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Supplementary Figure 1. Time-course transcriptome profiles and Spearman rank
correlations of K13 mutant and wild-type Dd2 and Cama3.ll lines. Related to Fig. 1, 2, 4b,
4c and Supplementary Data 1. a, Transcriptional profiles of K13 mutant and wild-type (WT) Dd2
and Cama3.ll lines for 6-7 time points spanning the 48h asexual blood-stage cycle for each
independent biological replicate experiment (N=3). Mean-centered logz RNA expression ratios
are shown for each of the 4,689 genes that passed the quality control in the samples. Ratios
for each gene were calculated relative to the reference pool, containing a mixture of asexual
blood stage RNA from 3D7 parasites. A logz value of +3 or -3 indicates an 8-fold relative
increase or decrease in transcript levels relative to the 3D7 reference pool, respectively. Genes
were sorted by phase values derived from Fast Fourier transformations. To identify DE genes,
we used non mean-centered data to avoid issues possibly arising from outliers. Our Oh time
point data showed minimal variance between bio-reps, with a meantSD correlation of
0.77%0.13 across lines. By comparison, when compared against the 24h time points, the mean
correlation decreased to 0.21. b-f, Spearman rank correlation plots of time points sampled for
the K13 WT (b,e) or mutant lines (c,d,f) compared against the Dd2 reference!. Parasites were
exposed to 700 nM DHA or 0.1% DMSO vehicle control for 6h, starting with very early rings (0-
3 hpi). Dd2 reference data were obtained from samples collected every 2h and logz RNA
expression values were imputed to give 96 time points at 30-minute intervals. For every time
point sample, Spearman rank correlations of the logz expression ratios were calculated between
the sample and each of the 30-minute time points of the Dd2 reference for all ~5,000 genes.
As an example, the 24h time points for Dd2WT have peaks that correspond to 25.0-27.5 hpi for
the reference Dd2 data (shown as dashed lines) plotted on the X axis. The Dd2+DHA time
points all showed an early ring-stage pattern, consistent with DHA treatment causing early rings
to rapidly stall. In the presence of DHA, Dd2R%3T parasites showed a developmental spread
and loss of synchronicity from 24h onwards, indicative of parasites reinitiating growth at
different times. Similar results were observed with DHA-treated Cam3.1IR539T parasites. A
description of these lines is provided in Table 1. We note that large-scale genome analysis by
the Malaria Genomic Epidemiology Network? has uncovered 92 distinct K13 amino acid
substitutions in clinical isolates. These mutations tend to cluster geographically and are almost
always present as a single mutation per variant isolate. No copy number variations have been
reported. Fewer than ten of these mutations have been confirmed to mediate in vitro resistance

or to be associated with delayed parasite clearance®.



Supplementary Figure 2

a b c
%51 CamavT
2 48 ’ o0 Dd2R539T yg Dd2WT 500 Dd2C580Y yg Dd2WT
By 18] m cama iR g o 350 ] B
D E 160 . 200 - -
§5 40 N=3 o d u mup in Mutant vs. WT 160
i g o1 9 5 g 120 down in Mutant vs. WT 120 |
-E & & P
g2 2 é g 80 80 -
= LU
SE 16 20 40 10 l
[ L
E g 0 0
e I I Sampling hour 48h oh | 3n | en  24h | 32h | 48h
0- 0 8 16 24 32 40 48 Stage early mid mid schizont | invasion early mid mid troph. |schizont | invasien
s i h ring ring ring (new rings) ring ring ring (new rings)
ampling hour
d PF3D7_1342800::phosphoenolpyruvate carboxykinase PF3D7_1343700::kelch protein K13 PF3D7_1467900::rab GTPase activator, putative
5 1 . o pd2"T 1'5, o pd2"T 957 _ o pd2"T
& *Q DdzRSSST 10_§ ** DdZRESQT ] [o) DdzRﬁSQT
@ o o Dd2%seY | N o| O DdocsoY 0.0 o pdoceerY
g 0.5 o 1 ]
x &[0 I % o *
S loo 905° Sloce wol % 051 050 *
511 9 5 N : 1% ) % 5
1.0
= 0.5 o o [e° @
Q ) o 1
-
-2-— T T T T T -1.0 T T T T T T -1.5 T T T T T T
Sampling 0 3 6 24 32 48 0 3 8 24 32 48 0 3 8 24 32 48
hour Ring Troph. Schiz. Invasion Ring Troph.Schiz. Invasion Ring Troph. Schiz. Invasicn
(New rings) (New rings) (New rings)
PF3D7_0802600::adenylyl cyclase beta PF3D7_0104200::StAR-related lipid transfer protein PF3D7_0104200::8tAR-related lipid transfer protein
.§ 10 o pd2WT '1'°, o D27 0 o Cam3.WT
2 os § DT | g Dd2R539T i o Cama3,|[R53T
2 O DdzCu8oY | O Dg2CH8oY
< 00 * Q05| *y4 =14
D * %3 -2.01 ° _ ]
©-0545 @ g ] 1 % o *|o *
c ? [} 5 o
@ 00 O ° 2.5+ - I
>-1.0 ° i Pl § [ 2| §
g ° -3.0 - °
515 . E
-2.0 T T T T T T -35 T T T T T T -3 T T T T T T T
Sampling 0 3 6 24 32 48 0 3 6 24 32 48 0 8 16 24 32 40 48
hour Ring Troph.Schiz.Invasion Ring Troph.Schiz.Invasion Ring Troph.  Schizont
(New rings) (New rings)

