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Abstract

Plakortin, a polyketide endoperoxide from the sponge Plakortis simplex has antiparasitic activity against P. falciparum.
Similar to artemisinin, its activity depends on the peroxide functionality. Plakortin induced stage-, dose- and time-
dependent morphologic anomalies, early maturation delay, ROS generation and lipid peroxidation in the parasite. Ring
damage by 1 and 10 mM plakortin led to parasite death before schizogony at 20 and 95%, respectively. Treatment of
late schizonts with 1, 2, 5 and 10 mM plakortin resulted in decreased reinfection rates by 30, 50, 61 and 65%,
respectively. In both rings and trophozoites, plakortin induced a dose- and time-dependent ROS production as well as a
significant lipid peroxidation and up to 4-fold increase of the lipoperoxide breakdown product 4-hydroxynonenal (4-
HNE). Antioxidants and the free radical scavengers trolox and N-acetylcysteine significantly attenuated the parasite
damage. Plakortin generated 4-HNE conjugates with the P. falciparum proteins: heat shock protein Hsp70-1,
endoplasmatic reticulum-standing Hsp70-2 (BiP analogue), VV-type proton ATPase catalytic subunit A, enolase, the
putative vacuolar protein sorting-associated protein 11, and the dynein heavy chain-like protein, whose specific binding
sites were identified by mass spectrometry. These proteins are crucially involved in protein trafficking, transmembrane
and vesicular transport and parasite survival. We hypothesize that binding of 4-HNE to functionally relevant parasite
proteins may explain the observed plakortin-induced morphologic aberrations and parasite death. The identification of
4-HNE-protein conjugates may generate a novel paradigm to explain the mechanism of action of pro-oxidant,
peroxidebased antimalarials such as plakortin, artemisinins and synthetic endoperoxides.

Introduction

Falciparum malaria still is one of the most widespread infectious diseases. The disease is caused by protozoan parasites
of the genus Plasmodium that infect and destroy red blood cells (RBCs), leading to fever and in case of severe courses
of disease, to severe anemia, respiratory distress, cerebral malaria and if untreated, death. According to WHO
(Factsheet, December 2014) in 2013 there were an estimated 124-283 million cases of malaria worldwide, and an
estimated 584,000 deaths. Approx. 90% of all Contents lists available at ScienceDirect journal homepage:
www.elsevier.com/locate/freeradbiomed Free Radical Biology and Medicine
http://dx.doi.org/10.1016/j.freeradbiomed.2015.10.399 0891-5849/& 2015 Elsevier Inc. All rights reserved.
Abbreviations: ARTEs, semisynthetic derivatives of artemisinin; DCF-DA, dichlorofluorescein-diacetate; DHE,
dihydroethidium; DMSO, dimethyl sulfoxide; EDTA, ethylenediaminetetraacetic acid; EtBr, ethidium bromide; FACS,
fluorescence-activated cell sorting; GM, growth medium; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,;
Hsp, heat shock protein; 4-HNE, 4-hydroxynonenal; MFI, mean fluorescence intensity; NAC, N-acetylcysteine; PBS,
phosphate buffered saline; RBC, red blood cell; npRBC, non-parasitized RBC; pRBC, parasitized RBC; P. falciparum,
malaria parasite Plasmodium falciparum; RPMI medium, Roswell Park Memorial Institute medium; SDSPAGE,
sodium dodecylsulphate-polyacrylamide gel electrophoresis; WM, wash medium. n Correspondence to: University of
Torino, Department of Oncology, Torino, Italy, Via Santena 5 bis, 10126 Torino, Italy. Tel.: p39 011 670 5846; fax:
p39 011 670 5845. E-mail addresses: olexii.skorokhod@unito.it (O.A. Skorokhod), denise.davalosschafler@unito.it (D.
Davalos-Schafler), valentina.gallo@unito.it (V. Gallo), elena.valente@unito.it (E. Valente), daniela.ulliers@unito.it (D.
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Ulliers), agata.notarpietro@unito.it (A. Notarpietro), giorgia.mandili@unito.it (G. Mandili), franco.novelli@unito.it (F.
Novelli), m.persico@unina.it (M. Persico), orazio.taglialatelascafati@unina.it (O. Taglialatela-Scafati),
paolo.arese@unito.it (P. Arese), evelin.schwarzer@unito.it (E. Schwarzer). 1 These authors contributed equally to this
work. Free Radical Biology and Medicine 89 (2015) 624-637 malaria deaths occur in Africa, where in 2013 an
estimated 437,000 children died of malaria before their fifth birthday. The absence of an effective vaccine and
expanding resistance against the nowadays almost exclusively used potent antimalarial artemisinin (Fig. 1) and its
semisynthetic derivatives (ARTES) [1-3], underline the urgent need for new drugs in order to achieve eradication [4].
Artemisinin is a sesquiterpene lactone with a peroxide bridge essential for antimalarial activity [5]. In the search for
novel antimalarials beyond ARTEsS, attention is focussed on other compounds containing the endoperoxide
pharmacophore such as the 1,2,4-trioxolanes arterolane (0Z277) [6], and OZ439, a next generation trioxolane with
improved in vivo properties [7], both in clinical trials. Peroxide-bridged compounds derived from marine organisms are
of particular interest due to their peculiar chemical architecture and marked biological activities [8]. Among the several
compounds of this class, plakortin (Fig. 1), isolated and purified from the marine sponge Plakortis simplex [9], is an
endoperoxide with similarity to ARTEs as far as the crucial role of the peroxide ring conformation and functionality are
concerned [10]. Plakortin can be considered a promising antimalarial lead compound characterized by fast-acting
activity at medium-low concentrations in vitro particularly against chloroquine resistant strains [11]. General aim of this
study was understanding the mechanism of action of plakortin at molecular level, an endeavour of key importance for
the development of active synthetic, optimized derivatives containing the essential pharmacophoric scaffold. Specific
aims were analysis of stage-dependent antimalarial activity of plakortin, its capacity to produce ROS and generate the
lipoperoxidation product 4-hydroxynonenal (4-HNE) in parasitized red blood cells (pRBCs), and the identification of 4-
HNE conjugates with parasite proteins with potential importance for the parasite survival and invasion fitness. 4-HNE-
dependent modifications of specific parasite proteins may represent a novel mode of action of antimalarial drugs,
adding potency and specificity to oxidative antimalarials. 2. Materials and methods Unless otherwise stated all materials
were obtained from Sigma-Aldrich (St. Louis, MO). Plakortin, methyl 4,8-diethyl-6-methyl-3,6-peroxy-9-dodecenoate
[12], was obtained from the organic extract of the Caribbean sponge Plakortis simplex and purified by combination of
column chromatography and HPLC as described [13]. The final purity of the compound wasZ99%. 2.1. In vitro
cultivation of Plasmodium falciparum and stage-specific enrichment of parasitized red blood cells Plasmodium
falciparum (Palo Alto strain, Mycoplasma free) pRBCs were kept in permanent culture as described [14]. Heparin anti-
coagulated blood from healthy adult donors of both sexes was obtained from the local blood bank (AVIS, Torino, Italy).
