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Malaria control is threatened by a limited pipeline of effective
pharmaceuticals against drug-resistant strains of Plasmodium falci-
parum. Components of the mitochondrial electron transport chain
(ETC) are attractive targets for drug development, owing to exploit-
able differences between the parasite and human ETC. Disruption of
ETC function interferes with metabolic processes including de novo
pyrimidine synthesis, essential for nucleic acid replication. We in-
vestigated the effects of ETC inhibitor selection on two distinct P.
falciparum clones, Dd2 and 106/1. Compounds CK-2-68 and RYL-552,
substituted quinolones reported to block P. falciparum NADH de-
hydrogenase 2 (PfNDH2; a type Il NADH:quinone oxidoreductase),
unexpectedly selected mutations at the quinol oxidation (Q,) pocket
of P. falciparum cytochrome B (PfCytB). Selection experiments with
atovaquone (ATQ) on 106/1 parasites yielded highly resistant PfCytB
Y268S mutants seen in clinical infections that fail ATQ-proguanil
treatment. In contrast, ATQ pressure on Dd2 yielded moderately
resistant parasites carrying a PfCytB M 133l or K272R mutation. Strik-
ingly, all ATQ-selected mutants demonstrated little change or slight
increase of sensitivity to CK-2-68 or RYL-552. Molecular docking
studies demonstrated binding of all three ETC inhibitors to the Q,
pocket of PfCytB, where Y268 forms strong van der Waals interac-
tions with the hydroxynaphthoquinone ring of ATQ but not the
quinolone ring of CK-2-68 or RYL-552. Our results suggest that com-
binations of suitable ETC inhibitors may be able to subvert or delay
the development of P. falciparum drug resistance.
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Essential life processes of eukaryotic cells depend upon the
electron transport chain (ETC) lodged in the inner mem-
brane of the double membrane-bound mitochondrion, where an
evolutionarily conserved cascade of oxidation-reduction activi-
ties creates a membrane potential and proton-motive energy for
ATP production (1). Structural and functional properties of the
ETC components, and of the assembled multisubunit respiratory
complexes, provide drug targets in their differences between
eukaryotic pathogens and mammalian cells (2). The ETCs of the
Plasmodium falciparum malaria parasite (PfETC) and human
(hETC) offer a case in point: Both include five canonical re-
spiratory complexes (Fig. 14), but with notable differences in-
cluding that some of the PfETC complexes have fewer subunits
than the hETC (3). Malate-quinone oxidoreductase is found in
the PfETC instead of a malate dehydrogenase as in the hETC
(4), and unique structural aspects of P. falciparum dihydroor-
otate dehydrogenase (DHODH) are being exploited for new
antimalarial drug candidates (5, 6). Additional important PEETC
targets for antimalarial drug discovery include P. falciparum cy-
tochrome B (PfCytB, in complex III) and the P. falciparum
NADH dehydrogenase 2 (PINDH2, alternative complex I) (7, 8).

