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MALARIA

Identifying purine nucleoside phosphorylase as the
target of quinine using cellular thermal shift assay

Jerzy M. Dziekan’, Han Yu', Dan Chen’, Lingyun Dai', Grennady Wirjanata', Andreas Larsson?,
Nayana Prabhu’, Radoslaw M. Sobota*>*, Zbynek Bozdech'*, Par Nordlund™3**

Mechanisms of action (MoAs) have been elusive for most antimalarial drugs in clinical use. Decreasing responsive-
ness to antimalarial treatments stresses the need for a better resolved understanding of their MoAs and associated
resistance mechanisms. In the present work, we implemented the cellular thermal shift assay coupled with mass
spectrometry (MS-CETSA) for drug target identification in Plasmodium falciparum, the main causative agent of
human malaria. We validated the efficacy of this approach for pyrimethamine, a folic acid antagonist, and E64d, a
broad-spectrum cysteine proteinase inhibitor. Subsequently, we applied MS-CETSA to quinine and mefloquine,
two important antimalarial drugs with poorly characterized MoAs. Combining studies in the P. falciparum parasite
lysate and intact infected red blood cells, we found P. falciparum purine nucleoside phosphorylase (PfPNP) as a
common binding target for these two quinoline drugs. Biophysical and structural studies with a recombinant
protein further established that both compounds bind within the enzyme’s active site. Quinine binds to PfPNP at
low nanomolar affinity, suggesting a substantial contribution to its therapeutic effect. Overall, we demonstrated
that implementation of MS-CETSA for P. falciparum constitutes a promising strategy to elucidate the MoAs of ex-
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isting and candidate antimalarial drugs.

INTRODUCTION

Malaria is a vector-borne disease caused by five protozoan species
of the Plasmodium genus prevailing in tropical and subtropical re-
gions. Ongoing efforts to eradicate malaria have reduced consider-
ably its worldwide burden and mortality over the past decade (1).
However, malaria still remains a substantial health problem with
216 million cases and 445,000 deaths in 2016 alone, as estimated by
the World Health Organization (WHO) (1). Recent success in ma-
laria control can be attributed to effective vector-control strategies,
as well as the mass implementation of artemisinin combination
therapies (ACTs). However, an increased mosquito resistance to
commonly used insecticides (2) and decreased responsiveness of
the malaria parasite to the standard ACTs (3) threaten major es-
calation in malaria incidence in the near future. Recent reports of
increased failure rates of artesunate-amodiaquine treatment in
western Cambodia are particularly worrisome, considering that it
is already the fifth ACT failing in that region (4). In the past, the
emergence of resistance to clinically used antimalarial drugs typi-
cally signaled their subsequent failure, eventually rendering them
obsolete in all affected areas around the globe (5).

The vast majority of clinically used antimalarial drugs were not
rationally designed to interfere with a specific molecular target but
rather were identified on the basis of their potent antimalarial prop-
erties in phenotypic screenings (6). Consequently, the understand-
ing of their mechanisms of action (MoAs) remains rudimentary in
most cases. Among all available antimalarial drugs, besides artemis-
inins, quinolines represent the largest and undoubtedly the most
clinically important group. From these, quinine, mefloquine, and
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chloroquine are among the most widely used antimalarial drugs,
which remain in clinical use until today (7). Although the antima-
larial effect of chloroquine appears strongly associated with the in-
hibition of heme detoxification in the parasite’s digestive vacuole
(8), MoAs of other quinolines remain largely elusive (9, 10). Quinine,
first isolated in 1820 from a Cinchona tree bark, became the first-in-
class quinoline (7). Currently, it represents an essential alternative
for the treatment of severe malaria and remains the treatment of
choice for uncomplicated malaria in pregnant women during the
first trimester (11). Over the years, a range of its derivatives were
synthesized, including mefloquine developed by the Walter Reed
Army Institute of Research in 1984 (12). Today, mefloquine is a
crucial partner drug within the ACT formulations, particularly those
used in Southeast Asia, and remains an important chemoprophylaxis
agent for malaria (13, 14). Resistance to both drugs was reported in
Southeast Asia in the 1980s and was associated with an increased copy
number of the pfmdrI gene (15). Pfmdrl encodes a transmembrane
transporter PfPGHI that is believed to mediate drug efflux from the
cytoplasm to the digestive vacuole (16). This suggests that the mo-
lecular target of mefloquine/quinine is present in the cytosol, and
thus, the MoA of both drugs is (at least partially) distinct from that
of chloroquine. Consistent with this, recent findings suggested that
mefloquine inhibits translation through 80S ribosome binding, al-
though polypharmacology involving other unidentified target(s) is
expected (17). No specific targets of quinine have been discovered
to date. Together, the wide knowledge gap remaining in our basic
understating of the MoAs of common antimalarial drugs substan-
tially hinders implementation of effective countermeasures to clini-
cal drug failure (18).