RBCs were separated from plasma, platelets and white blood cells by 3 washes in wash medium (WM, RPMI 1640
medium with HEPES modification), and stored at 4 °C after resuspension in WM at 50% hematocrit and
supplementation of 2% (v/v) SAG (150 mM NaCl/ 1.25 mM adenine /45 mM glucose). RBCs that were used for
plakortin incubation experiments were from blood samples taken on the same day of the experiment. For
synchronization of cultures by parasite stage, schizonts were collected from the 40% to 60% interface after passing a
mixed stage culture through a discontinuous PercollITM (GE Healthcare, Uppsala, Sweden)-mannitol density gradient at
5000 g for 30 min. Schizonts were added to RBCs resuspended at 1% hematocrit in growth medium (GM; WM
supplemented with 20 mM glucose, 2 mM glutamine, 0.025 mM adenine, 32 mg/ml gentamicin and 1% (w/v) Albumax
I (Invitrogen, Monza, Italy)) and left to infect for 10-14 h at 37 °C and in a 90% N2, 5% CO2, 5% O2 atmosphere
(standard culture conditions). Then free hemozoin and residual mature parasites were removed by passing the culture
through a 80% Percoll-mannitol cushion at 5,000 g for 30 min and keeping the ring-stage parasitized bottom fraction
under standard conditions for further synchronous culturing and stage-specific incubation with plakortin [15]. When
high parasitemia was required, the ring fraction (early maturation stage) of a synchronous culture was further enriched
in 90% Percoll-mannitol at 14 h after inoculation. Enriched trophozoites (advanced maturation stage) were harvested
from the 70% to 80% interface and schizonts (late maturation stage) from the 40% to 60% interface after Percoll-
mannitol separations of synchronous cultures performed at 30 and 48 h after inoculation, respectively. Parasite fractions
collected from the Percoll gradient were washed once with WM and maintained under standard culture conditions in
GM. Cells were allowed to recover for one h before addition of plakortin into the culture. 2.2. Plakortin treatment of
pRBCs and non-parasitized (np) npRBCs and prior antioxidants supplementation Pure plakortin was dissolved at 50
mM in ethanol (stock solution) and diluted to 10 mM with DMSO prior to use. The stock solution was kept at -20 °C
until use. Synchronous cultures were supplemented with a single dose of 0-10 mM plakortin (final concentration) at
ring-stage (12-16 h post-invasion), at trophozoitestage (26-30 h post-invasion) or at schizont-stage (42-48 h
postinvasion) and kept under standard culture conditions (see above) until analysis. Enriched parasite fractions and non-
parasitized (np) RBCs were treated similarly and kept under the same standard culture conditions. For reinfection
studies, fresh npRBC suspensions in GM (2% hematocrit) were inoculated with schizonts (42-48 h postinvasion, 495%
parasitemia, see method paragraph ’In vitro cultivation of Plasmodium falciparum’) and adjusted to 5% parasitemia.
Plakortin was added at indicated concentrations for 3 h and removed thereafter by one washing step with WM. After
resuspension in GM cultures were kept at 37 °C under 90% N2/ 5% CO2/ 5% O2 (vol/vol) atmosphere and the
reinfection rate was followed by counting ring-stage pRBCs at indicated times after plakortin addition. To study the
oxidative properties of plakortin, the antioxidant water-soluble vitamin E analog Trolox (6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid) and the thiol-reducing and radical- and 4-hydroxynonenal (4-HNE)-scavenging
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N-acetylcysteine (NAC) were added 30 min prior to plakortin supplementation into the cultures at final concentrations
of 100 mM. 2.3. Morphological analysis of plakortin-treated pRBCs by light microscopy Parasitemia, stage-specific
parasite morphology and morphologic anomalies of parasite and host RBC were determined in thin Fig. 1. The
chemical structures of artemisinin and plakortin. The crucial endoperoxide is marked in color. O.A. Skorokhod et al. /
Free Radical Biology and Medicine 89 (2015) 624-637 625 blood smears made at indicated times from the plakortin-
containing or control cultures. The light microscopic examination of the Diff-Quiks fix stained (Medion Diagnostics
GmbH, Diidingen, Switzerland) smear was performed with a Leica DM IRB microscope equipped with a 100x oil
planar apochromatic objective with 1.32 numeric aperture and a DFC420C camera and DFC software version 3.3.1
(Leica Microsystems, Wetzlar, Germany). Parasitemia and percentage of damaged intracellular parasites were assessed
in triplicate counting 400 to 1000 cells per smear at a time. 2.4. Assessment of parasitemia and parasite life cycle
progress by FACS after ethidium bromide staining The percentage and maturity of pRBCs were detected by FACS at
indicated time points by labelling culture aliquots with ethidium bromide (EtBr; 5 mg/ml final concentration) [16]. The
fluorescence of the labelled pRBCs was acquired on a FACSCalibur flow cytometer (BD Biosciences, Sunnyvale, CA,
USA) and analyzed in the FL2 channel at 564—-606 nm after argon laser excitation at 488 nm using the Cell Quest
software (BD Biosciences). 2.5. Hemoglobin quantification The hemoglobin concentration in the culture supernatant
was assayed by heme-dependent luminol-enhanced luminescence. Luminescence was measured in a double-injector
luminometer (Sirius; Berthold, Pforzheim, Germany) as described [17]. All assays were performed in triplicate. 2.6.
Assay of ROS in pRBCs and npRBCs with DCF-DA and DHE by FACS and fluorescence microscopy Plakortin-treated
pRBCs and npRBCs and untreated controls were incubated during 3 h at 10% hematocrit in GM containing 100 mM of
the ROS probe dichlorofluorescein-diacetate (DCF-DA) at 37 °C under orbital agitation. After labelling with DCF-DA,
RBCs were washed three times with PBS-Glucose (PBS-G) and the samples were resuspended in EtBr at 10 mg/ml GM
for 15 min at 37 °C under orbital agitation for DNA staining of pRBCs, which allows to distinguish pRBCs from
npRBCs and the separate ROS analysis. After incubation, RBCs were washed three times and resuspended in PBS-G.