PfCytB occurs as part of the cytochrome bcl assembly with the
Rieske iron sulfur protein in complex III. The quinone reduction site
(Q;) reduces ubiquinone at the mitochondrial matrix side of PfCytB,
whereas the quinol oxidation site (Q,) catalyzes electron removal
from ubiquinol at the intermembrane space (IMS; Fig. 1B). Enzy-
matic activities of the Q; and Q, sites are coupled to the translocation
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of hydrogen atoms into the IMS and are essential to mitochondrial
membrane potential and parasite viability (2). Atovaquone (ATQ), a
substituted hydroxynaphthoquinone compound (2-[trans-4-(4-
chlorophenyl)cyclohexyl]-3-hydroxy-1,4-naphthalenedione; Fig.
1C), competitively displaces ubiquinol from the PfCytB Q, site,
producing mitochondrial membrane depolarization, abrogation
of pyrimidine biosynthesis, and parasite death (9-13). Other Q,
site inhibitors are available although none are currently approved
for use in human malaria treatment (7). Among Q; site antago-
nists, antimycin A (AMA) has low micromolar activity against P.
falciparum; more effective Q; inhibitors with efficacies in the
nanomolar range have recently been described (14-16). One Q;
inhibitor, ELQ300, has entered preclinical studies (17, 18).
PfNDH2 is a bacterial-like type II NADH:quinone oxidore-
ductase that differs markedly from the human multisubunit type
I enzyme. Unlike mammalian complex I, PENDH?2 is rotenone-
insensitive, is not protonmotive, and lacks a transmembrane
domain (19). PINDH2 reduces ubiquinone to ubiquinol for
downstream use by the respiratory complexes, thereby contrib-
uting to cellular ATP production (20). Based on the ubiquinone
analog 1-hydroxy-2-dodecyl-4('H)quinolone, CK-2-68, a bisaryl
quinolone compound (Fig. 1C), was developed with inhibitory
action in an end-point PENDH2 bench assay; CK-2-68 exhibited
submicromolar half-maximal effective concentration (ECsg) levels
against P. falciparum parasite cultures (21). In CK-2-68 selection
experiments on the P. falciparum K1 clone, a parasite line was
obtained with a threefold decrease in drug sensitivity and a reported
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Features of the PfETC, predicted structure of PfCytB, and chemical structures of inhibitors used for selection. (A) Components of the PfETC. CytC,

soluble cytochrome C; G3PDH, glycerol-3-phosphate dehydrogenase; MQO, malate-quinone oxidoreductase; Q, ubiquinone; QH,, ubiquinol; Aym, mito-
chondrial membrane potential. (B) Three-dimensional ribbon model of PfCytB (mal_mito_3) predicted by iterative threading using known crystal structures
deposited in the PDB archive (62-64). Q, residues are highlighted in orange, PEWY motif in red, Q; residues in cyan, and mutations selected by drug pressure
in green. CT, carboxy terminus; IL, inner leaflet; IMS, inner membrane space; NT, amino terminus; OL, outer leaflet. (C) ATQ is a hydroxynaphthoquinone; CK-

2-68 and RYL-552 are both substituted quinolones.

PENDH?2 V2031 substitution (21), which occurs in the NADH cat-
alytic region apart from the quinone binding domain. A structurally
similar compound, RYL-552 (Fig. 1C), was also found to have
strong activity against malaria parasites and was shown to bind
PfNDH?2 in surface plasmon resonance studies and in cocrystalli-
zation experiments (22).

Use of ATQ as monotherapy rapidly fails from PfCytB mu-
tations (23, 24). However, resistance arises less readily in the
presence of proguanil, which acts synergistically with ATQ
against the parasite mitochondrial function and is converted to
cycloguanil, an active metabolite that inhibits dihydrofolate re-
ductase in the parasite’s essential folate pathway (25). To explore
comparative features of resistance that can develop to ATQ, CK-
2-68, and RYL-552, we performed systematic studies with single-
step selection pressure on two distinct P. falciparum clones, 106/

1 and Dd2. Our results with these inhibitors show various PfCytB
mutations but no PINDH2 mutations, indicating important ac-
tivity of CK-2-68 and RYL-552 on the PfCytB target. Further,
differential patterns of response by these various mutants suggest
that combinations of ETC inhibitors may provide a strategy to
subvert or delay the development of drug resistance.