Supplementary Figure 2. Transcriptomic analyses of the developmental age estimation
for Cam3.ll parasites, the number of DE genes in K13 mutant vs. WT Dd2 parasites, and
DE gene expression levels in the K13 mutants relative to WT isogenic parasites. Related
to Fig. 2b, c. a, Transcriptomics-based age estimation for gene-edited K13 mutant and WT
Cama3.ll parasites, as determined by comparing against a Dd2 reference 48h intra-erythrocytic
developmental cycle (IDC)!. Each time point was harvested on three independent occasions
and data are presented as means + SEM. b-c, Number of differentially expressed (DE) genes
(red: up-regulated, green: down-regulated) in either (b) Dd2R53°T or (¢) Dd2¢%8% [ines as
compared to the Dd2"T line at each sampling time point (ranging from early rings to late
segmented schizonts) during the 48h IDC (t-test, P<0.05; N=3 independent experiments). d,
RNA transcript levels for five DE genes that differed significantly between K13 R539T and
C580Y mutants relative to WT in at least one sampling time point for Dd2 or Cam3.Il parasites.
Points and error bars represent the mean £ SEM of log2 gene expression levels across three

independent experiments for each parasite line; *P<0.05, two-sided t tests. Calculated P values



per gene are: PF3D7_1342800 24h Dd2R53T ys Dd2WT P=0.03, Dd2¢%8%Y ys Dd2WT P=0.01;
32h Dd2¢%8%Y ys Dd2WT P=0.01; PF3D7_1343700 48h Dd2R53°T ys Dd2WT P=0.01, Dd2¢58%Y ys
Dd2WT P=0.009; PF3D7_1467900 48h Dd2R>3°T yvs Dd2WT P=0.04, Dd2¢%8%Y ys Dd2WT P=0.01;
PF3D7_0802600 3h Dd2¢58%Y ys DA2WT P=0.02, 48h Dd2R53°T vs Dd2WT P=0.008, Dd2¢58%Y ys
Dd2WT P=0.01; PF3D7_0104200 24h Dd2¢%8%Y vs Dd2WT P=0.01, 48h Dd2R53°T ys Dd2WT
P=0.008, Dd2¢%8%Y ys Dd2WT P=0.02; 16h Cam3.1IR%39T ys Cam3.1I"T P=0.02; 32h Cam3.[IR>3°T
vs Cam3.II"'T P=0.0001.
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Supplementary Figure 3. Differentially expressed proteins in Cam3.11°%80Y and
Cam3.1IR®T mutants compared to Cam3.IIWT parasites at ring or trophozoite stages.
Related to Fig. 1, 3 and Supplementary Data 3. a, Numbers of differentially expressed (DE)
proteins in Cam3.ll K13 mutant relative to WT parasites across independent biological
replicates sampled at ring (N=2) or trophozoite (N=1-2) stages. t-tests were used to compare
log2 normalized peptide spectral intensities using peptide quantifications for each protein
between strains in separate independent experiments. A cutoff of P<0.05 defined proteins that
were significantly more or less abundant in the mutant lines. b, Heat map of hierarchically
clustered logz fold changes in protein levels for K13 mutant versus WT parasites, for 1,674
proteins that were detected in at least 6 of the 7 ring and trophozoite samples. The majority of
DE proteins in K13 mutant parasites were observed at the ring stage. ¢, Heat map showing
logz fold changes for the 13 hierarchically clustered proteins that displayed significantly lower
abundance in K13 mutant parasites as compared to WT parasites at the trophozoite stage.
(two-sided t test, P<0.05 and >1.4-fold change). Notably, the K13 protein was less abundant in
both Cam3.1l K13 mutants at this stage, but only in Cam3.1IR53°T at the ring stage.
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Supplementary Figure 4 (continued)

Cc

UL02107 run (Rings experiment 2)

PF3D7_1343700

(100%) 83,669.3 Da

kelch protein K13 (K13) | location

=chromosome | SO=protein_coding

e_S0:

v3:1724817-1726997(-) | length=726 | sequenc

=Pf3D7_13

3 WT (TMT-129)

1

X

WaDWY —XX—(0Zn
Zazroe<oxrZeT
ZX—-=-ITO0-FOJdx0O
WZouwwdhowmwzyzw
FAZZWS>—-Z0WL
¥><d<S¥YZ-Foar-00ao
Wy <QW-—J+>Z0>
ZZOFXOQO0O OO F>a
¥Oax¥x¥Y—-—Z30002
O-uxX-Srezown