The fluorescence of the labelled pRBCs and npRBCs was acquired on a FACS Calibur flow cytometer (BD
Biosciences) and analyzed for DCF in the FL1 channel at 515-545 nm and for EtBr in the FL2 channel at 564—-606 nm
after argon laser excitation at 488 nm using the Cell Quest software (BD Biosciences). In order to minimize emission
overlap of the two fluorochromes, a minor electronic compensation was applied. The obtained data were analyzed with
Flowing Software (developed by Perttu Terho, Turku Centre for Biotechnology, Turku, Finland). A second probe was
applied to assess specifically the superoxide generation by plakortin in pRBCs [18,19]. Dihydroethidium (DHE) was
added to the cell culture at final concentration of 25 mM for 30 minutes. Then the non-reacted DHE was washed out
with PBS-G, and red emission from p- and npRBC was measured by flow cytometry in the red channel at 642 nm after
laser excitation at 488 nm using a Guava flow cytometer (Merck Millipore, Billerica, MA, USA) and Guavasoft 3.1
software (Merck Millipore). Additional analysis of fluorescent probe-labelled, plakortintreated parasites was performed
by fluorescence microscopy in wet smears following incubation with DCF-DA and EtBr (100 mM and 5 mg/ml final
concentration, respectively). Fluorescent images were acquired with a Leica DR IRB fluorescence microscope (Leica
Microsystems) equipped with a Leica DFC 420 C camera, a 100x oil planar apochromatic objective with 1.32
numerical aperture, a 450/490 nm excitation and LP 515 nm barrier filter and the version 3.3.1 of the Leica DFC image
software (Leica Microsystems). Trophozoites were identified by the presence of hemozoin in bright field inspection and
confirmed by EtBr staining. 2.7. Assay of 4-HNE conjugates in pRBC and npRBCs by FACS Cells were washed with
PBS-G-bovine serum albumin 1% (PBSG-BSA), incubated with anti-4-HNE-conjugate antibody (Alpha Diagnostics
International, San Antonio, TX, USA) at 1:50 in PBS-GBSA for 1 h and then washed twice with PBS-G-BSA. Bound
anti-4- HNE-conjugate antibodies were revealed by FITC-conjugated F(ab) 2 goat anti-rabbit 1gG, the percentage and
maturity of pRBCs are detected by labelling with EtBr (5 mg/ml final). The fluorescence of the labelled pPRBCs was
acquired on a FACSCalibur flow cytometer (BD Biosciences) and analyzed for FITC in the FL1 channel at 515- 545
nm and for EtBr in the FL2 channel at 564-606 nm after argon laser excitation at 488 nm using the Cell Quest software
(BD Biosciences). In order to minimize emission overlap of the two fluorochromes, a minor electronic compensation
was applied. The obtained data were analysed with the WinMDI software (The Scripps Research Institute, La Jolla, CA,
USA) and presented as mean fluorescence intensity (MFI) [14,20]. 2.8. Preparation of protein extracts from pRBC and
npRBC Washed and 1700 g sedimented npRBCs or pRBCs were hypoosmotically lysed in a 10—fold excess (v/v) of
ice-cold lysis buffer (10 mM K2HPO4/KH2PO4 (pH 8.0), supplemented with a protease inhibitor cocktail containing: 1
mM EDTA, 250 mM phenyl-methylsulfonyl fluoride (PMSF), 1 nM leupeptine, 3 mM pepstatine, the phosphatase
inhibitors sodium orthovanadate and sodium fluoride at 1 mM, each and 100 mM Trolox, during 5 min on ice. The
ruptured membranes and organelles of parasite origin were sedimented at 16,200 g for 3 min at 4 °C and the supernatant
was discarded. The pellet was washed 10 times by resuspension in fresh lysis buffer and subsequent sedimentation at
16,200 g for 1 min. npRBC-derived preparations contained pure RBC membranes, while pRBC preparations contained
the host cell membrane as well as membranes and organelle debris from the parasite. The proteins were extracted with
SDS-containing Laemmli buffer at 95 °C for 5 min. Solubilized proteins were kept at -20 °C prior to use and p-
mercaptoethanol (5% v/v) was added to protein samples before loading to the SDS-PAGE. The proteins were quantified
using the Bio-Rad Protein Assay (Bio-Rad, Hercules, CA, USA). 2.9. Analysis of proteins by western blotting The
solubilized proteins (10-30 pg) were separated with an 8% acrylamide (w/v) SDS-PAGE and transferred onto a
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nitrocellulose membrane (Amersham Biosciences, Fairfield, CT) for identifying 4-HNE-protein-conjugates. The BSA-
blocked membrane was incubated overnight at 4 °C with the monoclonal anti-4-HNE-conjugate antibody (Abcam,
Cambridge UK; 1:1000 dilution). The membrane was washed and incubated with the secondary HRPconjugated anti-
mouse antibody (Pierce, Rockford, IL) at a 1:10,000 dilution for 1 h. Antibody-positive bands were visualized by ECL
and acquired with Chemidoc MP (Bio-Rad), using PDQuest software (Bio-Rad, version 7.2) according to the
manufacturer’s instructions. 2.10. Identification of 4-HNE modified proteins by mass spectrometric analysis and
peptide mass fingerprinting For the identification of 4-HNE-conjugated proteins in plakortintreated parasites matrix
assisted laser desorption ionization-time of 626 O.A. Skorokhod et al. / Free Radical Biology and Medicine 89 (2015)
624-637 flight (MALDI-TOF) mass spectrometric analysis was performed. Proteins extracted from enriched ring and
trophozoite stage pRBCs and npRBCs cultured with or without 10 mM plakortin for 3 h were separated by SDS-PAGE.
Gels were stained with colloidal Coomassie, protein bands of interest excised from the gel and in-gel trypsin digested as
described in [21]. MS analysis was performed on a MALDI-TOF spectrometer (MALDI micro MX; Waters, Milford,
MA) equipped with a delayed extraction unit, according to the tuning procedures suggested by the manufacturer,
operating in reflectron mode. Peak lists were generated by Protein Lynx Global Server (Waters, Milford, MA). The 25
most intense masses were used for database searches against the SwissProt and NCBI databases using the free search
program MASCOT (http://www.matrixscience.com). The parameters used for the searches were: taxa Plasmodium
falciparum, trypsin digestion, 1 missed cleavage, methionine oxidation and 4-HNE as variable modifications with a
maximum error allowed of 100 ppm. For Plasmodium falciparum, proteins taken on to consideration had a Mascot
score higher than 37 for SWISSPROT searches and higher then 67 for NCBI searches, as suggested by Mascot to be
“significant”. 2.11. Statistical analysis Non-parametric Mann-Whitney U Test was used to determine the significance of
difference between the groups” means (PASW Statistics 18, SPSS IBM, Chicago, IL). If not otherwise indicated, p
values 00.05 were considered to be statistically significant. 3. Results Plakortin has been shown to inhibit P. falciparum
growth in vitro (IC50r1 mM) as determined in mixed stage cultures by the lactate dehydrogenase assay [11]. The yet
unexplored stage-specific susceptibility of the parasite to plakortin and the mechanism of drug action are the main
objectives of present study. 3.1. Plakortin delays parasite growth and damages ring-stage parasites The time-dependent
effects of plakortin on parasite growth and morphology were studied in stage-separated pRBCs supplemented with 1, 2,
5 and 10 mM plakortin. At the beginning of plakortin treatment (time zero samples), synchronized ring-stages (12-16 h
old) showed normal parasite morphology. Untreated parasites developed to morphologically normal older ring and
trophozoite stages after 3, 6 and 24 h incubation (Fig. 2A). Plakortin-treated ring-stage parasites showed time- and
dosedependent delay of intra-erythrocytic growth and intracellular damage at all tested plakortin concentrations. At 1
mM the majority of parasites were normally shaped but showed a strong maturation delay till 24 h when only little
hemozoin was visible in the still young trophozoites which did not attain the typical morphology of 36-40 h old
parasites (Fig. 2A, Table 1). The few normally shaped parasites observed in cultures exposed to Z2 mM plakortin
showed a strong maturation delay till 24 h (Fig. 2A, Table 1). The delay of ring growth was confirmed by a significant
and dose-dependent decrease of DNA content in ring-stage parasites treated for 6 h with plakortin (Fig. 3A). The
delayed but otherwise inconspicuous parasites developed to fully mature schizonts 10- 20 h later than untreated controls
(not shown). Parasite damage was characterized by anomalous shape of the stained parasite with distorted or broken
ring forms up to the complete shrinkage of the parasite to a pyknotic clump. At 1 mM plakortin, few deformed parasites
appeared after 6 h treatment while atZ2 mM plakortin, parasite damage was observed already Fig. 2. Morphological
aberrations and growth delay of P. falciparum by plakortin. Representative microscopic images taken from Quick Diff
stained smears show synchronized P. falciparum cultures which were treated at ring stage (12-16 h after reinfection)
with 0-10 mM plakortin for indicated time (3-24 h; A, B), and of damaged pRBCs from synchronized cultures treated at
trophozoite stage (26- 30 h after reinfection; C) and at schizont stage (42- 46 h after reinfection; D,E) with 2 mM
plakortin for 6 and 9 h, respectively. Anomalous parasite shapes of ring-stage parasites with distorted, broken or shrunk,
pyknotic forms are indicated by arrowheads (A). Stained dots in the host cell cytosol resembling Maurer’s clefts are
marked by arrows (A) and magnified in a selected pRBC after treatment with 1 mM plakortin for 24 h (B). O.A.
Skorokhod et al. / Free Radical Biology and Medicine 89 (2015) 624-637 627 3 h after drug addition when deformed
but also densely aggregated and pyknotic parasites appeared together with cytosolic dots in the RBCs hosting damaged
parasites (Fig. 2A-B). The stained dots resembling Maurer’s clefts were frequently observed in the cytosol of the
plakortin-treated host RBCs but not in npRBCs and may suggest that plakortin targets cytoplasm reorganization and
trafficking processes (Fig. 2A-B, Table 1). The percentage of ring-stage parasite damaged by plakortin increased dose-
and time-dependently as judged by differential manual counting. Significantly higher percentages of damaged parasites
were observed during 3 to 6 h of plakortin supplementation at Z2 mM compared to untreated control cultures (Fig. 4A).