Results

Selection of ETC Inhibitor-Resistant Mutants of P. falciparum. To
study responses and resistance obtained by exposure to ATQ,
CK-2-68, and RYL-552, we subjected the P. falciparum Dd2 and
106/1 clones to continuous concentrations (3-100x ECsy) of
these compounds for periods up to 60 d (Table 1). Resistant
populations were selected from both Dd2 and 106/1. Sequencing
showed no change of the pfudh2 (PF3D7_0915000) coding

Table 1. Electron transport chain inhibitor selection of Plasmodium falciparum cytochrome B mutations

Selection No. of positive/no. Day* PfCytB Codon PfNDH2
Line Compound concentration Inoculum of flasks (generation no.)" mutation change mutation

Dd2 ATQ 5 nM (10x ECsq) 3.0 x 10® 4/4 16 (8) M133] ATG — ATT None

3.0 x 10® 16 (8) K272R ATG — AGA None

1.9 x 108 18 (9) M133I ATG — ATA None

2.5 % 108 18 (9) M133I ATG - ATT None

RYL-552 150 nM (8x ECsp) 1.8 x 108 1/4 22 (11) F264L TTT - TTA None

106/1 ATQ 100 nM (100x ECsp) 1.8 x 108 1/4 25 (12) Y268S TAT - TCT None

CK-2-68 300 nM (4.3x ECs) 1.7 x 108 1/4 59 (29) A122T GCT - ACT None

RYL-552 150 nM (3x ECsp) 1.8 x 108 4/4 28 (14) V259L GTA - TTA None

1.3 x 108 42 (21) A122T GCT —» ACT None

1.8 x 108 45 (22) V259L GTA - TTA None

1.8 x 108 56 (28) V259L GTA - TTA None

*Day parasites were first observed by microscopy of thin blood smears.

"Maximum generation number was calculated as the first day parasites were observed, divided by 2. This calculation assumes the mutant was in the

population at the start of selection.
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region in any of these populations, despite the previous report of
a PINDH2 V2031 substitution following CK-2-68 pressure (21)
(PfCytB sequence not reported). In contrast to our finding of no
PENDH2 mutations, nonsynonymous codon changes occurred in
the pfeytB (mal_mito_3) gene of all resistant mutants. These
mutations differed between the Dd2 and 106/1 selections, al-
though the experiments were performed simultaneously and
employed the same culture conditions.

In the ATQ pressure experiments, four independent populations
were obtained from Dd2: a PfCytB K272R mutant and three
M1331 mutants with an ATG — ATT or ATG — ATA codon
change (Table 1). However, ATQ pressure on 106/1 yielded one
population carrying PfCytB Y268S, a mutation frequently detected
in clinical failures of atovaquone-proguanil (26, 27) and recently
obtained from human isolates by in vitro selection (28).

In pressure experiments with the substituted quinolones, CK-
2-68 selection was unsuccessful with Dd2 parasites but yielded a
PfCytB A122T mutant from 106/1 (Table 1). Selection with
RYL-552, however, returned resistant populations from both
Dd2 and 106/1. These included a PfCytB F264L mutant from
Dd2, and V259L as well as A122T mutants from 106/1. We note
that V259L has also been reported from selections of Dd2 parasites
with the 4(1H) pyridone, ELQ400 (29), and with a chemotype I
acridone, T13 (30).

ETC Inhibitor Response Profiles. Clones were isolated from all se-
lected lines by limiting dilution and verified by microsatellite typing
(SI Appendix, Table S1). ECs, concentrations of antimalarial com-
pounds against these clones were determined by SYBR Green assays
and compared with the responses of Dd2 and 106/1 as well as
standard P. falciparum 3D7 and HB3 clones (Table 2). Results
showed similar nanomolar ECsq sensitivities of the Dd2, 106/1,
3D7, and HB3 control parasites to ATQ, RYL-552, and CK-2-
68. Activities of the Q; antagonist AMA, chloroquine (CQ), and
the PFDHODH inhibitor DSM1 were also in the expected ranges
for these four controls (31-35). The clones from the ETC
inhibitor-selected lines retained the same CQ responses as those
of the original Dd2 (CQ-resistant) and 106/1 (CQ-sensitive)
clones (Table 2).