The cellular thermal shift assay (CETSA), originally developed
to assist anticancer drug target studies, is the first broadly applicable
label-free method to study drug target engagement in intact cells
(19-21). The technique is based on the discovery that heat unfolded
proteins precipitate rapidly in cells, allowing melting curves to be
measured by monitoring the remaining soluble proteins after a heat
challenge. Akin to the classical thermal shift assay using purified
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proteins (22), ligand binding typically leads to protein stabilization
and a positive shift in melting temperature (Ty,). Coupling CETSA
with multiplexed quantitative mass spectrometry (MS-CETSA) al-
lows monitoring of the entire proteome simultaneously for changes
in the protein thermostability under drug treatment. As a result,
proteins interacting with the drug can be identified in MS-CETSA
without previous knowledge of the pathways or mechanisms
involved. In this work, we developed an efficient protocol for
MS-CETSA studies of Plasmodium falciparum and applied it for
antimalarial drug target identification. Subsequently, we identified
P. falciparum purine nucleoside phosphorylase (PfPNP) as a protein
target of quinine and mefloquine. Using enzymatic and biophysical
in vitro assays, we observed a particularly high-affinity interaction
of quinine with PfPNP, suggesting its role in the drug’s MoA.

RESULTS

Adaptation of CETSA for P. falciparum

In this work, we implemented and validated MS-CETSA for identifi-
cation of direct protein targets of antimalarial drugs in the P. falciparum
proteome. We used cellular lysates from in vitro blood-stage
P. falciparum parasites for studies of direct drug-target interactions
(“lysate”). In addition, we used intact P. falciparum-infected erythro-
cytes for studies of drug-target engagements and consequent down-
stream effects within the cellular context (“intact cell”). Because of
potential obstructions of the MS analysis caused by the high abun-
dance of hemoglobin and carbonic anhydrase-1 in the red blood cell
(RBC) cytoplasm (23), for the in-cell settings, we used magnetic en-
richment of P. falciparum-infected erythrocytes. The resulting en-
richment of infected erythrocytes to >75% was suitable for generating
MS data from the intact cells, providing a comprehensive represen-
tation of the P. falciparum proteome (see below). Overall, we adopted
two existing variants of CETSA data collection strategies (Fig. 1):
(i) the melt curve CETSA approach, in which protein precipitation
is monitored at 10 distinct temperatures in the presence or absence
of drug; (ii) the isothermal dose-response (ITDR) CETSA, in which
protein stabilization is monitored at multiple drug concentrations
at a single temperature. Whereas the melt curve CETSA is used to
assess the differences in protein thermal denaturation characteris-
tics between drug-treated and vehicle control samples, the ITDR
experiments monitor the change in protein stability under thermal
denaturation conditions across a drug concentration gradient. Both
melt curve and ITDR experiments can be conducted with cell ly-
sates and intact cells obtained from in vitro P. falciparum culture.
Note that not all thermal stability shifts are a direct result of drug
binding, but they can also be caused by indirect “downstream” ef-
fects, such as changes in protein stability due to binding of physio-
logical ligands including metabolites, nucleic acids, or other proteins
(19, 24). Such shifts could result from the modulation of cell signal-
ing, metabolism, or stress pathways induced by the drug. Cross-
referencing of the lysate and in-cell CETSA datasets provides one of the
avenues for discerning between direct and indirect drug effects.

To first assess the melting properties of the P. falciparum proteome
at the trophozoite stage, we subjected nontreated lysate and intact-cell
samples to melt curve CETSA analysis, determining proteome-wide
protein thermal stability in the 37° to 73°C temperature range
(Fig. 2A). Consequently, we calculated the distribution of individual
protein melting temperatures (Ty,; equivalent to 50% protein dena-
turation) within each dataset (Fig. 2B). Overall, the melting profiles

Dziekan et al., Sci. Transl. Med. 11, eaau3174 (2019) 2 January 2019

Lysate CETSA Intact-cell CETSA

Synchronized P. falciparum culture

\ \

RBC saponin-lysis
- and parasite isolation

}

C Parasite lysis &
fel" isolation of soluble lysate

\

Sample separation into 10 conditions

I

-
- > ITDR: Gradient
Drug exposure ~= ,“
' e Melt curve: + or -

Thermal challenge

~ ~
Isolation of soluble
protein fraction CD
\

Protein digestion, alkylation, and reduction

}

TMT10 peptide labeling
126 127¢ 128C 129C

< <

yvyvyvyvvyvvvy

127N 128N 129N 130N 131

Magnetic enrichment
of iRBCs

ITDR: Single temperature

Melt curve: Gradient

Cell lysis and isolation of
soluble protein fraction

130C

~N

Y
'