After 24 h, at 1, 2, 5 and 10 mM plakortin supplementation, the damaged forms of parasites contributed with,
respectively, 18.8712.1, 24.479.7, 61.676.1 and 92.874.9% to the total parasitemia (assessed as percentage of pRBCs
hosting both viable and damaged/dead parasites), all significantly higher compared to untreated cultures. Damaged
parasites did not recover during further incubation and all parasites were dead 48 h after a single dose of 10 mM
plakortin to ring-stage cultures (not shown). Note that the damage observed until 24 h occurred at ring or early
trophozoite stage as plakortin treatment delayed the parasite cycle progress from rings to trophozoites (Fig. 2A). The
parasitemia of undamaged viable parasites decreased significantly after plakortin treatment in a strictly dose- and time-
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dependent manner and reached 8.270.2, 6.870.4, 3.470.6 and 0.671.3% after 24 h of incubation with 1, 2, 5 and 10 mM
plakortin, respectively, compared to 10.770.4% in control cultures (Fig. 4A). Notably, total parasitemia, that includes
viable and non-viable parasites, did not significantly change under plakortin until 6 h and the damaged ring-stage
parasites remained intracellular (Fig. 4A). The significant and concentration-dependent decrease of total parasitemia by
plakortin supplemented for 24 h (8.3 vs. 11.0% at 10 mM and 0 mM, respectively) may be caused by the expulsion of
parasites from the host cell or by degradation of microscopically visible structures. Loss of pRBCs by plakortin-induced
cell lysis was excluded by sensitive hemoglobin measurement in the culture supernatants (not shown). Table 1
Concentration and time-dependent morphological changes of pRBCs caused by plakortin added to synchronized in vitro
P. falciparum cultures at ring stage 12-16 h after reinfection. PLAKORTINOIM 1 IM 2 IM 5 IM 10 IM 3 h damaged
parasite p b ppp 6 h damaged parasite p b pp ppp delayed maturationa pppp cytosolic dots in RBC ppp 24 h damaged
parasite p b pp ppp delayed maturationa ppp ND cytosolic dots in RBC pppp hemozoin formation ppp pp p p ND a
Delayed maturation was judged in apparently undamaged pRBC; ND: not detectable as to the high percentage of
prematurely damaged parasites; -: no plakortin effect; p, p b, ppp: semi-quantitative description of parameter. Fig. 3.
Inhibition of P. falciparum in vitro growth by plakortin. Synchronized P. falciparum cultures were treated at ring-stage
(12-16 h after reinfection, A) and trophozoite-stage (26-30 h after reinfection, B) with 0-10 mM plakortin for 6 h.
Parasite growth was assessed by flow cytometry after staining cells with ethidium bromide (EtBr). Means of mean
fluorescence intensities (MFI)7SE are shown for N%3-5 independent cultures. The significance of differences to
untreated control cultures (0 mM) is indicated by n for po0.05 and nn for po0.1. Fig. 4. Damage of ring- and
trophozoite-stage P. falciparum and inhibition of reinfection by plakortin. Synchronized P. falciparum cultures treated
at ring-stage (12- 16 h after reinfection, A), trophozoite-stage (26-30 h after reinfection, B) and schizont stage (42-48 h
after reinfection, C) with 0-10 mM plakortin were examined for parasitemia at indicated time points after plakortin
addition by manual microscopic inspection of Quick stained smears. Parasites with irregular shapes (distorted, broken,
pyknotic and fragmented forms) in the stained smears were counted as damaged pRBCs (gray columns) separately from
pRBCs harboring viable parasites (white columns). The reinfection was determined as ring parasitemia at 3and 9 h
after inoculation of mature schizonts into a npRBC suspension and addition or not of plakortin (C). Means7SE of
parasitemia are shown for independent cultures with RBCs from different donors (A: N¥24-7; B: N%3; C: N¥5). The
significance of differences to untreated control cultures (0 mM) is indicated by * for po0.05, ** for po0.1. Significance
symbols above the grey portion of the column refer to damaged parasites, above the entire column to the total
parasitemia (viable plus damaged parasites). 628 O.A. Skorokhod et al. / Free Radical Biology and Medicine 89 (2015)
624-637 3.2. Plakortin delays parasite growth and damages trophozoite-stage parasites The morphological effects of
plakortin addition to synchronized trophozoites at about 26-30 h after invasion were consistent with those reported for
the ring-stage fraction, i.e. delay and damage. At low (1-2 mM) plakortin concentrations a cycle progression delay was
ascertained after 3-6 h of incubation by the smaller size of young trophozoites compared to the larger and more mature
parasites in the untreated control culture and a delayed transition from trophozoites to schizonts after 12 h plakortin
treatment (not shown). The DNA content in trophozoites exposed to plakortin from 30 to 36 h after invasion vs.
plakortin-free cultures was significantly decreased at Z2 mM plakortin (Fig. 3B) and confirmed the microscopically
observed life cycle delay. The main signs of damaged intracellular trophozoites were either an irregular shrunk and
segmented shape or a completely aggregated pyknotic morphology, sometimes split in smaller fragments (Fig. 2C).
Such morphologies were considered to indicate non-viable parasites. Plakortin addition to trophozoites resulted in a
dose- and timedependent increase of damaged parasites (Fig. 4B). The treatment of synchronized vital trophozoites
cultured at 11.1% parasitemia for 3 h in presence of 1, 2, 5 and 10 mM plakortin caused a drop of viable parasites to
9.3, 7.9, 4.8 and 3.0% and an increase of damaged trophozoites to 1.0, 2.2, 4.5 and 5.5%, respectively. The total
parasitemia (including damaged pRBCs) decreased concentrationdependently and significantly at 6 and 12 h after
plakortin supplementation, which suggests that up to 50% of parasites were expelled from their host RBCs (Fig. 4B).
Since no hemoglobin was released into the culture supernatant (see Fig. 1 in [22]), hemolysis of pRBCs was not the
cause of decreased parasitemia. While both rings and trophozoites suffered from very similar ‘long’-term damages
comparing the share of damaged parasites, assayed after 24 h incubation of ring-stages (Fig. 4A) and 12 h incubation of
trophozoite-stages with plakortin (Fig. 4B), “shortterm’ damage at 3 and 6 h of plakortin supplementation was
significantly more frequent in trophozoites than in rings, particularly at low plakortin concentrations. This may suggest
an elevated sensitivity of trophozoites to plakortin compared to rings. 3.3. Plakortin impairs reinfection The effect of
plakortin on schizonts, the last stage of the intraerythrocytic parasite cycle, and on reinfection was tested after
inoculation of highly enriched, 42-48 h old schizonts into fresh RBC suspensions and supplementing plakortin during 3
h. Compared to control cultures run in parallel, the reinfection rate (determined as ring parasitemia during 3 and 9 h
after inoculation) was inhibited dose-dependently by plakortin (Fig. 4C). At 3 h, 1-10 mM plakortin significantly
inhibited reinfection and decreased the ring parasitemia by 40-60%. At this time strikingly more schizonts were counted
in plakortin-treated cultures compared to controls (not shown) suggesting a delay in schizogony. As the ring parasitemia
remained low under plakortin at 9 h compared to controls (Fig. 4C) and further on until 18 h, when all cultures were
schizont-free (not shown), an impairment of reinfection occurs additionally to the delay. We suppose that one or both
morphologic aberrations observed in several but not all schizonts after plakortin supplementation contribute to the
decreased reinfection rate. Fig. 2D shows a relatively mature schizont with several sharply bounded holes very similar
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to those caused by lipid droplets and with few altered merozoites apparently without cytosol around the swollen nuclei.