The ECs values of clones from the mutant populations were
elevated, as expected, when tested with the same ETC inhibitors
used for their selection: 25-6,150x with ATQ against DA-3H6M!33L,
DA-4%272R - or 6A-4F12Y2%; 33x with CK-2-68 against 6C-
2A7A12?T: and 3.2-5.1x with RYL-552 against DR-4H5%4L
6R-3H8V* L, or 6R-4E54122T (Table 2). In comparisons for
cross-resistance, clones from ATQ-selected populations showed

no decreased susceptibility to CK-2-68 or RYL-552; instead, 1.6—
5.5x increases of susceptibility were observed with one or both of
these compounds (clones DA-3H6M' ¥ DA-4%2R; 6 A-4F12Y265),
Regarding the ATQ ECs values of the clones from CK-2-68- or
RYL-552-selected lines, these were 1.6x reduced (6R-4E5A122T;
6C-2A7M%T) or 2.8-7.5x increased (DR-4H5%L; 6R-3H8Y>L)
relative to ECs, values of the original Dd2 or 106/1 parasites.

AMA responses showed reductions in all PfCytB mutant
clones except DA-3H6M'*: These included 1.4-4.9x ECsg re-
ductions in the DA-4%?72R DR-4H572%L 6A-4F12Y285 | 6C-
2A7M%2T 6R-3H8V*Y, and 6R-4E5*'*T clones (Table 2).
DSM1 ECs values of all clones showed little or no change from
original Dd2 or 106/1 parasites and also were in the range of the
HB3 and 3D7 responses. Drug responses of all clones remained
stable in repeat assays over several months’ time, including
prolonged cultivation periods interrupted by cycles of cryopres-
ervation and thawing.

pfcoxl, pfcoxlll, pfcytB, and Pfdhod Copy Number Determinations.
The mitochondria of Plasmodium spp. contain an estimated
20-150 copies of a 6-kb chromosome in a composite of linear
branched, lariat, and circular repeats (36, 37). Of the ETC
proteins in P. falciparum, three, cytochrome B (PfCytB), cyto-
chrome oxidase I (PfCoxI), and cytochrome oxidase IIT (PfCoxIII),
are encoded by the 6-kb mitochondrial genome, whereas other
members of the ETC are encoded by nuclear genes and imported
from the cytosol. To check for gene copy number increases as a
possible mechanism of drug resistance, we used quantitative PCR
(qPCR) to assess copy number variation (CNV) in the pfcox]
(mal_mito_1), pfeoxIII (mal mito_2), and pfcytB mitochondrial
genes, as well as pfdhod (PF3D7_0915000) of the nuclear ge-
nome. Results relative to the reference single copy seryl tRNA
ligase gene (pfserRS; PF3D7_1216000) are presented in SI
Appendix, Table S2.

Our overall copy number average for pfcytB, 38 + 8§, is
somewhat higher than the previous estimate (37). A pfeytB copy
number of 48 + 10 was obtained for the ATQ-selected DA-
3H6M133! clone, but this number was not significantly higher than
in DA2 (34 + 6) by y* test (P = 0.87). Results from pfcox] and
pfecoxIIl qPCR likewise showed little or no evidence for copy
number increases after selection, with overall average copy
numbers of 26 + 6 and 33 + 7, respectively.

The nuclear pfdhod gene is normally single-copy in P. falciparum
but amplification has been found with increases in ATQ ECs levels
upon DSM1 selection (28, 35, 38). We tested for pfdhod CNV in the
clones listed in Table 2. No clones showed more than a single copy