Quantitative MS/MS analysis

Fig. 1. Schematic illustration of P. falciparum CETSA protocol. Lysate and intact-
cell CETSA experiments are conducted using soluble parasite protein lysate or
magnetic cell sorting—enriched infected RBCs (iRBCs), respectively. In both scenarios,
the samples are separated into 10 identical fractions, subjected to drug treatment,
and exposed to the thermal challenge to denature and irrevocably precipitate un-
stable proteins. Two alternative CETSA variants, ITDR or melt curve, can be per-
formed. ITDR involves treating samples with a drug concentration gradient and
exposing them to a single temperature, whereas melt curve CETSA relies on the
presence or absence of the drug in corresponding samples, which are then heated
to 10 distinct temperatures along 37° to 73°C thermal gradient. The soluble protein
is isolated by centrifugation and, in case of whole-cell approach, preceded by cell
lysis, and samples are reduced, alkylated, digested by lysyl-endopeptidase (Lys-C)
and trypsin and then labeled with distinct TMT10 isobaric peptide tags. Peptide
abundance across 10 fractions is then quantified through multiplexed MS. After
mapping to the plasmodium proteome database, values are translated to pro-
tein quantities along the thermal/drug gradient.
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Fig. 2. P. falciparum proteome melting behavior. (A) Global protein melting behavior in lysate (green) and intact-cell (purple) melt curve CETSA in the absence of drugs.
The box plot is drawn on the basis of independent protein melting profiles within each dataset representing remaining soluble protein abundance across the tempera-
ture gradient (x axis) relative to the nondenaturing 37°C condition (black band) on the y axis. Median (second quartile) protein levels are indicated with a black band, first
and third quartiles with colored boxes, whereas the lowest/highest datum within 1.5 x IQR (interquartile range) of the lower/higher quartile is represented with whiskers.
Data outliers not included within whiskers are plotted as dots. (B) Proteome-wide T, distribution in melt curve CETSA lysate (green) and intact cell (purple). Only proteins
achieving >50% denaturation within the thermal gradient, detected at >3 peptide-spectrum matches (PSMs), and with <5°C T, SD between replicates were included in
the analysis. Number of proteins (left, y axis) exhibiting T, at a given temperature (x axis) is plotted as bar chart, whereas their cumulative number including proteins with
lower T, is indicated on the right (y axis). (C) T, comparison of 964 proteins identified in lysate and intact-cell melt curve. The correlation coefficient (R?) of linear regres-

sion analysis is indicated for each dataset pair. Dashed black trend-line indicates perfect overlap of values in two conditions.

were defined for 2488 proteins in the lysate and 1962 in the intact-
cell variant. The proteins isolated from the lysate experiment exhib-
ited apparent higher global thermostability, as demonstrated by the
lower degree of denaturation along the entire thermal gradient
(Fig. 2A). In particular, there was a substantially higher proportion
of thermostable proteins in the lysate (44%), which showed less
than 50% decrease in abundance in the soluble fraction after the
thermal challenge. These thermostable proteins could represent
soluble protein aggregates that are stabilized by the detergent used for
host-cell removal before sample generation. Hence, for further
analyses, we applied more stringent cutoff criteria to include high-
confidence melting profiles, including (i) >50% loss in protein abun-
dance at the highest temperature, (ii) T, within the tested temperature
range, and (iii) low variability between replicate measurements (see
Materials and Methods). As a result of these stringent criteria, T,
values were determined for 1821 distinct P. falciparum proteins in
at least one experimental variant, with 1345 of them derived from
the lysate and 1439 from the intact-cell condition. On the basis of
previously reported proteomics data (25), this constitutes 80% of the
trophozoite proteome and represents 65% of proteins expressed
throughout the entire intraerythrocytic developmental cycle. Analysis
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of the 946 P. falciparum proteins present in both datasets (Fig. 2B)
revealed somewhat lower average protein stability in intact cells
(AT}, = 0.3°C) but distinct melting profiles of the individual pro-
teins in the two conditions (R? = 0.34) (Fig. 2C). This is consistent
with a similar comparison conducted for human immortalized my-
elogenous leukemia (K562) cells, which reported lower protein sta-
bility in the intact cell, relative to the lysate condition, likely resulting
from the crowded environment of the cytoplasm and other intracel-
lular compartments (21). We also observed correlated precipitation
of many large protein complexes in both melt curve experimental
variants (fig. S1), which is in agreement with the concept of thermal
proximity coaggregation recently described in human cells (26). In
addition to the P. falciparum proteins, melt curve CETSA in intact
cells yielded melting profiles for 362 proteins originating from the
host cell. This constitutes the first CETSA data for (a substantial
fraction of) the erythrocyte proteome. Here, we found that the global
T distribution among RBC proteins was, in general, higher than
that of the P. falciparum or the K562 cell proteome (fig. S2). The T},
analysis of 268 proteins detected in both human proteomes demon-
strates differences in protein thermal stability between cell types
(R* = 0.44), showing that erythrocytic proteins display on average
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1.7°C higher T},,. The measurement of CETSA data for the erythro-
cyte proteome can be in principle explored to access interactions
and downstream effects with host proteins during antimalarial drug
exposure.