The second aberration (Fig. 2E) was loss of the characteristic schizont morphology and the appearance of several
pyknotic fragments in hemozoin-rich pRBCs. No differences in the infection rate and morphology with respect to
untreated controls were observed when the RBC suspension was pre-treated with plakortin before inoculating untreated
schizonts (data not shown). 3.4. Plakortin generates free radicals and ROS in pRBCs The generation of free radicals and
reactive oxygen species (ROS) by plakortin in vitro in presence of iron [23] or heme (unpublished observation)
prompted us to test, first, the ability of plakortin to elicit the formation of ROS in p- and npRBCs and, second, the
possibility to quench the plakortin effects by application of radical scavengers. The intracellular formation of ROS by
plakortin in RBCs was detected with the fluorescein-based probe DCF-DA [24] and con- firmed by the superoxide-
specific probe DHE [18] by comparing the fluorescence levels of plakortin-treated vs. untreated RBCs via flow
cytometry. Plakortin treatment of ring-stage cultures for 3 h induced a dose-dependent increase in DCF fluorescence
intensity in pRBCs (Fig. 5A). The ROS production in plakortin-treated pRBCs was significantly higher than in
untreated pRBCs (by 92.079.2% at 2 uM and by 108.070.5% at 10 uM, respectively). The plakortin-elicited
fluorescence achieved about 70% of the maximal fluorescence observed with the ROS-producing xanthine/xanthine
oxidase system (Fig. 5A). The radical scavenger NAC decreased the fluorescence elicited by 10 mM plakortin by
approximately 26%. The dose-dependent increase of the superoxide anion was detectable by DHE fluorescence as early
as one h after plakortin supplementation in pRBCs and increased significantly at Z1 mM (Fig. 5C). Plakortin did not
elicit detectable superoxide anion production in npRBCs. The modest but significant increase of DCF-fluorescence in
co-cultured npRBC:s after treatment with Z2 mM plakortin (pr 0.04; N¥% 3-5) remained clearly below the fluorescence
in pRBCs at any concentration. Untreated pRBCs produced more ROS as npRBCs exposed to the highest plakortin
concentration. Co-culturing with ring-pRBC without plakortin addition as well as treatment with 10 pM plakortin in
absence of pRBCs did not increase the ROS level in npRBCs (Fig. 5A). The non-significantly (p¥0.07) increased ROS
production in pRBCs vs. co-cultured npRBCs in untreated cultures implies parasite-specific ROS production. The flow
cytometry results on ROS-dependent fluorescence in pRBCs were confirmed by fluorescence microscopy (Fig. 5B). In
untreated control cultures the fade green fluorescence signal of DCF accumulated in the parasite and not in the host cell,
indicated oxidative stress physiologically induced by the parasite itself. After plakortin treatment the fluorescence
intensity co-localizing with the ring-stage parasites increased, indicating elevated oxidative stress level inside the
parasitophorous vacuole. Under these conditions the RBC membrane also became marginally fluorescent (Fig. 5B). We
then investigated the correlation between the plakortinelicited ROS generation and the alterations in parasite” growth
and morphology described before. Supplementing ring-stage cultures with the antioxidants and radical scavengers NAC
and Trolox prevented the intracellular damaging effect of plakortin and the share of damaged parasites decreased
significantly (Fig. 6A-B). Notably, NAC addition abrogated the plakortin effect and the percentages of vital parasites in
the cultures pre-incubated with NAC before 2 and 10 mM plakortin addition, did not significantly differ from untreated
control cultures (p40.05, N¥%3). In contrast, significant differences were observed when plakortin was added alone
(p00.05, N¥43; Figs. 4A, 6A). Fig. 6B clearly shows the protective effect against the morphologic damage induced in
pRBCs by 10 mM plakortin during 3 h. While the untreated control displays synchronized rings with well-defined
structures, the plakortin (10 uM) treated population shows aggregated and O.A. Skorokhod et al. / Free Radical Biology
and Medicine 89 (2015) 624-637 629 Fig. 5. ROS production by plakortin in pRBCs. Synchronized P. falciparum
cultures were adjusted to approximately 10% parasitemia and treated at ring-stage (12-16 h after reinfection) with
indicated final concentrations of plakortin. Where present, NAC was added 30 min prior to plakortin. In parallel,
npRBCs were suspended in GM and treated with the pro-oxidant xanthine/xanthine oxidase as positive control for ROS
production. Cells were stained with the ROS-sensitive fluorescent probe DCF-DA (A, B) at 3 h after pre-incubation
with plakortin and superoxide-sensitive probe DHE (C) at 1 h after plakortin supplementation. Both probes were
separately assessed in pRBCs and npRBCs as mean fluorescence intensity (MFI) of DCF or DHE by flow cytometry
(A, C) and microscopy (B). A) pRBCs and npRBCs were distinguished by ethidium bromide. Means7SE of MFI
obtained with independent cultures grown in RBCs from N¥ 3 -5 donors are plotted. The significance of differences is
indicated by * for po0.05. B) Two representative pairs of phase contrast and fluorescence images for untreated (0 mM
PLAKORTIN) and Plakortin-treated (10 mM PLAKORTIN) cultures are shown. Images were acquired with an
inverted microscope Leica DM IRB (Leica Microsystems) equipped with a 100 X oil planar apochromatic objective
with 1.32 numerical aperture and a Leica camera DFC 420 C. Leica DFC software (version 3.3.1) was applied. Imaging
medium was PBS-G used for washing of cells after staining. C) pRBC and npRBC were distinguished by ethidium, the
product of DHE. Means7SE of MFI obtained with independent cultures grown in RBCs from N%3 donors are plotted.