Table 2. ECso of Plasmodium falciparum clones
ECso, NM
Clone Selection agent PfCytB mutation ATQ CK-2-68 RYL-552 AMA DSM1 cQ
Controls
HB3 0.4 + 0.1 44 + 3 17 £ 0.1 381+ 78 69+6 3.1+04
3D7 0.7 +£ 0.1 34 +4 2+3 250 + 15 155+ 8 12+ 2
Dd2 lineage
Dd2 0.4 + 0.02 57 +3 18 + 2 221 + 58 134 + 22 214 + 31
DA-3HEM33! ATQ M133lI 10+2 61+9 33+1 243 + 25 207 + 21 244 + 40
DA-4K?72R ATQ K272R 55+ 7 12+4 1M1+3 45 + 5 155 + 31 209 + 37
DR-4H5M264 RYL-552 F264L 1.1+0.2 71+ 12 1+7 63 + 15 137 £ 16 201 + 21
106/1 lineage
106/1 1.1+0.1 69 +7 50+5 417 + 58 189 + 13 28 +0.2
6A-4F12Y2685 ATQ Y2685 6,760 + 1,600 38 +2 75 + 10 108 + 16 93 + 27 39 +3
6C-2A7A122T CK-2-68 A122T 0.7 + 0.1 225 + 16 50 + 4 208 + 12 221 + 57 20 +2
6R-3H8Y25%t RYL-552 V259L 82 +0.5 209 + 7 202 + 17 137 + 22 98 + 48 32+2
6R-4E54122T RYL-552 A122T 0.7 + 0.1 220+ 6 158 + 2 293 + 36 107 + 23 30+3

Mean + SD; n = 3-7.
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of this gene (SI Appendix, Table S2), providing no evidence for a
contribution of pfdhod amplification in the clones’ resistance to
ATQ, CK-2-68, or RYL-552.

Docking Analysis of ATQ, CK-2-68, and RYL-522 Bound to PfCytB. The
mutations obtained with ATQ, CK-2-68, and RYL-552 selection
map in or near the Q, pocket of PfCytB (Fig. 1B). Mutations
V259L and F264L occur to either side of the catalytic PEWY
motif (residues 260-263, P. falciparum numbering; SI Appen-
dix, Fig. S1), which is essential for hydrogen transfer by
complex III (39).

We used AutoDock 4.0 software to model predicted binding
of ATQ, CK-2-68, and RYL-552 to the crystal structures of
Saccharomyces cerevisiae CytB determined with bound ATQ
[ATQ-ScCytB; Protein Data Bank (PDB) ID code 4PD4] or
alone (ScCytB; PDB ID code 1KB9) (40, 41). ATQ docking into
ATQ-ScCytB, computationally stripped of the drug, was blocked
by a shifted position of the F123 residue in the Q, pocket. In
contrast, AutoDock positioned ATQ in unbound ScCytB (PDB
ID code 1KB9) in nearly the same position as reported from
crystallized ATQ-ScCytB (SI Appendix, Fig. S24) (41). Next, we
remodeled the ScCytB Q, pocket to better resemble PfCytB by
making amino acid replacements ScCytB L275F, M295V, F296L,
and I299L (corresponding to the residues at PfCytB positions
264, 284, 285, and 288) in the unbound PDB ID code
1KB9 structure. ATQ readily inserted into this unbound, pre-
dicted PfCytB (Fig. 24), with an estimated binding free energy
of —11.3 kcal/mol, and a predicted inhibition constant (Kj) of
4.8 nM (Table 3). Much higher predicted K; or complete loss of
ATQ binding were computed for the Y268S, Y268C, and Y268N
forms of the PfCytB Q,, pocket, consistent with a strong binding
contribution of Y268 contact with the naphthoquinone rings and
with the high levels of ATQ resistance observed for P. falciparum

Fig. 2. Docking models of ATQ and CK-2-68 in the PfCytB Q, pocket. Com-
pounds were docked to the predicted PfCytB structure using remodeled ScCytB
(PDB ID code 1KB9) and AutoDock 4.0 software. (A) ATQ (cyan) docks in the
predicted wild-type PfCytB Q, pocket. (B) ATQ in the Y2685 mutant pocket is
shifted and turned slightly from its position in the Y268 structure. (C and D) CK-
2-68 (blue) docks similarly in the predicted wild-type and mutant Y268S struc-
tures of predicted PfCytB. In all images, residues that have known mutations are
highlighted in magenta and ATQ binding residues in green.