CETSA-based methodology for identification of protein drug
targets in P. falciparum

For the identification of drug-target interactions in P. falciparum,
we adopted the ITDR variant of the CETSA protocol, using the in-
formation gained from the melt curve experiments (Fig. 2). Target
protein engagement in ITDR is recognized as protein stabilization
in response to increasing drug concentration at a single temperature
relative to nondenaturing conditions (see Fig. 1 and Materials and
Methods). Data analysis, scaling, and identification of drug-target
interactions were carried out using mineCETSA, an in-house-
developed R package (see Materials and Methods). First, we carried
out an ITDR experiment in lysate with pyrimethamine, the well-
characterized antimalarial drug known to inhibit P. falciparum
dihydrofolate reductase-thymidylate synthase (PfDHFR-TS) (27, 28).
Because of the high Ty, observed for PFDHFR-TS observed in the
CETSA melt curve experiment (fig. S3), the ITDR experiments were
carried out at 59° and 65°C. Among 2102 detected proteins, only
PfDHFR-TS (PF3D7_0417200) exhibited dose-dependent stabiliza-
tion by pyrimethamine (Fig. 3A). Protein response was observed at
both temperatures, although the stabilization surpassed the “signifi-
cance threshold for hit selection” only at 65°C (Fig. 3B). The minimal
dose threshold (MDT) (i.e., the lowest drug concentration inducing
high-confidence protein stabilization) for PPIDHFR-TS was ~14.7 nM.
This corresponds to the activity concentration range of pyrimeth-
amine previously reported for P. falciparum in vitro growth inhibi-
tion assays (29) and in vitro kinetic studies with purified enzyme
(30). In addition to ITDR, we also demonstrated the pyrimethamine-
dependent stabilization of PEDHFR-TS through the melt curve
CETSA assay in lysate (fig. S3).

In the absence of a priori knowledge about the identity of the
putative targets of a drug, the thermal challenge temperatures for
the ITDR analysis should be selected such that the global proteome
is sufficiently sampled. Hence, for the subsequent ITDR analyses, we
selected 51°C corresponding to the average T, for the P. falciparum
proteome and 57°C to account for the more thermostable portion
of the proteome observed in intact-cell samples (Fig. 2B). To validate
this strategy in the intact-cell CETSA, we investigated protein target
engagement by E64d, a broad-spectrum cysteine protease inhibitor,
known to interact with several targets in the P. falciparum proteome
(31-33). Accordingly, four proteins exhibited dose-dependent sta-
bilization by E64d in the ITDR (57°C) experiment (Fig. 3, C and D).
Three of the stabilized proteins [falcipain 2A (FP2A; PF3D7_1115700),
falcipain 3 (FP3; PF3D7_1115400), and dipeptidyl aminopeptidase
1 (DPAPI1; PF3D7_1113400)] carry a cysteine protease domain that
is expected to be the main target of the drug. In contrast, the fourth
identified protein—DSK2 protein homologue (PF3D7_1113400)—
does not carry a signature cysteine protease active site in its primary
amino acid sequence. The MDTs for all four targets were within low
nanomolar range (FP3, ~3 nM; FP2A, ~11 nM; DSK2, ~9 nM; and
DPAPI1, ~11 nM). Note that this is substantially lower than the micro-
molar concentrations at which the compound inhibits parasite growth
in vitro (34). Together, these results demonstrate that CETSA has
the capacity to detect direct drug-target binding in the proteome of
the malaria parasites with a high degree of specificity.
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CESTA-based identification of molecular targets for
mefloquine and quinine in P. falciparum