The significance of differences is indicated by * for po0.05. 630 O.A. Skorokhod et al. / Free Radical Biology and
Medicine 89 (2015) 624-637 damaged forms, which were rarely seen with both anti-oxidants NAC and Trolox
supplemented at 100 mM before plakortin addition to the cultures. 3.5. Plakortin induces lipoperoxidation and 4-HNE-
protein conjugation in p- and npRBCs. Accumulation of 4-HNE-protein conjugates, the final products of ROS
formation and lipoperoxidation was observed in the plakortin-treated RBCs. Untreated ring-pRBC showed a
progressive, modest increase of 4-HNE conjugate formation during 24 h culture (Fig. 7A) consistent with previous
results [25]. In plakortin-treated cultures the progressive time- and dose-dependent increase of 4-HNE conjugates in
pRBCs was stronger and the conjugate level exceeded untreated cultures at plakortin concentrations ofZ2 mM added for

iris-AperTO

University of Turin's Institutional Research Information System and Open Access Institutional Repository



at least 6 h (p70% at 2 mM; Fig. 7A). The water soluble vitamin E-analog Trolox and the radicalscavenger NAC were
highly efficient to impair the 4-HNE conjugate formation at any tested plakortin concentration during 24 h incubation
of rings (Fig. 7E). The additional 4-HNE scavenging capacity of NAC may explain the highly efficient abrogation of
plakortin-induced 4-HNE conjugation (Fig. 7E) and parasite damage (Fig. 6A-B) despite the minor attenuation of
plakortindependent ROS production by NAC (Fig. 5A,C). In npRBCs from the same cultures, 4-HNE conjugation was
low and plakortin-independent during 24 h with the exception of 10 mM plakortin that caused a significant increase in
conjugate levels from 6 h on (Fig. 7B-D). These results and the lack of effect of 10 mM plakortin in npRBCs without
co-incubation with pRBCs (not shown) can be explained by assuming that 4-HNE diffuses out of pRBCs and bind to
the membrane of npRBCs. Consistently with previous observations [25], the 4-HNE conjugates in trophozoites
exceeded those in ring forms (Fig. 7A,C). The high levels of 4-HNE conjugates in trophozoites were further increased
by plakortin treatment, with peak levels reached after 6 h plakortin application. (Fig. 7C), and in correspondence with
the damaging plakortin effect in mature parasites (Fig. 4B). 3.6. Molecular targets of 4-HNE and their potential
functional importance In electrophoretically separated proteins extracted from plakortin-treated ring- and trophozoite-
pRBCs significantly more 4-HNE conjugates were detectable compared to untreated pRBCs Fig. 6. Attenuation of the
plakortin effects by antioxidants and free radical scavengers. Synchronized P. falciparum cultures were treated at ring-
stage (12- 16 h after reinfection) with indicated final concentrations of plakortin for 3 h. Where present, Trolox or N-
acetylcysteine (NAC) were added at 100 mM final concentration, each, 30 min prior to plakortin (A,B). A) Parasitemia
was determined in Quick Diff-stained smears of the cultures by manual microscopic inspection. Parasites with irregular
shapes (distorted, broken, pyknotic and fragmented forms) in the stained smears were counted as damaged pRBCs (gray
columns) separately from pRBCs harboring viable parasites (white columns). Means7SE of parasitemias are shown for
independent cultures from N%3 RBC donors. The significance of differences of parasitemias is indicated by * for
p00.05 (solid line for damaged parasites and dotted line for viable parasites). B) Representative microscopic images are
shown for synchronized high parasitemia P. falciparum cultures (NY45) after respective treatments. O.A. Skorokhod et
al. / Free Radical Biology and Medicine 89 (2015) 624-637 631 (Fig. 8). The 4-HNE conjugated proteins were
identified by MALDITOF mass spectrometry to see whether modification might contribute to the parasite damage
elicited by plakortin. Table 2 lists parasite proteins which were specifically targeted by 4-HNE upon plakortin
treatment, and indicates their modification sites and potential functional importance for the parasite survival. Fig. 7.
Increase of 4-HNE conjugate formation in pRBCs by plakortin and its attenuation by scavengers of free radicals.
Synchronized P. falciparum cultures were treated at ring-stage (12-16 h after reinfection, A,B;E) and trophozoite-stage
(26-30 h after reinfection,C,D) with 0-10 mM plakortin for 24 h. 4-HNE conjugate formation in the culture was
assessed in intact pRBCs (A,C) and npRBCs (B,D) at indicated time points after plakortin addition (at time 0) by flow
cytometry and expressed as MFI (see methods). E) Where present, Trolox or NAC were added at 100 mM final
concentration 30 min prior to plakortin. Means7SE are presented for independent cultures from 2-7 RBC donors (A, B),
3-6 RBC donors (C, D), 2-4 RBC donors (E). The significance of differences between plakortin treated versus non
treated cultures (A-D) or between plakortin treated versus plakortin treated plus Trolox/NAC-supplemented RBCs (E)
is indicated by * for po0.05. 632 O.A. Skorokhod et al. / Free Radical Biology and Medicine 89 (2015) 624-637 In
ring-stage cultures 10 mM plakortin, added for 3 h generated 4-HNE conjugates with four P. falciparum proteins.
Notably, these proteins are directly or indirectly involved in protein homeostasis and trafficking and transmembrane
transport: HSP70-1, VV-type proton ATPase catalytic subunit A, enolase, and the putative vacuolar protein sorting-
associated protein 11 (formerly RING finger protein PFE0100w). In trophozoites the endoplasmatic reticulum-
standing HSP 70-2 (BiP analogue) and the Dynein heavy chain-like protein became additionally modified by 4-HNE
(Table 2). 4. Discussion Artemisinin-based Combination Therapies (ACTSs) are the gold standard treatment for
falciparum malaria recommended by WHO, due to their potent, rapid and broad stage specificity of action [49— 51].
Recently, artemisinin resistant strains were described to spread throughout several countries of the Great Mekong
region [1,52,53]. In view of this resistance, there is an urgent need for novel antimalarials sharing the excellent
properties of artemisinin, yet distinct from it to avoid cross-resistance. Present study was aimed at characterizing
molecular mechanisms of the antiplasmodial activity of plakortin, lead compound of a class of 1,2-dioxane derivatives
isolated from the Caribbean sponge Plakortis simplex. Plakortin and its 9,10-dihydro analogue were shown to possess in
vitro antimalarial activity in mixed blood stage cultures in the submicromolar range (IC50 of 0.9 and 0.41 mM,
respectively) and to be devoid of general cytoxicity [10,11,23,54]. More potent synthetic plakortin-based compounds
are under development [54]. The antimalarial efficacy of plakortin as well as artemisinin has been reported to be
dependent on the cleavage of their endoperoxide bond [10]. We will discuss the presented results with emphasis on i)
stage-dependence and cellular localization of antimalarial activity; ii) ROS generation and pro-oxidant activity in
pRBCs; iii) lipid peroxidation and formation of 4-HNE-protein conjugates in pRBCs. 4.1. Stage-dependence of
plakortin activity Stage-sensitivity to plakortin was studied by analyzing parasite morphology and reinfection rates
during parasite development. Our results indicate that rings (12-16 h after reinfection) were sensitive to plakortin after
the first 3 h of drug exposure at low drug concentrations, while the effect was significant at higher drug concentrations
(Figs. 2A, 4). In young trophozoites the effect was already significant at lower drug doses (Fig. 4) and treating highly