6288 | www.pnas.org/cgi/doi/10.1073/pnas.1804492115

Table 3. Docking results generated by AutoDock 4.0

Protein Ligand AGping* K.," nM ECso (Ref.)
ScCytB ATQ -10.3 28 50 nM (12)
PfCytB ATQ -11.3 48 0.5-13 nM (24)
PfCytBY258% ATQ -9.4 134 4-29 M (24)
PfCytBY258¢ ATQ DND*

PfCytBY268N ATQ DND*

PfCytB CK-2-68 -10.3 30 34-69 nM (12)
PfCytB Y2685 CK-2-68 -9.8 69 38 nM
PfCytB RYL-552 -10.0 49 17-50 nM
PfCytBY2685 RYL-552 -9.6 101 75 nM

*AGping, Predicted free energy of binding (kcal/mol).
K;, Predicted inhibition constant.
*DND, does not dock.

parasites that carry PfCytB position 268 mutations (42, 43) (Fig.
2B and Table 3).

For CK-2-68, the best fit calculation oriented the quinolone
ring similarly to that of ATQ’s naphthoquinone in wild-type
predicted PfCytB, but with a relative shift to the Y268 phenolic
ring of 1.7 A while maintaining a 5.2 A distance between the ring
centers (Fig. 2C). Combined effects of this shift with the volume
and electron withdrawing effect of the chloro substituent may
reduce the effect of Y268 interaction. CK-2-68 contacts with
other Q, pocket residues support binding with an estimated
free energy of —10.3 kcal/mol and a predicted K; of 29.6 nM
(Table 3). In the PfCytB Y268S calculation, the best fit orien-
tation of CK-2-68 remained similar, although with a somewhat
less favorable free energy of binding (—9.8 kcal/mol) and pre-
dicted K; (69 nM) relative to CK-2-68 in wild-type PfCytB (Fig.
2D and Table 3).

Docking calculations oriented the fluoro-substituted RYL-
552 quinolone in a position similar to that of the ATQ naph-
thoquinone with the same ring-ring distance from Y268 (5.5 A; SI
Appendix, Fig. S2B). As with CK-2-68 binding, the RYL-552 in-
teraction with Y268 was less than in ATQ binding (Table 3).
Slightly less favorable free energy of binding and predicted K; was
calculated for RYL-552 binding to the PfCytB Y268S structure
relative to wild type (—9.6 vs. —10.0 kcal/mol; 101 vs. 49 nM, Table
3 and SI Appendix, Fig. S2C).

In these calculations, van der Waals forces predominated in
the estimated free energies of binding (SI Appendix, Table S3).
In silico subtraction of 7-chloro and 5-fluoro substituents of CK-
2-68 and RYL-552 showed marked reduction of binding to both
Y268 and Y268S forms of PfCytB; however, there was little
benefit from the in silico placement of either a 7-chloro or 5-
fluoro substituent on the ATQ naphthoquinone ring (SI Ap-
pendix, Fig. S3).

Discussion

Our selection experiments with ETC inhibitors on two distinct P.
falciparum clones, Dd2 and 106/1, identified a variety of drug-
resistant mutants at or near the Q, site of PfCytB in complex III.
PfCytB mutations after pressure with the two substituted qui-
nolones, CK-2-68 and RYL-552, were unexpected, as both
compounds have been developed and described as inhibitors of
PfNDH2 (21, 22). PfCytB A122T was obtained by CK-2-68 se-
lection, and PfCytB F264L, V259L, and A122T were obtained by
RYL-552 selection, but no changes in PENDH?2 were detected in
any of our experiments. These findings indicate that the Q, site
of PfCytB is an important in vivo target of CK-2-68 and RYL-
552, although our results do not exclude an activity of these
quinolones on PEINDH?2.