Next, we conducted ITDR assays to identify protein targets of qui-
nine and mefloquine. Applying the ITDR (51°C) protocol for lysate
samples exposed to quinine (0 to 10 uM) or mefloquine (0 to 100 uM),
we identified purine nucleoside phosphorylase (PfPNP; PF3D7_0513300)
as the only protein exhibiting high-confidence stabilization among
2157 and 2032 P. falciparum proteins detected simultaneously in
the two datasets (Fig. 4, A to D). The MDT for PfPNP stabilization
was ~0.1 uM for quinine and ~0.6 pM for mefloquine. Crucially, a
dose-dependent stabilization of PfPNP was also observed for qui-
nine in the intact-cell ITDR at 57°C with an MDT of ~2.5 nM
(Fig. 4, E and F). No stabilization of PfPNP was observed in the two
corresponding intact-cell ITDRs conducted with mefloquine, which
revealed a dose-dependent stabilization of three other proteins in-
stead (Fig. 4G). Pyruvate kinase II (PfPyKII; PF3D7_1037100) ex-
hibited an early dose-dependent stabilization (MDT, ~19.5 nM) in
the intact-cell ITDR (57°C). This was, however, concomitant with
an increase of the protein abundance at 37°C, suggesting that the
stabilization likely reflects a downstream effect of the drug binding,
also leading to increased protein levels (Fig. 4H). Considering PfPyKII
is essential for the parasite’s metabolism (35, 36), the shift in protein
abundance in the reference condition could represent a general
stress response to the drug-induced perturbations. The stabilization
of the two mitochondrial proteins heat shock protein 70 (Hsp70-3;
PF3D7_1134000) and GrpE protein homolog (Mgel; PF3D7_1124700)
was also observed in the intact-cell ITDR (57°C) but was detectable
only at the highest drug dose (10 uM) (fig. S4). This may reflect an
indirect effect on mitochondrial membrane via reactive oxidative
species (ROS) induced by mefloquine in the P. falciparum cell (37).
We also detected stabilizations of four ribosomal subunits and a pu-
tative subunit of the translation initiation factor 2 by mefloquine in
the lysate conditions, albeit the extent of stabilization was consider-
ably lower for each subunit as compared with PfPNP, and they satis-
fied only two of the three high-confidence cutoff criteria (table S1).
This is consistent with previous studies demonstrating mefloquine
interaction with the ribosomal complex (17). Whereas mefloquine
engages a broader spectrum of P. falciparum proteins (including
PfPNP), in the MS-CETSA, quinine appears to engage PfPNP al-
most exclusively. This was verified further using Western blotting,
directly reproducing the observed change in PfPNP stability (fig. S5).
PfPNP has previously been demonstrated to be a promising anti-
malarial drug target, due to its key function in purine metabolism
(38, 39). It is thus conceivable that PfPNP not only plays a major
role in the MoA of quinine but could also contribute to that of me-
floquine. We also observed stabilization of human mitochondrial
60-kDa heat shock protein (HSPD1; P10809) in response to quinine
(MDT, 0.15 uM) in intact-cell ITDR experiments (fig. S6). Currently,
little is known about the role of host proteins for parasite growth
and/or their roles in drug MoAs; nonetheless, these results may sug-
gest their biological relevance.

In vitro validation of quinine and mefloquine

binding with PfPNP

To further assess the interaction of PfPNP with quinine and meflo-
quine, we investigated binding properties in vitro using heterolo-
gously expressed recombinant PfPNP (40). First, we monitored the
relative stabilizing effect of quinine and mefloquine on PfPNP using
differential scanning fluorimetry (DSF) (Fig. 5A). Analogous to CETSA,
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Fig. 3. Protein target engagement by pyrimethamine and E64d. (A) Whole proteome analysis in lysate ITDR experiments under 0 to 100 uM pyrimethamine (PM) treat-
ment with thermal challenges at 59°C (blue dots) or 65°C (red triangles). Distribution of protein stabilization is plotted as a function of R? value (which quantifies the adher-
ence of protein stabilization profile to the dose-response trend) against AAUC (area under the curve of heat-challenged sample normalized against nondenaturing 37°C
control) for all proteins detected in the assay and the reference condition (“n”). Three times of median absolute deviation (MAD) of AAUC in each dataset (MAD x 3) and
R?=0.8 cutoffs are indicated on the graph. Significant hit — PfDHFR is highlighted in red. (B) Protein stabilization curve of PDHFR identified in (A). The extent of stabiliza-
tion under thermal denaturation conditions [59°C (blue) or 65°C (red)] is plotted relative to no-drug control with nondenaturing control condition plotted in black. (C) Whole
proteome analysis in intact-cell ITDR experiments under 0 to 125 uM E64d treatment with thermal challenges at 51°C (blue dots) or 57°C (red triangles). Distribution of
protein stabilization is plotted as a function of R? value against AAUC, similarly as in (A). (D) Protein stabilization curves of hits identified in (C). The extent of stabilization

under thermal denaturation conditions [51°C (blue) or 57°C (red)] is plotted relative to no-drug control with nondenaturing control condition plotted in black.