mature schizonts with plakortin resulted in a significant decrease of reinfection at low concentrations (Fig. 4C). The
different plakortin sensitivity in ring vs. trophozoite stages might be due to higher heme release during hemoglobin
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digestion and lower antioxidant (e.g. GSH) levels in the trophozoite compared to ring stages [55,56]. Morphological
damages and dose-dependent decrease in DNA content indicate delay in parasite development, which was remarkable
already in rings treated with the lowest plakortin concentration. In conclusion, the early morphological effects of
plakortin in rings observed here are consistent with the early parasite damage elicited by artemisinin [57,58]. 4.2. ROS
generation and pro-oxidant activity We show here for the first time the intracellular production of ROS by plakortin in
pRBCs, but not in npRBCs. Dampening the ROS level by radical scavengers was accompanied by abrogation of the
parasite damaging effect of plakortin in cultured P. falciparum suggesting a ROS-dependent anti-parasitic mechanism
of plakortin. In analogy with artemisinin, two mechanisms may be suggested for plakortin-dependent ROS generation:
a) An iron-dependent (e.g. via heme iron) scission of the endoperoxide bridge and the resultant radical formation may
elicit ROS generation in the parasite. The identified final product of the in vitro reaction of plakortin with Fe2p suggests
the generation of transient free radicals that may represent the toxic intermediates [23] and starting point for the ROS
generation observed here. b) The endoperoxide may rapidly oxidize reduced cofactors of the antioxidant
GSHy/thioredoxin system in the parasite, GSH loses the control on ROS generation and ROS rises in the parasite as
suggested for artemisinin [59,60]. 4.3. Lipid peroxidation and generation of 4-HNE-protein conjugates in pRBCs
Similary to artemisinin, plakortin may diffuse into the FV, Fig. 8. Detection of increased 4-HNE-protein conjugates in
pRBCs incubated with plakortin. Ring (RINGS) and trophozoite (TROPHS) pRBCs at465 and495% parasitemia,
respectively, were treated or not with 10 mM plakortin for 3 h. Extracted proteins were separated by SDS-PAGE,
transferred to nitrocellulose and 4-HNE conjugated protein bands were recognized by a monoclonal anti-4-HNE
conjugate antibody and visualized with a secondary peroxidase-conjugated antibody by ECL. ODs of ECL-positive
bands were assessed by densitometry and the sum of ODs shown as mean7 SE of N%3 independent experiments
(RINGS) and N¥24 (TROPHS). Significant differences between plakortin-treated (10 mM) and untreated control
cultures (0 mM) are indicated by * for p¥ 0.05 and ** for p%40.08. 4-HNEbound albumin (BSA-HNE) was run as
positive control. O.A. Skorokhod et al. / Free Radical Biology and Medicine 89 (2015) 624-637 633 Table 2 Plakortin
induced protein modification at RING* stage and TROPHOZOITES stage, only. 4-HNE-MODIFIED PROTEIN
(NAME, ALIAS; IDs) 4-HNE BINDING SITE (UniProt) EXPRESSION (BLOOD STAGE/ ASSESSMENT)
INTRACELLULAR LOCALIZATION/ ASSESSMENT MOLECULAR FUNCTION (inferred by similarity (GO) or
experimentally proven) POTENTIAL CONSEQUENCE OF CONJUGATION 1 n HSP70-1, HSP70_PLAFA K112,
K122, K140, K149, H198, K199, C253, K258, K260, K335, K341, K342, K345, K370, K464, K471, H513, K520,
C559, K563, K570 T [26,27],R,S,M [27] / MS (http://plas modb.org) and amino acid sequencing [28] cytosol
[26,27,29,30]; nucleus [26,30] / immunohistology [26], MS (http://plasmodb.org) N-term. ATP-binding, constitutive
and inducible chaperone [27]; clathrin-mediated vesicular transport predicted [34] (http://sites.huji.ac.il/malaria);
cytosolic multi-chaperone complex [27]; heat shock response along with PfHsp90 [27]; FPIX binding after chloroquine
treatment [35] cycle delay and death Uniprot: Q81B24 PLAF7 NCBI: GI:124512406- PlasmoDB: PF3D7_0818900 FV
/ LC-MS/MS of subcellular structures [31] MC/ by LC-MS/MS of subcellular structures [32] essential for parasite
growth and development by refolding nascent proteins [36]. PPV / MALDI-TOF-MS of subcellular structures [33] 2 n
V-type proton ATPase catalytic subunit A (EC 3.6.3.14), vacuolar ATP synthase subunit a (vapA) K 579, K584 R,T,S/
MS (http:// plasmodb.org) and [37,38] PM, FV, PVM, SCV/ IEM[39] proton pump, pH control in parasite cytosol and
FV[40]; oxidation sensitive (H202) [40,41]: ATP drop due to GAPDH or other glycolytic enzyme response to low pH
Parasite cytosol acidification, ATP decrease, impairment of vesicular transport, discoloration of the ring shape as
deduced from [39- 41] FV/ functional study in isolated organelles [40] Uniprot: Q76NM6, VATA_PLAF7; cytosol and
nuclear extract/ MS of parasite extracts [37] NCBI: G1:124512982 PlasmoDB: PF3D7_1311900 3 n Enolase (EC
4.2.1.11) K62, K66, K69, K79, K138, K146, K147, H198, K201, K205, K206, C412 R,T,S,M,G / IEM [42,43] cytosol,
nucleus, FV, cytoskeleton, M membrane/ EM, LM, IFM [42,44], MC [45] glycolysis, plasminogen binding, antigenic
[43], forms complexes with HSP70 and iron superoxide dismutase [36]. ATP decrease phosphopyruvate hydratase
Uniprot:Q81JN7, ENO_PLAF7; NCBI: G1:124802328 PlasmoDB: PF3D7_1015900 4 n Vacuolar protein
sortingassociated protein 11, putative, former RING finger protein PFE0100w, K110, K389, K397, K399, K410, K445,
K482, K672, K673, K748, K793, K799, K925 M (http://www.uni prot.org), R,T,S (http://plasmodb. org) membrane;
single-pass membrane protein/ predicted; endosome (GO) (http://www.uniprot. org)]. apicoplast/ predicted (GO).
intracellular protein transport (GO); vesicle-mediated transport, vesicle docking involved in exocytosis (GO); zinc ion
binding (GO); contains clathrin heavy chain repeat (aa608-752) (http://www.uniprot.org/uniprot/Q81480) impaired
protein export, impaired vesicle fusion with plasma membrane, structural failure Uniprot:Q81480- ZNRF2_PLAF7
NCBI: GI:124505963 PlasmoDB: PF3D7_0502000 5 §DYHC1_PLAF7; Dynein heavy chain-like protein, H967,
H2165, H2475 S, M / immunochemistry and -histology [46,47] cytoplasm, microtubule/ EM [46] involved in invasion
(dynein inhibitors reduced the number of R [46]; shuttle on cytoplasmic microtubules, intracellular transport processes
[48]; motor for the intracellular retrograde motility of vesicles and organelles along microtubules. ATPase activity for
power stroke (by similarity, http://www.uniprot. org/ uniprot/Q81BG1) impaired reinfection of RBC by merozoites
Uniprot:Q 8IBG1 NCBI: G1:296004907 PlasmoDB: PF3D7_0729900 6 §Heat shock protein 70 (HSP70-2); BiP;
GRP78 K265, K268, K340, K341 high at late T, S/ MS of the proteome, amino acid sequencing [28] ER (GO)
chaperone-assisted protein folding folding and export to the host cell (http://plasmodb.org) impaired protein trafficking
with structural defects and cell death Uniprot: Q812 4 PLAF7 NCBI: GI1:124506906 PlasmoDB: PF3D7_0917900
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SCV) small clear vesicles, argued to be involved in endo-/exocytosis; PM: parasite plasma membrane; PPV:
parasitophorous vacuole; P\/M: parasitophorous vacuole membrane; FV: food vacuole; IEM: Immune electron
microscopy; R: ring stage; T: trophozoite stage; S: schizont stage; M: merozoite; MC: Maurer’s clefts; GO: gene
ontology term from (http://plasmodb.org); MS: mass spectrometry; LC: liquid chromatography; FP1X:
ferriprotoporphyrin 1X; UniProt refers to http://www.uniprot.org/. Protein identification, modified amino acids of
known functional relevance and protein association with lipid rich structures and iron-containing proteins are in bold.
