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Supplementary Figure 1. Related to Figure 1. Growth inhibition of WM4, WMS and
WM382 enantiomers against P. falciparum and analysis of WM4 and WMS-resistant
parasite lines. A. The 3D7 parasite line was used to derive growth inhibition plots for R and S
enantiomers of WMS5 (left), R and S enantiomers of WM4 (middle) and the R enantiomer of
WM382 (right). Each experiment was performed in triplicate; mean with SEM are shown. B.
P. knowlesi blood stage parasites were used to derive a growth inhibition plot for WM382.
Dots represent the average of 3 repeats carried out in triplicate; error bars represent SD. C.
The breakpoints in the genome of P. falciparum parasites selected for resistance to WMS5 and
WM4. The genomes of the WMS5-resistant parasites 3D7-WMS5.1, 3D7-WM5.2, 3D7-WM5.3
and WM4-resistant parasites 3D7-WM4.1 and 3D7-WMS5.2 were sequenced and amplification
events defined. The specific breakpoints for each were determined to define the start and end
of the amplicon as well as the size of each amplification unit. Also determined were the ECso
of each parasite line for both WM4 and WMS5. D. Left panel: southern blot of genomic DNA
from 3D7-WMS5.1 and 3D7-WM4.1 to confirm amplification of the PMX gene, compared to
3D7 wild type parasites. gDNA was digested with Hind 11l/Pac 1 and probed with both PMX
and EBA175 genes. The expected 3.4 kb band for PMX and the expected 4.6 kb band for the
EBA175 gene are shown. Right panel: immuno-blot of 3D7 WT, 3D7-WMS5.1 and 3D7-
WM4.1 schizont parasites with anti-PMX antibodies to show that this enzyme was
overexpressed in the WM5- and WM4-resistant parasite lines, compared to 3D7 wild type
parasites. An aldolase panel is shown at the bottom as a loading control. Aldolase was detected
with anti-aldolase antibodies.
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A
EC,, (nM)
Parasite Chloroquine  Atovaquone Mefloquine wWM4 WM382
3D7 145 0.7 1.95+0.1 104 £2.2 7+05 0.48 = 0.3
3D7-WM4.1 10.65 +3.3 0.97 £0.03 59+1.13 58+1.4 0.68 + 0.1
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Supplementary Figure 2. Related to Figure 1. WM4 and WM382 do not show cross-
resistance with P. falciparum lines resistant to chloroquine, atovaquone, mefloquine and
artemisinin. A. ECso determination for different P. falciparum lines shown (Parasite) to
chloroquine, atovaquone, mefloquine, WM4 and WM382. Experiments have been done twice
independently with three replicas per experiment. Shown is mean and standard deviation. B

and C. Ring-stage survival assay to determine resistance to artemisinin. Shown are experiments
done three independent times.
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A
Parasite Day 0 Day 14 Day 28
lines IC,, (nM) | IC,, (nM) IC,, (nM)
3D7 10.96 13.95 11.65
3D7-WM5.1 202.8 228.5 177.5
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3D7 + 3D7-WM4.1 34.1 42.1 73
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Experiment 1 (90 days)
Compound Selection Pressure (nM) | Initial Inoculum Outcome

Atovaquone 10 1x10° -
1x10° -
1x107 1 of 1 (day 56)
1x10° E

1x10°

WM382 1.5 1x10°
1x10°8
1x107
1x10°
1x10°

Experiment 2 (60 days)