DSF assesses ligand-mediated thermal stabilization of a protein by
monitoring protein unfolding as indicated by fluoroprobe binding
to the protein’s hydrophobic regions. The extent of thermal stabili-
zation of recombinant PfPNP was determined for quinine, meflo-
quine, and other quinolines: chloroquine, quinidine, lumefantrine,
and primaquine. As a positive control, we used the specific inhibitor
of purine nucleoside phosphorylase (PNP) proteins, Immucillin H
(ImmH), a transition state analog (41). Overall, DSF demonstrated that
ImmH, quinine, mefloquine, and quinidine exert a dose-dependent
stabilizing effect, increasing Ty, at 100 uM by 25°C for ImmH,
17.3°C for quinine, 11.2°C for mefloquine, and 1.5°C for quinidine,
respectively (Fig. 5A). No change in the protein stability was detected
in the presence of chloroquine, lumefantrine, or primaquine at <100 uM.
To complement the DSF analysis, we investigated the affinity and
binding kinetics of quinine and mefloquine with the recombinant
PfPNP using surface plasmon resonance (SPR) (Fig. 5, B and C).
Association and dissociation rates of the three compounds were
measured using single- and multicycle steady-state or kinetic fit ex-
periments (table S2). As expected, ImmH displayed a tight binding
and very slow dissociation rate to PfPNP with equilibrium constant
(Kp) of about 250 pM, similar to what has previously been reported
(i.e., Kp = 860 pM) (Fig. 5B) (40). The quinolines have lower affini-
ties to PfPNP, with quinine and mefloquine exhibiting K around
30 nM and 40 uM, respectively (Fig. 5, B and C). Last, we validated
the observed PfPNP engagement with quinine and mefloquine by
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isothermal titration calorimetry (ITC). The ITC results were also in
good agreement with the SPR results, showing similar binding af-
finities for quinine (Kp = 65 nM) and mefloquine (Kp = 11 uM) (fig. S7
and table S3). Mixed exothermic and endothermic enthalpy observed
upon quinine binding to PfPNP may suggest a secondary binding
event of unknown origin with Kp an order of magnitude higher
(i.e., ~534 nM).

Next, we used an in vitro enzymatic assay, monitoring PfPNP-
catalyzed conversion of inosine to hypoxanthine (41, 42), to inves-
tigate the inhibitory effect of quinine and mefloquine on PfPNP.
Both drugs blocked the PfPNP enzymatic activity, with the inhibi-
tory constants (Kj) of 138 nM for quinine and 5.9 uM for meflo-
quine (Fig. 5D and table S4). This effect is somewhat weaker when
compared with previously reported K; of ImmH (i.e., Kj = 29 nM
and slow-onset Ki* = 0.6 nM) (41). However, these values correlate
with affinities from SPR and ITC, showing that both quinine and
mefloquine interact with PfPNP, albeit with lower affinities than for
ImmH. Of the two antimalarial compounds, quinine exhibits a con-
sistently higher affinity to PfPNP and increased inhibitory activity,
which is also reflected in the initial ITDR CETSA measurements. It
is therefore likely that inhibition of PfPNP is relevant for the MoA
of quinine, whereas the clinical relevance of the PfPNP interaction
with mefloquine is likely less pertinent. To examine this possibility,
we evaluated the antimalarial activity of both drugs in combination
with ImmH in P. falciparum in vitro cultures. We used isobologram
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Fig. 4. Deorphanization of quinine and mefloquine protein targets. (A) Whole
proteome ITDR analysis of quinine-treated (10 to 0 uM) lysate samples, plotted as a
function of R? against AAUC for all proteins (“n") detected in the 51°C thermal chal-
lenge condition dataset (blue dots) and the reference. The MAD x 3 of AAUC and
R?=0.8 cutoffs are indicated, and stabilized proteins are highlighted. (B) Protein
stabilization profile of the top drug-binding candidate identified in the preceding
panel. The extent of stabilization (y axis), depicted as the remaining soluble protein
abundance after thermal challenge [51°C (blue)] relative to the no-drug control is
plotted along the drug gradient (x axis). The nondenaturing 37°C control condition
is plotted in black. Subsequent panel pairs represent the results of corresponding
ITDR analyses, depicted and described as in (A) and (B), but conducted for: mefloquine
(0to 100 uM) in lysate in (€) and (D); quinine (0 to 10 uM) in intact-cell in (E) and (F);
mefloquine (0 to 10 uM) in intact-cell in (G) and (H). All intact-cell analyses have
an additional 57°C thermal challenge condition (red triangles). The stabilization
curves for the two additional hits identified in mefloquine intact-cell ITDR 57°C but
not represented in (H) are listed in the fig. S4.
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analysis, a classical graphical drug interaction evaluation method to
uncover synergistic and/or antagonistic effects among the drug pairs
that could signal a common target (43). In assembled isobolograms,
both quinolines induced a lower killing effect (quinine, XFICs < 1.43;
mefloquine, ZFICsy < 1.70) when in combination with ImmH, than
it would be expected if their effects were additive (ZFICs = 1) (Fig. 5E
and table S5). A substantial skewing of both isoboles can be observed
across the drug ratios tested, which is indicative of drug antagonism.
In contrast, the isobologram of ImmH combination with E64d, which
is not expected to interact with PfPNP, shows markedly lower ampli-
tude of deviation from the linear function (mean ZFICs, = 1.09), sug-
gesting additive independent activities. Because PfPNP is the only
known common target of ImmH and the two quinoline drugs, the
observed antagonistic effect is likely caused by the competition for
binding to the PfPNP active site.