Pressure with ATQ, a substituted hydroxynaphthoquinone,
yielded various PfCytB mutants with K272R, M1331 (from two

Lane et al.
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different codon changes), or Y268S. Different ECsy increases
were observed with these mutations: 25x (M133I), 138x
(K272R), and 6,150% (Y268S), consistent with the association of
the latter mutation to highly resistant atovaquone-proguanil
failures (24, 42, 44, 45). Assays with the quinolone compounds,
however, showed heightened sensitivity of the M1331 mutant to
RYL-552 and of the Y268S mutant to CK-2-68, whereas the
K272R mutant had heightened sensitivity to both drugs. Con-
versely, the A122T resistance mutants selected by CK-2-68 or by
RYL-552 showed increased sensitivity to ATQ.

In this work, no evidence for amplification of pfcoxI, pfcoxIIl,
pfeytB, or pfdhod was found in ETC inhibitor-resistant mutants.
Mitochondrial heteroplasmy and mutations that arise with repli-
cation of mtDNA during mitosis may cause clinical failures after
ETC inhibitor treatment (28, 46). Reduced susceptibility of the
V259L mutants to ATQ, CK-2-68, and RYL-552 suggests a general
effect of this mutation on the binding ability of the PfCytB Q, site.
PfCytB mutations may cause fitness reductions, e.g., by compro-
mised phenotypes of respiration that could impair transmission
through mosquitoes or otherwise affect stage developments in the
parasite life cycle. It was reported that PfCytB M133I and V259L
mutants, as well as P. berghei CytB (PbCytB) M1331, Y268C, and
Y268N mutants, failed to transmit through Anopheles stephensi
mosquitoes (47). However, more recent studies have demonstrated
that PbCytB M133I parasites, resistant to both menoctone and
atovaquone, transmit through mosquitos to mice and back again
(48). Additionally, P. chabaudi CytB Y268N mutants are reported
to transmit through A. stephensi to mice (49).

Effects from the mutations and results of our molecular docking
studies provide insights into the differential activities of the
substituted hydroxynaphthoquinone (ATQ) versus the halogenated
quinolone compounds (CK-2-68, RYL-552) on mutants of PfCytB.
The Y268S substitution greatly reduced inhibition of PfCytB by
ATQ but not by CK-2-68 or RYL-552. n—n binding interactions
between the aromatic rings of ATQ and Y268 may be disrupted by
this mutation, in addition to effects of the Y — S change on pocket
volume and hydrophobicity. Nevertheless, the computed K increase
from the model (from 4.8 nM to 134 nM) does not reach the
magnitude of the experimentally reported ECsy increases (from 0.5—
13 nM to 4-29 pM; Table 3). This suggests additional factors
involved in drug response, e.g., limits on compound access and/or
uptake of high drug concentrations to the PfCytB target in
parasitized erythrocytes.

Our observed ECsy and calculated K; results using wild-type
and Y268S parasites indicate that CK-2-68 and RYL-552 binding
to PfCytB is much less dependent on van der Waals interactions
with the Y268 ring than is ATQ. This finding may help to explain
the lack of cross-resistance of these compounds with ATQ in the
Y268S mutant. Of other mutations in the Q, pocket, ATQ was
138-fold less potent against our K272R mutant; arginine’s longer
sidechain may contribute a steric displacement or an alteration
of charge influence on the binding inhibition. M1331I was 25-fold
less susceptible to ATQ, a finding potentially attributable to a
change in pocket volume. Both mutants are more susceptible to
RYL-552, consistent with opposing effects on the binding of
ATQ and RYL-552 by the substitutions of K272R or M1331.