Compound Selection Pressure (nM) | Initial Inoculum Outcome

Atovaquone 10 1x10°8 1 of 3 (day 41)
1x107 -
1x10°¢ -

wWM4 80 1x10°®
1x107
1x10°
WM382 5 1x10°®
1x107
1x10° -

Supplementary Figure 3. Related to Figure 1. Time to resistance and fitness studies. A.
3D7-WMS5.1 and 3D7-WM4.1 parasites are less fit then the 3D7 parental parasite line. 3D7
and 3D7-WMS5.1 or 3D7-WM4.1 were mixed together in a 1:1 ratio and ECso determined at
day 0, 14 and 28 as a measure of the proportion of each parasite in the mixture over time. B.
3D7 and 3D7-WM4.1 were mixed together in a 1:1 ratio and the level of each parasite in the
population monitored over 33 days by real time quantitative polymerase chain reaction. The
proportion of each population was determined relative to the control RNA actin. C. Time to
resistance studies comparing the selection of atovaquone resistance to that of WM4 and
WM382. The initial inoculum of P. falciparum parasites was varied from 1x10° to 1x10° and
these were selected on a concentration equivalent to the ECoo of WM4, WM382 and atovaquone
and recrudescence of parasitemia followed over 96 and 60 days for each experiment
respectively. Shown are two independent experiments.
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Supplementary Figure 4. Related to Figure 2. Expression and purification of active
recombinant P. falciparum PMX enzyme and analysis of cleavage site consensus
sequence. A. Chemical structure of WM856. The compound was used for cross-linking to
sepharose beads and affinity purification of PMX. B. Expression and purification of P.
falciparum PMX from insect cells. PMX was purified from insect cell crude extract (Cr) by
Histidine affinity purification (His) and size exclusion chromatography (GF). Three bands were
identified by Coomassie stained gel electrophoresis. Mass spectrometry of each band identified
them as the full-length enzyme with prodomain and catalytic domain (pro-cat) of
approximately 60 kDa, the catalytic domain (cat) of 45 kDa and the prodomain (prodom) of 16
kDa. R, reduced; non-R, nonreduced. C. PMX and PMIX cleavage sites for SUB1 and RAP
(Pino et al., 2017) and potential cleavage sites of other proteins from P. falciparum. The
conserved amino acids that make up the consensus sequence are shown in red.
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Substrates Parent Processed by PMX
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Supplementary Figure 5. Related to Figure 2. Mass spectrometry identification of P.
Sfalciparum peptide species before and after recombinant PMX cleavage. A. LC-ES/MS
analysis of peptides and cleavage products after incubation with recombinant PMX (rPMX).
Shown are the experimental and expected (in brackets) mass of each molecular species
processed by rPMX. B. SUB1peptide without and with rPMX and analysed by LC-ES/MS to
identify the molecular species present. C. RAP1 peptide incubated without and with rPMX and
analysed by LC-ES/MS to identify the molecular species present. D. Rh2N peptide incubated
without and with rPMX and analysed by LC-ES/MS to identify the molecular species present.
For all substrates, SUB1, RAP1 and Rh2N, RON3, EBA175 and EBA181 fluorogenic peptides
(50 uM) were incubated with and without rPMX (50 nM) and the products detected LC-
ES/MS, indicating cleavage occurs on the C-terminal side of a hydrophobic amino acid (usually