Crystal structure of mefloquine and quinine bound to PfPNP
To shed further light on the mode of inhibition of PfPNP, we deter-
mined cocrystal structures of the protein with quinine and meflo-
quine at resolutions of 1.66 and 2.30 A, respectively. The structures
show both compounds bind in the active site pocket of PfPNP
(Fig. 6, A and B), consistent with their effective inhibition of the
enzymatic activity. The observed folds of PfPNP in the cocrystal-
lized PfPNP-quinine and PfPNP-mefloquine complexes are highly
similar, as indicated by low-degree variability in atom positioning
between the two structures [i.e., root mean square deviation (RMSD)
of C alpha atoms of 0.2 A]. The overall structures are also very simi-
lar to previously determined complexes of PfPNP-inosine (RMSD,
0.34/0.41 A) (44) and PfPNP-ImmH-SO, (RMSD, 0.24/0.28 A) (40)
(fig. $8). An exception is the active site loop Trp*'*-Val** of PfPNP,
which is not well defined in the electron density of the PfPNP-
mefloquine complex. The disordering of this loop region can be
explained by potential steric hindrance of the mefloquine trifluoro-
methyl moiety with the side chain of Trp*'% which in the PfPNP-
inosine and PfPNP-quinine structures extends into this region of
the active site. The ring system of quinine is positioned in a similar
manner to the heterocyclic aromatic rings of inosine, whereas the
mefloquine ring system is flipped 180° with a smaller overlap with
the inosine position. A key determinant for binding of both com-
pounds is the “shoe-like” shape of the pocket with a flat bottom
formed by the side chain of Val'*! and several § strand main-chain
moieties and where Tyr'® forms a hydrophobic lacing from the top
(Fig. 6, C and D). In the quinine structure, Trp*'> constitutes an
additional hydrophobic lace for the aromatic moiety of quinine.
The binding pocket for the compounds contains both polar and
hydrophobic moieties, but except for the stacking interactions,
there are no conserved protein interactions with the aromatic sys-
tem in the two compounds. The quinuclidine moiety of quinine is
positioned in the region of the ribose in the PfPNP-inosine com-
plex, and a stabilizing hydrogen bond is made by the protonated
nitrogen of quinine quinuclidine ring with the a-carboxylic group
of Asp?® (2.7 A). In both the quinine and mefloquine structures, a
phosphate ion is bound in the same region as the leaving phosphate
ion of the enzyme-inosine product complex. This phosphate is likely
essential for the binding of the two compounds when it shields the
highly positive charge of this region within the pocket. Although
mefloquine is added to the crystal as a racemic mixture, only the
(+)-mefloquine enantiomer binds to the active site of the PfPNP
(Fig. 6E). This is consistent with previous data supporting a stronger
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antiplasmodial activity of (+) enantiomer (45) and further supports
that the PfPNP inhibition contributes to the antimalarial activity
of mefloquine.

DISCUSSION

Plasmodium parasites are characterized by unique biology combin-
ing both animal- and plant-like features and thus remain poorly un-
derstood compared with other eukaryotic systems. Hence, research
tools developed for studies of drug activities in other eukaryotic sys-
tems have been applied to studying these protozoa with limited suc-
cess (46). As a result, our understanding of the MoAs of the vast
majority of antimalarial drugs remains fragmentary even for com-
pounds that have been in clinical use for multiple decades (7, 10).
Here, we explored the CETSA approach for identification of protein
targets of antimalarial compounds directly in the P. falciparum cells.
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multiple in vitro and clinical studies have
provided further support for this inter-
action (51-53). This makes the MoA of
pyrimethamine one of the most well char-
acterized among all antimalarial drugs. Nonetheless, using CETSA,
we demonstrate that pyrimethamine binds PEDHFR-TS as the only
target in the proteome covered, resulting in its thermal stabilization
in the lysate ITDR experiment. However, the ITDR and melt curve
experiments with pyrimethamine in intact cells yielded no stabiliza-
tion of PDHFR-TS, illustrating that certain binding scenarios can
mask CETSA shifts under specific conditions. This could reflect a
reduced affinity of pyrimethamine to the DHFR active site within the
cell, being outcompeted by a high-affinity ligand such as folate. Con-
versely, the drug-target engagement in intact cells was demonstrated
for E64d, a cell-permeable synthetic analog of an epoxysuccinyl-based
cysteine protease inhibitor E64. E64d is known to be hydrolyzed to
its active form (E64c) by intracellular esterases before covalently
binding to the sulthydryl group at the active site of the target protease
(54, 55). Accordingly, in the intact-cell ITDR analysis, we demon-
strated that E64d induced thermal stabilization of several predicted