Combination chemotherapy strategy is often based on drugs
against different molecular targets; however, combination of
different drugs against the same target has also been proposed as
a strategy to counter resistance that might arise against either
drug alone. For example, mutations of high-level pyrimeth-
amine-resistant Plasmodium vivax strains are reported to confer
enhanced sensitivity to WR99210, suggesting that pairings of
alternative dihydrofolate reductase inhibitors may slow the
spread of the resistant parasites (50). Differential resistance of
P. falciparum dihydrofolate reductase— thymidylate synthase
(PfDHFR-TS) mutants to pyrimethamine and cycloguanil has
been described (51), and new searches for drug combinations
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have been boosted by knowledge of the conflicting mutations
required to resist pyrimethamine or WR99210 (52). Moreover,
certain compounds are known to have increased efficacy against
drug-resistant parasites carrying mutations in the PfCRT chlo-
roquine resistance transporter or in PFEDHODH (53, 54). Taken
together, these lines of evidence and the results from our present
study suggest that mutations in drug binding sites frequently give
rise to differential resistance and sensitivity. Effective treatments
against drug-resistant malaria may therefore be possible with
combinations of alternative ETC inhibitors that have distinct
chemical structures. In the case of PfCytB mutants, successful
development of these inhibitor combinations could help protect
ATQ as one of the most important compounds in the antimalarial
pharmacopeia.

Methods

P. falciparum Cultivation. 106/1 and Dd2 parasites were cultivated by standard
methods (55, 56) with modifications. Cultures were maintained at 5% he-
matocrit with human erythrocytes (Virginia Blood Services) in complete
medium composed of RPMI 1640 (Sigma-Aldrich), 1% Albumax Il wt/vol (Life
Technologies), 0.02 mg/mL‘1 gentamycin solution (KD Medical), and 0.21%
sodium bicarbonate. Incubation of the cultures was at 37 °C under a 90%
nitrogen/5% carbon dioxide/5% oxygen atmosphere.

Selection of Resistant Parasites and Cloning by Limiting Dilution. ATQ was
purchased at Sigma Aldrich, CK-2-68 was synthesized by Asis Chem, and RYL-
552 (22) was a kind gift from Yu Rao (School of Pharmaceutical Sciences,
Tsinghua University, Beijing). The 10 mM stocks of these compounds were
held at —20 °C in dimethyl sulfoxide (DMSO; Sigma-Aldrich). Sixty-day se-
lections of resistant parasites were performed essentially as described (57,
58); for further details, see the S/ Appendix. Expansion of the recovered
parasites for cloning, cryopreservation, and DNA extraction was performed
in selection medium. Cloning by limiting dilution (59) was performed with-
out antimalarial pressure.

Dose-Response Assays. DSM1 (5-Methyl-N-(2-naphthyl)[1,2,4] triazolo [1,5-a]
pyrimidin-7-amine) (33) was obtained from the Malaria Research and Ref-
erence Reagent Resource Center (BEI Resource); CQ and AMA were pur-
chased from Sigma-Aldrich. Stock solutions of the compounds were
prepared at 10 mM in DMSO and held at —20 °C. Drug response profiles
were assessed in vitro using the previously described 72-h malaria SYBR
Green | assay (60, 61) (S/ Appendix). Half-maximal effective concentrations
were determined using the variable slope sigmoidal function feature from
Prism version 7 (GraphPad Software Inc.). ECso data were obtained from
three to seven independent experiments.

PfCytB Modeling and Autodocking Calculations. Structure modeling was per-
formed by iterative threaded assembly refinement using I-TASSER (https:/
zhanglab.ccmb.med.umich.edu/I-TASSER/) (62-64). The structure was annotated
and recolored using Chimera software (UCSF, www.rbvi.ucsf.edu/chimera)
(65). Predicted transmembrane domains from the primary sequence were
used for placement of the model relative to the inner mitochondrial
membrane; Q, and Q; sites were identified as previously described (66).
Automated docking simulations were conducted using the AutoDock
4.0 program suite (67). The yeast bc1 crystal structures, PDB ID codes
1KB9 and 4PD4, were used for ligand docking studies after replacement of
four Saccharomyces cerevisiae with P. falciparum residues to model the
PfCytB Q, pocket. Docking of compounds was performed using the La-
marckian genetic algorithm to minimize both steric clashes and docking
energies, then to redock the molecules (further details provided in the S/
Appendix). A ligand binding to the protein with the lowest root-mean-
square deviation (rmsd) to the reference was considered to be docked.

Microsatellite Typing. See S/ Appendix, Supplemental Methods.
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