NZZAO0FIZTZ=->0
FOWS xWLoeE>on0
A¥¥YZ>HZOE>O
ZOx¥—-0<aC0Q -0
SSZuZ——-0-x-2
LZFFWZ——ZZZW
WZZ—-——<EXO-JQOIZ
ZLSEOoOOL 4Zu Wk
NE—d=—>0a00<CLZ0O
owoo—-—wwuw>aon

ZOLOIXNS>0O—0
Wam>xx¥x0o0n>300n
NZZSEx¥xrz=<ow
wNsSZronoa>w>IT
VOLZWWZ a>00>0
OaZLoWL WEKE>®
wMLZOoOIuw-—->a0-—-2
¥XO-WaZrO0e-O o
Ox¥ad<x¥yx¥x0oQzz>
O¥ZOoO>Cuw>aaw

VOZOWWYO>0 >0
ZorJwooOwxzz
DL —W=>r—F>LWw
ZZZFzZ>FOWW<O
DOWZWxx>Lw><0O
OOoOLC—-FWIT>JIS O+
DA =—ZX¥XT I —
W>oxuwweo ¥y o—
XOZY 4 dOL>SE>
OZZWW>wnoox<n

>OZ>XJdJda>T WO
F=ZF>>J0LZOaw
SVWZOdXYXXYZ>Jd4
NWZZryxwWw-—-—0<<+-
LOI>>——00W><
ZaZZorxu>u>o<
M —ZWANLWL>Zu O
—0Z>=Z—-0W>00u
DY ZFWLY L J—WZ
Z>ZN_ aO0CWW -2 5

CZWL W IO ZUXY Y
¥UOZYXXULEFJdZNZX
FrFYYXJdJda0S
¥XNW—anJa+-9q>
>OFZxrIwg
¥XZDZuWxrwnaon
WZxy JJwnwao
OaoxOxOoruuw

w
o
> =
oz
z<
-
TR
c>

E
L
K
S
D
F
E
L
v

ELzZzoxxrueaodg

K13 R539T (TMT-131)

WaoWx —xX ¥ —0Z0n
ZaZre<ox - xxT
Z¥x——TO0—-F 0O ¥ O
WZaLwoownzrzuw
FAaZZW>—-Z0Wurx
¥><EX¥Z+-0ar-0O0oa
Wy <OW=—J+->Z20>
ZZOFX0OLOOKF >
¥O0ax¥y—-Z3S0004
O-L¥-Srezown

WZZACOFJZTZz->0
FOWS¥YWuwOoeE>0no
A XYZ>FZOX>0Oa
ZO¥Y—-0<C< a0 -0
SSZez--0-x-2
LZ-RWZ——ZZZUW
MZZ=—-<XOQO-20IZ
ZULUESEOOWL JZ W W
DF—d=>Ja0m<C<Z0
orooo-—wwwn>o0a

ZNOLQaxNWZEZ>0—-W0
Wam>xyxx¥xo®mn>=0uw
WZZExx¥xrz=<Ouw
VNS ZroQJ4>0>I
NLZWWZ a>00>0
OaZLOoWL WEKKE >®
NULZOTW->d0—Z
¥xO-MWozZzr0er-Oa
Oxa<x¥xx00onzz>
OXZOO>O0uWw> W

VOZOWWYO>0 >0
ZordwooowCzz
L —W-—>r—F>uwuw
ZZZFZ>FFOWWIXO
OUZWxx>uw><0
VO<C—CrWI>JIZT O+
WAk =Z¥T oL —
W>aoxuweo xxyo-—
XNZY JJOL>Sw>
OZZWWy>wopr<o

>O0Z>XJdda>T WA
F=—ZF>2>duLZO0aw
ESVNZOadXXZ> a4
NMWZZEXYW—OLLH
LAI>>—--00wWw><
ZAZZExXxW>u>0oL
N —ZWDOL>ZuWO

—0Z>=Z-0W>00ouw
DX ZFWWY < J—WZ
Z>zZzw 0O0wWL —2 S
CZWLWaOXZ0XY X
¥XOZXYX¥ULEFAZNZX
FrF¥xxyxpradaoO=Ww
¥XN=and-qC<> o
>PUOFZx X I W > -
¥XZOZuLWpwon oz
WzZx JJwoewao z<
OuxO0OxOorF®Ow - =
Waxy dQowwJd> w
ELzZoxxuQ< a>

K13 C580Y (TMT-130)

WaDWY —x¥¥ =
Zazroe<oyx xT
ZX—-=-IO0-+ ¥ O
WZiwLwhowzeyzw
FaZZW>-—S0WLr
¥><<SX¥YZF-FOoAFO0OOQOQ
Wy <OW-—J+>Z0>
ZZOFXO0LOOF>
X0 ¥y —-—Z30004
O-uxX-Srerzown

