrometry

(Thermo Scientific) protein stain under constant agitation

at 15 r.p.m. followed by visual development as per manu-

facturer’s instructions. The gel was then imaged under

ultraviolet light or bright light, respectively to visualize pro-

teins. Proteins of interest were excised from the gel and

stored at �20 °C before in-gel trypsinization and analysis

by LC-MS/MS as previously described [8].

Chemical crosslinking

Plasmodium falciparum cultures were washed in serum-free

RPMI 1640 medium and passed through a MACS MS col-

umn (Miltenyi Biotec, Cologne, Germany) to separate unin-

fected erythrocytes and ring-stage parasites from late-stage

parasites. Late-stage parasites were isolated and resus-

pended in 20 pellet volumes of DSP (Thermo Scientific) at

concentrations of 0, 125, 250, and 500 lM dissolved in PBS.

Samples were crosslinked in situ at room temperature for

30 min. After centrifugation at 3000 g for 2 min, the cross-

linker was removed and the pellet was washed once in PBS.

Cells were again pelleted and the residual crosslinker was

quenched by resuspending the parasite pellet in a quenching

buffer (150 mM NaCl, 25 mM Tris pH 7.4) at room temper-

ature for 20 min. The parasite material was again pelleted

and washed in PBS, before hypotonic lysis in 5 mM sodium

phosphate buffer (pH 7.4). After hypotonic lysis, the mate-

rial was centrifuged at 17 000 g and the supernatant dis-

carded. The insoluble material was resuspended in 1% (v/v)

Triton X-100/PBS. This material was immediately sonicated

using a Vibra-CellTM VCX130 sonicator (Sonics, Newtown,

CT, USA) to disrupt noncovalent protein–protein interac-

tions. After sonication, the material was incubated at 4 °C
for 1 h followed by centrifugation at 17 000 g for 30 min at

4 °C. The supernatant was removed and subsequently used

in immunoprecipitation reactions as described above.

Luciferase assays

Luciferase assays were performed as described previously

[58] with slight modifications. The infected erythrocytes

were sorbitol synchronized and when the parasites reached

late trophozoite stage, the cultures were treated with either

2.5 mM GlcN or no GlcN for 48 h. Infected erythrocytes

were subsequently transferred to a 96 well plate at 1%

hematocrit, 1% parasitemia and the GlcN concentration

was maintained prior to measurement of NLuc signal.

Wild-type parasites lacking exported NLuc were used to

control for background luminescence. When performing the

assay, the control well lacking NLuc-expressing parasites

was spiked with recombinant NLuc (1 ng�lL�1) to control

for NLuc quenching by hemoglobin and differing compo-

nents of lysis buffers. Subsequently, 5 lL of resuspended

culture was added to 90 lL of either background buffer

(10 mM Tris phosphoric acid pH 7.4, 127 mM NaCl, 5 mM

Na2EDTA, 5 mM DTT), Tetanolysin buffer (background

buffer with 3 U of the pore-forming toxin, Tetanolysin;

Sigma [28]), saponin buffer [background buffer with 0.03%

(w/v) saponin] or hypotonic buffer (10 mM Tris phosphoric

acid pH 7.4, 5 mM Na2EDTA, 0.2% NP40, 5 mM DTT),

which allow differential fractionation of the infected ery-

throcyte. The cells were incubated for 10 min at room tem-

perature under agitation at 600 rpm to allow lysis to occur.

Following this, 5 lL of diluted NanoGlo (Promega, Fitch-

burn, WI, USA, diluted 1 : 50 in background buffer) was

added to each sample and relative light units were then

measured with a Berthold Lumat LB 9507 luminometer

(Berthold Technologies, Bad Wildbad, Germany). The rela-

tive amount of NLuc in each compartment was then calcu-

lated by subtracting Background buffer signal from the

signal in each of the other three buffers. Exported signal

was calculated as: Tetanolysin buffer/Hypotonic

buffer 9 100, secreted signal was calculated as: (Saponin

buffer � Tetanolysin buffer)/Hypotonic buffer 9 100,

retained signal was calculated as (Hypotonic buffer � Sapo-

nin buffer)/Hypotonic buffer 9 100. Experiments were

repeated on four independent occasions and two technical

replicates were completed per biological replicate; values

and standard error from biological replicates were averaged.
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