Phe).
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Supplementary Figure 6. Related to Figure S. Flow cytometry analysis of PbomCherryLuci
infected whole blood and in vitro analysis of WM382 activity against P. berghei liver
parasites (data supporting Fig. 5). A. Using a drop of tail blood, at least 1 x 10° events in the
whole blood cells gate were collected (i) from which single cells were gated for analysis (ii).
The mCherry™ gate was set using an uninfected sample (iii) with a positive control shown (iv).
B-H. Classification of PbmCherryLuci liver parasites from infected HepG2 cultures was
performed at 65 hpi and results from 3 independent experiments are shown. B. Example of a
schizont stage without plasma membrane invaginations (MSP1, red) and intact UIS4"
parasitophorous vacuole membrane (PVM, green) that was quantitated below (black) in the pie
charts (F, bottom panels);inset shows mCherry fluorescence (orange, cytoplasmic).
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C. Example of a cytomere stage with intact PVM (UIS4, green) and clear plasma membrane
invaginations (MSP1, red) surrounding multiple nuclei (DAPI, blue) that was quantitated
below (blueblue) in the pie charts (F, bottom panels). D. Example of a merozoite stage with
extensive membrane invaginations (MSP1, red) surrounding single nuclei (DAPI, blue) with
well-defined cytoplasm (mCherry, orange) and intact PVM (UIS4, green) that was quantitated
below (magenta) in the pie charts (F, bottom panels) E. Example of egressed stages with
evidence for PVM degradation (UIS4, left) or significant loss of parasite material within UIS4"
vacuoles (right) that was quantitated below (yellowyellow) in the pie charts (F, bottom panels).
F. Three independent experiments examining the effects of DMSO (control) and WM382 (1
nM and 100 nM) treatment from 24 hpi on PbmCherryLuci liver parasite growth and egress
using HepG2 cells in vitro. 1st row: Treatment with 1 nM or 100 nM WM382 did not reduce
the number of liver parasites at 48 hpi, indicating no parasite killing by WM382. The number
of parasites per well decreased from 48 hpi to 65 hpi in all conditions, indicating that WM382
treated parasites are able to detach from the monolayer to be released into the supernatant. 2nd
row: Quantitation of parasite detachment and loss from the monolayer between 48 and 65 hpi
suggests a decrease in detachment when treated with 100 nM WM382. 3rd row: There was no
difference in parasite size at 48 hpi consistent with there being no cidal or static effects of
WM382 on liver parasite growth. There was however an increased size of parasites treated with
100 nM WM382 at 65 hpi consistent with an inhibitory effect on egress and detachment of
mature P. berghei-infected hepatocytes. 4th row: Quantification of schizont, cytomere,
mature merozoite and egressed forms shows that developmentdevelopment to merozoite stages
is normal in 100 nM WM382 treated cultures, and that at least some parasites treated with 100
nM WM382 successfully egress. Consistent with a decrease in cell detachment (second row)
and increase in parasite size (third row), 100 nM WM382 had an increased proportion of
merozoite stage parasites indicating an inhibition of parasite egress that precedes cell
detachment. G. Free merozoites (DAPI, blue; MSP1, red; inset, mCherry cytoplasm) were seen
in both control and 100 nM WM382 treated wells, demonstrating a level of successful
exoerythrocytic merozoite egress was taking place in the presence of 100 nM WM382.
H. Averaged liver parasite staging data from 3 independent experiments with mean = SD
shown. Data in (F) represent the mean = SD from technical replicates with analysis by t-test
(top row), One-way ANOVA with Dunnett’s multiple comparison test (middle rows) and
Fisher’s exact test (bottom row). *»<<0.05, **p<0.01, ***p<0.001; scale bar 20 pm. This
analysis shows that there is an incomplete inhibitory effect of WM382 on egress of P. berghei
exoerythrocytic merozoites from hepatocytes.
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Supplementary Figure 7. Related to Figure 6. Model of drug treated schizonts and mass
spectrometry analysis of affinity purified P. falciparum parasites. A. Untreated (control) or
drug-treated schizont parasites were purified using magnetic columns and then placed in 96
well trays with medium and incubated for a further 16 hr. Merozoites egress from untreated
control schizonts (left of panel) with release of PMX and PMIX processed apical organelle
contents as well as shedding of proteins from the surface due to the action of SUB2 and
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rhomboid (ROM) protease. This releases the ligands into the supernatant and proteins
remaining in the merozoite are centrifuged in the pellet. E64-treated schizonts (middle of panel)
have a broken parasitophorous vacuole (PVM) but an intact — but leaky- red blood cell
membrane (RBCM), as a result of blocking of SERAG6 activity, consequently, ligands are able
to move through to the supernatant including ROM and PMX- cleaved proteins. Proteins
uncleaved by PMX and ROM are not released from the merozoite and are centrifuged to the
pellet. WM4 or WM382 schizonts have an intact RBCM, since SUB1 (which is required to
activate multiple proteins including not only SERAG6, but also possibly pore-forming proteins
and phospholipases implicated in egress of other parasite stages) (Thomas et al., 2018) is not
proteolytically active when it has not been cleaved by PMX, so that most proteins are retained
and centrifuged to the pellet. PMX or PMIX inhibit processing of some proteins and these are
detected in the pellet in immunoblots. B. Rh2a/b processed proteins were affinity purified with
monoclonal antibody 1F10 and Rh2b with anti-HA antibodies and specific protein bands
separated by SDS/PAGE and trypsin digested and analysed by mass spectrometry. The dots
refer to individual peptides identified. The arrows refer to the site of the PMX consensus
cleavage sequence for both Rh2N and Rh2C peptides that are cleaved by recombinant PMX
(Fig. 2 and Fig. S4). C. The Rh1120 kDa protein band was affinity purified with anti-HA
antibodies and separated by SDS/PAGE, trypsin and chymotrypsin digested and analysed by
mass spectrometry. The dots refer to individual peptides identified. The arrow refers to the site
of the cleavage identified from both a semi-tryptic and a semi-chymotryptic peptide by mass
spectrometry and corresponds to the PMX consensus cleavage sequence for Rh1. The amino
acid position in the Rh1 protein is indicated below the peptide. D. Rh5 was affinity purified
with anti-HA antibodies and the 45 kDa processed protein separated by SDS/PAGE, trypsin
digested and analysed by mass spectrometry. The dots refer to individual peptides identified.
The arrow refers to the approximate site of the cleavage identified by mass spectrometry and
corresponds to the PMX consensus cleavage sequence for Rh5. E. The Ripr 60 kDa processed
protein band was affinity purified with anti-HA antibodies and separated by SDS/PAGE,
trypsin digested and analysed by mass spectrometry. The dots refer to individual peptides
identified. The two processed bands of 60 kDa co-migrate so that there are some peptides from
the N-terminus from which a semi-tryptic peptide was identified and shown with an arrow and
corresponds to the PMX consensus cleavage sequence for Ripr. The amino acid position in the
RhS5 protein is indicated below the peptide.
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