NZzZzJO0FIZZz->0
FOWS xWLOoE>00
AXYYZ>FZOX>0d
ZOox¥—-0<aC0 -0
SSZuzZ-—--0n-x-2
LZFFOZ——ZZZW
NMZZ—-—-—<EXO-2OIZ
ZuLESErOoOoOL JZuw Wk
N —d=>1w<Z0
orvwoo-wWwuwun>00

ZOLOIXNDE>>—0
Woam>xYx¥0on>300n
WZZSEx¥rz=<oOw
wNSZrooJ>0>I
VOLZWWZa>00>0
OaZLOoWL WEE>®
wLzZoIw-—->d0-—-2Z
¥XO-W1Zr0e-O o
O udxx00QzZZz>
O¥ZOoO>0Cuw>aaw

NOZOWWXYO>0 >0
ZorJwooOwxzz
DL —W—>r—F>uWw
ZzZzzZzFZ>FOWW<O
OUWZWxx>Lw><0O
VoL —-—rWIT>Jd2 O
DA =—Z¥T oL <D—
W>oxuwweo ¥y o—
XOZY 4 dO0L>SE>
OZZWW>woox<n

>OZ>xXJdJdJd>TWO
F=ZF>>a0LZOaw
SVZOdXYXYZ>Jda
NWZZrYxW-—-—0<<+—
LaI>>—-——00W><
ZaZZorxu>u>ao<
NW—ZWABL>ZLO
—0Z>EZ-0W>0o 0w
OXXZFUWUWLY<CJ—WZ
Z>ZN_ 2O0CWL -2 5

CZWL W aOXZUXYY
¥OZYXXULEFJdZNZX
FrFY¥Y@XdJda03W
¥X®W—J0JdF<>0lx0
SOFZxX T W >-Ww>—
XZDOZuWwrononoowoz
WZx JJWDWwo gz«
VaxOxar®uw —|>J-—
WaxoouwWwd>oww o
SLZoxxuaod>|—O>

Peptide LNSIEVYEEK

i
Q
a - t=H
2 25 =
=% g
£ 27 Fe g
w o~ m Q- m..l
€ ta 3 £
g X oy =
o =]
e Fe ]
8 e @_
5 LT 2= X
D
S =z o w o w o w a7
2 8 % T aaa j
© - T +
~ W ._u Asusul 0_]
+ pazifewlou ‘6o > p
N T? 3
E S
~ W >
- LR .
3+ 5
4 le
> w )
- o o
T I= I ~ o
= L g S =
> To c T p
._..- 85 R 1
-8 © a—r——
a o A
L > 3
s
T S
+E 3 l
B—
-
S+ < T
D J—
= - 3
+ o .
T = —
]
] :
g i
= & {
TS g =
o -~ L= —
9 (& @ © 2 3
g | = s
= - -
T T T
2 N N N 2
=] n (=] n o
o ~ wn [y ]
2

Aysueyu aanejay

1500

1250

1000

750

500

250

miz



Supplementary Figure 4. K13 peptides and mass spectra identified by proteomics
analysis of isobarically-tagged Cam3.Il isogenic parasite lines. Related to Fig. 3. a, K13
protein sequence and peptides (yellow boxes) detected in the LC-MS/MS runs for ring-stage
Cama3.1l parasites harvested from one experiment that combined all three isogenic lines. The
red and green highlights indicate the magnitude of the relative logz normalized intensity, with
red and green representing lower and higher abundance, respectively, of that peptide across
samples when compared to the reference. b, Chromatograms showing the relative intensity
spectra for the TMT-labeled K13 samples for a peptide sequence (blue box) that is adjacent to
the C580Y mutation. Inset histogram shows the K13 peptide abundance after normalization of
the global intensities. c,d, are graphical representations of the same results as shown in a,b

and are from a second independent experiment.



Supplementary Figure 5
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Supplementary Figure 5. Detection of differentially expressed metabolites in the
Cam3.11°%80Y mutant relative to Cam3.II"T line. Related to Fig. 3c and 4a. a, List of
experimental samples collected across five LC-MS/MS assays with two trophozoite-stage (T1
and T2, prepared from Cam3.l1%8Y and Cam3.IIVT respectively) and three ring-stage
experiments (R1, R2 and R3, prepared from Cam3.11°%8% and Camg3.II"T samples and ran in
parallel) that gave a total of 96 metabolites. b, Sample to sample pair-wise Pearson correlation
coefficients of metabolite levels determined from Cam3.1I€%8% and Cam3.IIVT ring and
trophozoite samples. Results show clustering of samples by the parasite’s developmental age,
and all parasite samples clustered separately from uninfected RBC (URBC) controls. c, Partial
Least Squares Discriminant Analyses (PLS-DA) of the untreated Cam3.11°%8%Y and Cam3.1IWT
ring-stage samples (N, n = 3, 2-3) showing the samples distributed along the two main
components of the scores plot. d, Key metabolites and their “variable importance in the
projection” (VIP) scores identified from PLS-DA. The VIP score is measure of the contribution
of the metabolite to the grouping and defined as the weighted sum of the squared correlations
between the PLS-DA components and the metabolite. The colored boxes on the right indicate
the relative levels of the metabolite in the Cam3.11°%8%Y or Cam3.I1I"T group. e, Volcano plot of
the —logio(P) values calculated from two-sided t-tests and the corresponding logz fold change
in metabolite levels for the untreated Cam3.11°%8%Y vs, Cam3.II"T ring-stage samples. Dotted
line represents P<0.1 and >2-fold change. f, Logz fold change of hemoglobin-derived peptides
levels in the untreated Cam3.11°%8%Y vs. Cam3.II"T ring-stage samples showing no marked
differences in these peptide levels. Bar and dot plots represent the means + SEM across three