O.A. Skorokhod et al. / Free Radical Biology and Medicine 89 (2015) 624 —-637 634 become activated by heme-iron
within the lipid environment of the membrane and oxidatively damage parasite membranes. In vitro, ROS-dependent
luminol-enhanced luminescence revealed ROS production in an oxygenated cell-free system (PBS, pH 7.2) elicited by
the sole addition of plakortin to purified npRBC membranes, while plakortin alone in absence of membranes did not
generate ROS. Soluble hemin enhanced and substantially extended the lipid-induced ROS production (Schwarzer E,
unpublished observations). These in vitro data point at the importance of lipid structures for plakortin action, in
accordance with ROS enrichment in the parasite/parasitophorous vacuole and in the plasma membrane of plakortin-
treated pRBCs (Fig. 5). The crucial role of lipids and heme may be underscored by the accumulation and activation of
antimalarial trioxanes by neutral lipid-associated heme, resulting in enhanced ROS generation and oxidative membrane
damage [6,61]. Further studies are needed to tackle the role of free heme or iron to activate plakortin in the intact pPRBC
and to identify the subcellular hotspot for ROS generation elicited by plakortin. The functional importance of lipids for
plakortin action was recapitulated by the significant lipid peroxidation observed in pRBCs treated with plakortin and
measured here by the appearance of the breakdown product of peroxidized fatty acids, the bioactive 4-HNE. Here,
plakortin was shown to induce the covalent binding of 4-HNE to lysine, cysteine and histidine residues in specific
proteins (see Table 2 and Tables 1 and 2 in [22]). Identification of the modified P. falciparum proteins and the
aminoacid residues bound to 4-HNE was performed by a combined immunochemistry and mass spectrometry approach
as discussed below. Binding of the hydrophobic 9-carbon chain of 4-HNE to multiple sites of proteins may considerably
change their structure and function with substantial consequences [62—65]. and may clarify the potential impact of 4-
HNE conjugates on parasite functionality and growth. 4.3.1. P. falciparum heat shock protein 70 (PfHsp 70-1 and
PfHSP 70- 2) Heat shock proteins (Hsp) are considered essential to P. falciparum survival [27,33], as invasion and
remodelling of host RBCs by the parasite require correct folding, transport and export of a large number of newly
synthesized proteins under conditions of thermal and oxidative stress [66—68]; and elevated levels of PfHsp70-1 were
found in an artemisinin-resistant falciparum strain [69]. PfHsp70-1, highly expressed in all parasite blood stages, was
suggested to be involved in clathrin-mediated vesicular transport (http://sites.huji.ac.il/malaria), [34], and recombinant
PfHsp70-1 suppresses protein aggregation and assists protein refolding [70]. For PfHsp70-1 functionality, the essential
ATPase activity and nucleotide exchange are regulated by nucleotide exchange factors (NEFs) and co-chaperones that
interact with Hsp70-1 and allow the refolding of peptide substrates in ATP-consuming cycles. Twenty amino acid
residues in PfHsp70-1 are assumed to form the interface between Hsp70 and NEF and regulate the ATPase activity
[71]. Linkage of 4-HNE to Lysine-260 (see Table 2), one crucial residue for the binding of NEFs, may hinder protein-
protein interaction, and hence the release of correctly folded peptides. A disturbed interaction between the chaperone
and the peptides under export may result in misfolding and dot-like precipitates as observed in plakortin-treated pRBCs.
Therefore, we suggest that the modification of a functional relevant amino acid in Hsp70-1 may play a role in the anti-
parasitic activity of plakortin. This view is underpinned by the antimalarial activity of small molecules that selectively
modulate the interaction of PfHsp70-1 with co-chaperones [72]. The binding of ferriprotoporphyrin IX [35] and
association with the food vacuole [31] of PfHsp70-1 may explain the modification of as many as 21 amino acids with 4-
HNE upon plakortin treatment (Table2). PfHsp70-2, the corresponding endoplasmatic reticulum Hsp and homolog of
the human protein exporter BiP/Grp78 [73] was suggested to be associated with several protein families such as the
transcriptional and translational machinery and crucially involved in cell survival [74]. 4.3.2. VV-type proton ATPase
catalytic subunit A (EC 3.6.3.14) Plakortin treatment of pRBCs was accompanied by the binding of 4-HNE to two
lysine residues in the C-terminal domain of Pf V-type proton ATPase catalytic subunit A. The V-type ATPase controls
the pH of the parasite cytosol and food vacuole [38,39], pumping protons across the membrane out of the cytosol and
into the parasitophorous vacuole and food vacuole. The sensitivity of the pump against oxidation was shown in intact
parasites and isolated vacuoles [39-40]. The two 4-HNE molecules bound to the C-terminal domain may alter the
conformational arrangement of the helices and lead to stability loss and functional impairment. The main consequences
could be, first, the acidification of the parasite cytosol along with inhibition of glycolysis and ATP depletion; second,
the alkalisation of the FV leading to impaired hemoglobin degradation and hemozoin production; and third, the
alkalization of the parasitophorous intermembrane space with negative effects on protein traffic and export. Indeed,
challenging the pump in situ with H202 induced acidification of the parasite cytosol [39] and alkalinization of the food
and parasitophorous vacuole. Here, treatment of rings with plakortin produced accumulation of vesicles in the host cell,
a staining defect of the parasitophorous vacuole and, at 10 mM, loss of the integrity of the parasite as expected after
ATP depletion. 4.3.3. Enolase (EC 4.2.1.11) Plakortin-induced 4-HNE production modified enolase at several amino
acid residues though not at the active site. Molecular interaction studies showed that the enzyme is complexed with
PfHsp70-1, iron superoxide dismutase and the secretory multifunctional serine protease DegP and suggested to protect
the parasite against thermal and oxidative stress [36]. The iron-containing superoxide dismutase in the complex and the

iris-AperTO

University of Turin's Institutional Research Information System and Open Access Institutional Repository



association with the food vacuole [43] may explain the large number of modification sites of enolase when plakortin
was added. As a glycolytic enzyme, enolase contributes to the main ATP-generating activity of the parasite, its
structural modification may lead to activity loss, ATP decrease and functional and structural damage of the parasite
[43]. 4.3.4. Vacuolar protein sorting-associated protein 11 4-HNE-conjugation sites are distributed along the whole
protein and 3 of the 13 modifications reside in the clathrin heavy chain repeat domain, which assists in vacuole
maintenance and protein sorting also in non-clathrin proteins. The repeats in the Pf putative protein are predicted
(http://plasmodb.org) to mediate protein-protein interactions, or perform clathrin-like functions in the vesicle export. In
absence of experimental data on the Pf protein consequences of its modification for vacuole trafficking remain
uncertain. 4.3.5. Dynein heavy chain-like protein Dyneins are subcellular motor proteins implicated in the parasite
replication, shuttle on cytoplasmic microtubules and transcellular transport in the pRBC [48]. Pf-dynein is expressed in
late asexual stages [47] and suggested to play a role in invasion of RBCs by merozoites [46]. It is tempting to predict
that the modifications described here for the first time may be related to the inhibition of reinvasion observed after
plakortin (see Fig. 4C). O.A. Skorokhod et al. / Free Radical Biology and Medicine 89 (2015) 624—637 635 Finally, it
should be noted that, first, falciparum proteins that bound 4-HNE after plakortin-treatment were unaffected in absence
of plakortin; second, all 4-HNE-modified proteins were localized in or at membrane-rich structures like PPV, FV,
vesicles, and MCs and third, often associated with redox-active iron proteins, ferriprotoporphyrin or zink. The lipid-rich
structures are a first line “scavenger’ for 4-HNE shed from peroxidized fatty acids by plakortin treatment. From in vitro
studies we know that only lipid-rich membranes coupled to heme or Fe-containing proteins make plakortin a dangerous
source of ROS, while plakortin alone in aqueous solution was a poor ROS producer. 5. Conclusions and outlook Focus
of this study were pro-oxidative activities of plakortin that may offer a novel mechanistic explanation of its antimalarial
activity, based on the plakortin-elicited lipoperoxidation and formation of a number of 4-HNE modified/inhibited
critical parasite proteins. A large number of studies have shown that 4-HNE-protein conjugates may explain a
multiplicity of diverse effects, such as inhibition cell cycle in differentiating erythroid cells; modulation of
inflammation; breakage of DNA,; inhibition of cell motility; and be responsible for a large number of other bioeffects
[62—64]. The classical interpretation of antimalarial activity of dioxanes and trioxanes relies on the generation of C-
centered radicals able to alkylate specific, functionally sensible targets leading to parasite damage and death, and on the
production of ROS that may damage oxidation-sensitive targets and also lead to parasite destruction. Here we provide
evidence that a third anti-parasite mechanism was operational after plakortin treatment, namely parasite damage elicited
by 4-HNE, a secondary cytotoxic lipoperoxidation products. Cytotoxic secondary lipoperoxidation products may
possibly help clarifying other pharmacologically interesting, malaria-unrelated activities of artemisinin [75] difficult to
rationalize and harmonize with its antimalarial properties. Authorship Contribution: O.A.S., D.D., E.V., E.S., D.U.,
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