independent experiments and each experiment having two to three technical replicates.



Supplementary Figure 6
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Supplementary Figure 6. Representative Giemsa images showing Cam3.lIR3°T or
Cam3.1I"T parasite morphologies following 6h treatment with 700nM DHA or 0.1% DMSO

vehicle. Viable developing or pyknotic forms were observed following DHA treatment in the



mutant and wild-type lines. Microscopy-based visualization was performed for at least 5,000
cells per sample collected every 8h. We obtained similar results across three independent
experimental repeats. Related to Fig. 4d.



Supplementary Figure 7
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Supplementary Figure 7. Frequency of differentially expressed genes and changes in
RNA expression levels in the Dd2 or Cam3.ll lines after 6h pulsed exposures to 700 nM
DHA. Related to Fig. 4 and Supplementary Data 6. a, Number of differentially expressed (DE)
genes in DHA-treated relative to DMSO vehicle-treated parasites observed in the Dd2WT,
Dd2¢580Y and Dd2R%39T lines (N=3 independent experiments, two-sided t tests P<0.05 and >1.4-
fold change) or in the Cam3.1I"T and Cam3.1IR%39T (N=1, >1.4-fold change) lines. Fewer genes
were DE in K13 mutants as compared to WT parasites. b, Heat maps of logz fold changes for
DE genes (hierarchically clustered) in K13 WT and mutant Dd2 (left) and Cama3.IlI (right)
samples during the initial 6h of DHA exposure and after removal of DHA sampled up to 48h
later. Shown are genes for which changes were present in at least three samples with greater
than a four-fold difference (i.e. logz of 2) in DHA-treated versus DMSO-treated parasites. The
biggest transcriptional differences were observed at 24h and 32h post initiation of treatment
(i.e. after removal of DHA) and changes were more pronounced in both Dd2 and Cam3.11 K13

WT parasites compared to their respective mutant lines.



Supplementary Figure 8
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Supplementary Figure 8. Functional enrichment analyses of genes differentially
expressed in the DHA-treated Dd2R53°T or Dd2¢%8%Y mutants compared with Dd2WT across
the 48h sampling time. Related to Fig. 4e and Supplementary Data 7. a-b, Functional
pathways associated with genes that were significantly up- or down-regulated in the DHA-
treated Dd2R53°T or Dd2¢%8%Y mutants compared with Dd2WT and relative to their respective
DMSO controls and categorized by the major cellular processes that these pathways belong
to. Shown are the % of DE genes belonging to each pathway and the —logio P-value of the
hypergeometric test for over-enrichment of the DE genes in that pathway. Gene sets that
overlapped with the similar analyses performed on Cam3.1IR3°T ys, Cam3.1I"T lines is depicted
with #. Most of the common up-regulated pathways in the DHA-treated Dd2 and Cam3.11 K13
mutants are related to trafficking, organellar (mitochondria and apicoplast) functions, redox,
and DNA repair that may be essential for the survival of the resistant mutants post DHA

exposure.



Supplementary Figure 9

a 72h assay (0-3hpi) d
5 47 159 Dd2 4h assay (0-3 hpi) 3
= ICs0 ICq0 £
=§ % 2 % _%
£ . 3 . 0O 5
» = | | Y— <]
ot !f"l! ..... [ P ROV oo ©
o B Ty}
Q3 0.5 o
£
(1]
O
0.25 r 1717 17T 171 LI L - T | T T 1
5> O 20D ORe 0.0 0.5 1.0 15
267 R O NSRS
SO FE S SO0 F e
& %‘.\\5,\010\\0&@0 & 9“&.\&‘%4‘\\0&@"’ FICgg of Atovaquone
FOLRIFE TP XIS
v OEE v OEE
b s . € 5 . §
‘ Cam3.1l 4h assay (0-3 hpi) 815 Dd2 72h assay (0-3 hpi) g
< -wr £, < g
5 10 -+ C580Y 5 5 1.0 £
- - RS39T §g5 - £
o : © e S
o o & oD
e e & @
O 0.5 Q 0.5+
TH (T
00 T | T T | 0.0 T ] T T I
0.0 0.5 1.0 15 0.0 0.5 1.0 1.5
FIC5q of Atovaquone FICgq of Atovaquone
C 15-
' Cam3.1l 72h assay (0-3 hpi) § , o
< g
T 10 §1.2
o - €
5 3
o
wn
Q" 0.5
[T
0.0 1

00 05 10 15
FICsq of Atovaquone
Supplementary Figure 9. ICso and ICgeo fold shift values for 72h dose-response assays
and drug-pair isobologram analyses of Cam3.Il and Dd2 K13 mutant vs. wild-type lines.
Related to Fig. 5. a, ICso and ICgo fold shifts for Cam3.1IR539T ys. Cam3.1I"T 0-3 hpi early rings
exposed for 72h to a panel of inhibitors targeting mitochondrial processes (atovaquone,
DSM265, fusidic acid) or purine metabolism (immucilin G and H, ribavirin). Shown are mean +
SEM values from two to four independent experiments with technical duplicates, except for

ribavirin that was assayed once. Individual ICso and ICgo data are provided in Supplementary



Data 8. b-e, Isobolograms showing the fractional ICso (FICso) values of DHA + atovaquone
combination pairs tested at fixed molar ratios of their individual ICso values, comprising 1:0, 4:1,
2:1,1:1, 1:2, 1:4, and 0:1 ratios of atovaquone to DHA. Assays were conducted on K13 C580Y
or R539T mutants or WT parasites generated in either the Cam3.1l or Dd2 backgrounds.
Synchronized 0-3 hpi early ring-stage parasites were pulsed with drugs for 4h (b,d) or were
continuously exposed for 72h (c,e). FICso values are shown as means + SEM derived from 3-
5 biological repeats with technical duplicates. The dashed line at x=y=1 indicates additivity
between the two compounds (when the sum FICso, also known as the Combination Index, equal
to 1). Points lying substantially above the dashed line are indicative of an antagonistic
interaction, whereas points lying substantially below the line indicate synergy. Combination
Index insets depict the average of the sum of the FICso values calculated for each experiment
across the range of dual-drug combination ratios. The DHA and atovaquone combination
applied for 4h was synergistic in killing Cam3.1I1R%3°T rings, unlike Cam3.1I"T which showed an
additive effect. Interactions between these two drugs differed in 72h assays based on their k13
sequence and genetic background. *P<0.05 and **P<0.01 (paired two-sided t tests); ns, not
significant. For panel b, Cam3.1IR%3°T ys Cam3.II"T yielded a P value of 0.015. For panel c,
Cama3.11¢%8%Y ys Cam3.1I"T yielded a P value of 0.0091. Cam3.1IR53°T ys Cam3.II"T yielded a P
value of 0.01. For panel d, Dd2¢%8%Y ys Dd2"T yielded a P value of 0.02.
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Supplementary Fig. 10. Distribution of reporter ion intensities across the TMT channels
for each of the four LC-MS/MS runs using Cama3.1IR3T Cam3.11°%8%Y and Cam3.1IWT K13

ring and trophozoite stage parasites in proteomic experiments. Related to Fig. 3.
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Supplementary Figure 11. Flow cytometry pseudoplots showing the gating strategies for
guantification of parasitemias in single and paired drug sensitivity assays. a-d, Between
10,000 and 15,000 events were counted per sample using an Accuri C6 flow cytometer. These
panels show the gating strategy used to quantify viable parasites in dose-response assays.
Cells were first gated by side and forward scatter (SSC-A and FSC-A) to remove extracellular
debris. Within DHA-treated (a, c) or DMSO control-treated (b, d) cell populations, viable
parasites positively stained by MitoTracker Deep Red and SYBR green | are shown in the upper
right gate (“live”) and are distinct from uninfected erythrocytes (MitoTracker Deep Red and
SYBR green | negative; bottom left gates). e, Percent parasitemias are depicted as relative
percentages of live parasite counts vs total erythrocyte counts. For each sample, percent
survival was calculated as the ratio of parasitemia of the drug-treated vs the DMSO-treated
control well. These data were used to determine IC values. Related to Fig. 5 and

Supplementary Fig. 9.



Key Resources

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-K13 E9 Ref. 4 N/A

Chemicals, Peptides, and Recombinant Proteins

D-Sorbitol MP Biomedicals Cat#ICN19474201

Percoll™ Centrifugation Media GE Healthcare Cat#17089101

Heparin, Sodium Salt, Porcine Intestinal Mucosa Millipore Sigma Cat#375095100KU

TRIzol™ Reagent Invitrogen (Thermo Cat#15596018
Fisher Scientific)

Chloroform Fisher C/4960/17

GlycoBlue™ Coprecipitant Invitrogen (Thermo Cat#AM9515
Fisher Scientific)

SuperScript™ |l Reverse Transcriptase Invitrogen (Thermo Cat#18064014
Fisher Scientific)

RNaseOUT™ Recombinant Ribonuclease Inhibitor Invitrogen (Thermo Cat#10777019
Fisher Scientific)

Taq DNA Polymerase New England BioLabs | Cat#M0273E

Saponin Sigma-Aldrich Cat#47036

cOmplete, EDTA-free Protease Inhibitor Cocktalil Roche (Sigma-Aldrich) | Cat#4693132001

5-Aminoallyl-dUTP (AA-dUTP) Biotium Cat#40020-1

Cyanine dyes Cy3 and Cy5 GE Healthcare Cat#RPN5661

Trypsin from porcine pancreas Sigma-Aldrich Cat#T4799

3¢y, °N-Aspartate

Cambridge Isotope

Cat#CNLM-544-H-PK

Dihydroartemisinin AvaChem Scientific Cat#1559

Atovaquone Sigma-Aldrich Cat#A7986

DSM265 Medicines for Malaria | CAS:1282041-94-4

Venture (MMV)

Ribavirin Sigma-Aldrich Cat#R9644-10MG

Mycophenolic acid Sigma-Aldrich Cat#M3536-50MG

Fusidic acid Sigma-Aldrich Cat#F0881-1G

Immucilin-G Ref. 5 Vern L. Schramm, Albert
Einstein College of
Medicine, USA

Immucilin-H Ref. 6 Vern L. Schramm, Albert

Einstein College of
Medicine, USA




MitoTracker™ Deep Red FM Invitrogen (Thermo Cat#M22426
Fisher Scientific)
SYBR™ Green | Nucleic Acid Gel Stain Invitrogen (Thermo Cat#S7563

Fisher Scientific)

Critical Commercial Assays

MycoAlert PLUS Mycoplasma Detection Kit Lonza Cat#LT07-707

MinElute PCR Purification Kit QIAGEN Cat#28006

Qubit RNA HS Assay Kit Thermo Fisher Cat#Q32852
Scientific

Agilent 2X Hi-RPM Hybridization Buffer Agilent Cat#5190-0403

Pierce Direct IP Kit

Fisher Scientific

Cat#P126148

TMTsixplex™ |sobaric Mass Tagging Kit

Thermo Scientific

Cat#90064

Deposited Data

Raw and analyzed microarray data

This manuscript

GEO: GSE151189

Co-immunoprecipitation and mass spectrometry

Ref. 4

Figure 3—Source Data 2

Proteomics LC-MS/MS

This manuscript

ProteomeXchange
PXD019612

Metabolomics LC-MS/MS

This manuscript

NIH Metabolomics
Workbench No.

PR000864
P. falciparum 3D7 reference annotated transcriptome PlasmoDB https://plasmodb.org/com
and proteome (release 46 and 28) mon/downloads/release-
Biological process, components and functional activity: 46/Pfalciparum3D7/
KEGG, GO, MPMP gene annotations
Experimental Models: Cell Lines
Parasite strain: P. falciparum Dd2"s™WT Ref. 7 David A. Fidock,
Columbia Uni., USA
Parasite strain: P. falciparum Dd2Ps™ * RS39T Ref. 7 David A. Fidock,
Columbia Uni., USA
Parasite strain: P. falciparum Dd2Ps™ * €580Y Ref. 7 David A. Fidock,
Columbia Uni., USA
Parasite strain: P. falciparum Cam3.1[>S™+WT Ref. 7 David A. Fidock,
Columbia Uni., USA
Parasite strain: P. falciparum Cam3.11R53°T Ref. 7 David A. Fidock,
Columbia Uni., USA
Parasite strain: P. falciparum Cama3.]|?s™ * €580Y Ref. 7 David A. Fidock,

Columbia Uni., USA

Oligonucleotides




SMART-Random nonamers: Sigma-Aldrich N/A
AAGCAGTGGTATCAACGCAGAGTNNNNNNNNN

SMART-0ligo-d(T)szo: Sigma-Aldrich N/A
AAGCAGTGGTATCAACGCAGAGTAC(T)30VN

TS-Oligo: AlTbiotech N/A
AAGCAGTGGTATCAACGCAGAGTACGCIGrGrG

Primer lla: AlTbiotech N/A
AAGCAGTGGTATCAACGCAGAGT

Software and Algorithms

R package Bioconductor and LIMMA (version 3.10.3) Refs. 810 RRID:SCR_010943;

RRID:SCR_006442;
https://www.bioconductor

.org/

GenePix Pro version 6.0

Molecular Devices

RRID:SCR_010969

MeV (MultiExperiment Viewer) version 4.8.1

T™M4

RRID:SCR_001915;
https://sourceforge.net/pr

ojects/mev-tm4/

MetaboAnalystR version 3.0

Ref. 11

RRID:SCR_016723;
https://www.metaboanaly
st.ca/

Proteome Discoverer™ version 2.1

Thermo Fisher

Scientific

Cat#OPTON-30795;
RRID:SCR_014477

Mascot version 2.6.0

Matrix Science Ltd.

RRID:SCR_014322;
http://www.matrixscience.

com/

UniProtKB-Swiss Prot database

UniProt

RRID:SCR_004426;

https://www.uniprot.org/

Scaffold Q+ version 4.8.2

Proteome Software

RRID:SCR_014345;

Inc. http://www.proteomesoft
ware.com/products/gplus/
FlowJo version 10 FlowJo LLC. RRID:SCR_008520

GraphPad Prism version 7.03

GraphPad Software

RRID:SCR_002798

Other

Custom 70-mer long oligo P. falciparum microarrays

This manuscript

GEO: GPL18893

Gold Seal™ Plain Microscope Slides

Thermo Fisher

Scientific

Cat#3011-002

Agilent Hybridization Gasket Slide Kit

Agilent

Cat#G2534-60006

MACS CS Columns

Miltenyi Biotec, Inc.

Cat#130-041-305
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Description of Additional Supplementary Files

File Name: Supplementary Data 1

Description: Up and down-regulated transcripts in Dd2 and Cam3.1l K13 mutant lines relative to
isogenic K13 wild-type lines, across the 48h intra-erythrocytic developmental cycle. List of 80 DE
genes at late schizont and early ring stages. Up- or down-regulated transcripts are defined as having
a P value < 0.05 based on a t-test, when comparing a K13 mutant against its isogenic wild-type

counterpart. Related to Fig. 2 and Supplementary Fig. 2b.

File Name: Supplementary Data 2

Description: Up-regulated gene sets in Dd2 and Cam3.Il K13 mutant lines, compared with K13 wild-
type parasites, when assayed at a basal level without DHA exposure. Each sheet contains separate
analyses for each sampling stage in a K13 mutant vs WT parasite. Total of 16 sheets containing pair-
wise comparative results of upregulation of pathways in Cam3.1IR539T vs. Cam3.IIWT or Dd2R539T
vs. Dd2WT or Dd2C580Y vs. Dd2WT parasites. Listed are the P values of hypergeometric testing for
each independent analyses. No correction was made for multiple testing, as the goal of this
exploratory work was to generate testable hypotheses. MPM: Malaria Parasite Metabolics; KEGG:
Kyoto Encyclopedia of Genes and Genomes; GO: Gene Ontology; MF: molecular function; BP:

biological process; CC: cellular component. Related to Fig. 2.

File Name: Supplementary Data 3

Description: List of 3186 proteins detected in at least one experimental LC-MS/MS run and
differentially expressed (DE) proteins that were significantly up- and down-regulated in Cam3.11 K13
mutants (R539T or C580Y) compared to the isogenic wild-type line harvested at ring or trophozoite
stages. Up- or down-regulated proteins are defined as having a P-value < 0.05 based on a t-test on
the log2 normalized peptide spectral intensities, when comparing a K13 mutant against its isogenic
wild-type counterpart. Log2 fold-change (FC) and the standard deviation (SD) of the Log2 FC are
listed for each protein. 8 proteins that map to multiple genes were filtered out from the list. Related

to Fig. 3 and Supplementary Fig. 3.

File Name: Supplementary Data 4

Description: List of metabolites and their spectral peak areas detected in each experimental run for



Cam3.1IC580Y and Cam3.IIWT at the ring and trophozoite stages. Samples were either treated with
DMSO vehicle control or with DHA at 70 nM or 350 nM for 3h before collection for LC-MS/MS.

Related to Supplementary Fig. 5, and Fig. 3c and 4a.

File Name: Supplementary Data 5

Description: List of K13 co-immunoprecipitated proteins and their peptide counts in each sample.
The 21 proteins were obtained after filtering for protein detected in at least 3 out of 6 experiments
and at least 5 out of 13 samples. Gene descriptions and Gene Ontology (GO) components, functions

and processes were annotated or computed from PlasmoDB v46. Related to Fig. 3d.

File Name: Supplementary Data 6
Description: List of gene sets from gene set enrichment analyses showing significant differential
expression in the 3h and 6h post DHA-treated K13 WT and mutant Dd2 parasites relative to their

respective DMSO controls (Nominal P

File Name: Supplementary Data 7

Description: List of functional pathways and genes that respond differently in the K13 mutant vs
wild-type parasites upon exposure to 700 nM DHA. Total of 6 sheets. The first two sheets contain
results of up-or down-regulation of genes in DHA-treated Dd2R539T vs. Dd2WT parasites at 3h and
6h post initiation of DHA treatment as shown in Fig. 4b. The last four sheets contain results of up-
regulated genes in DHA-treated Dd2R539T vs. Dd2WT or Cam3.IIR539T vs. Cam3.IIWT parasites
across the 48h sampling post initiation of DHA treatment. MPM: Malaria Parasite Metabolics; KEGG:
Kyoto Encyclopedia of Genes and Genomes; GO: Gene Ontology; MF: molecular function; BP:

biological process; CC: cellular component. Related to Fig. 4.

File Name: Supplementary Data 8
Description: IC50 and 1C90 values of the individual dose response assays performed on

Cam3.1IR539T and Cam3.IIWT parasites. Related to Fig. 5b.