05 1.0
FIC Immucillin H
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cysteine proteases including its previously known targets FP2 and FP3
(31-33). In addition, the drug interacted with DPAP1, a P. falciparum
ortholog of mammalian cathepsin C that was also implicated in he-
moglobin catabolism and was shown to be critical for the parasite’s
asexual growth (56). This illustrates CETSA’s ability to detect the
drug-target binding that may occur only in the intact-cell setting
but not in parasite lysate. This may reflect possible prerequisites for
drug interactions that occur only in the context of an intact cell such
as drug activation after cell entry, presence of cofactors, or accumu-
lation of a drug at a specific subcellular compartment or an appro-
priate local environment. Consequently, not all drug targets are
necessarily identified in CETSA analysis, either due to finite depth
of proteomic analysis or the lack of observable thermal stabilization
at temperatures or conditions chosen for the experiment. To maxi-
mize the method’s detection capacity for drugs with uncharacter-
ized MoA, it is advantageous to use both lysate- and intact cell-based
CETSA formats. It is particularly important, considering that not all
thermal stability shifts are direct results of drug binding, but they can
also be caused by downstream effects including changes in protein
stability due to binding of physiological ligands such as metabolites,
nucleic acids, or proteins. Such shifts could be due to modulation of
cell signaling, metabolism, or stress pathways induced by the drug.
Cross-referencing of the lysate and intact-cell CETSA datasets pro-
vides one of the avenues for differentiating between direct and indi-
rect drug effects. Furthermore, the predominantly insoluble nature
of membrane proteins (57), or their presence in soluble lipid bilayer
particles generated during cell lysis, results in their limited propen-
sity for observable thermal shifts in the current version of the CETSA
protocol (21). Future applications of this method for Plasmodium
parasites might also explore the use of mild detergents (58), aiming
to increase the coverage of the membrane proteome.

Dziekan et al., Sci. Transl. Med. 11, eaau3174 (2019) 2 January 2019

Fig. 6. Cocrystal structures of PfPNP with
quinine and mefloquine. (A) Overlay of PFPNP-
quinine-PO4 and PfPNP-mefloquine-PO, cocrys-
tal structures. Quinine is represented as pink
sticks, mefloquine as green sticks, and the two
corresponding protein structures in yellow and
blue, respectively. Oxygen, blue; phosphorus, or-
ange; oxygen, red; fluorine, light cyan. (B) Surface
representation of both structures, showing hydro-
phobic (red) regions and both ligands bound to
PfPNP. (C and D) Magnified binding pockets of
structures presented in (A); major interactions be-
tween ligands and binding pocket amino acids
are represented by black dashed lines. (E) Fo-Fc
electron density maps of quinine and mefloquine
residing within binding pockets of the two co-
crystal structures contoured at 1o level.

Quinine and mefloquine appear to
have overlapping MoAs involving multi-
ple biological functions in the Plasmodium
cell (7) such as hemoglobin endocytosis
(59) and heme detoxification (60). How-
ever, the two drugs have also been sug-
gested to have unique features, such as
intercalation with DNA by quinine (61)
and translation inhibition by mefloquine
(17). Overall, the MoAs of both drugs
appear to involve disruption of several
biological processes simultaneously, but for quinine, no direct pro-
tein targets have been previously identified. Conversely, a direct
interaction of mefloquine with the 80S ribosome was recently sug-
gested, resulting in attenuation of parasite protein synthesis (17).
Here, we show that quinine and mefloquine interact with PfPNP in
the Plasmodium cell and that both drugs have the capacity to inhibit
PfPNP’s enzymatic activity. Although quinine and mefloquine ex-
hibited comparable thermal stabilization of PfPNP in the initial
lysate-based CETSA (MDT ~0.1 uM for quinine and ~0.6 uM for
mefloquine), in the follow-up studies, quinine exhibited up to three
orders of the magnitude higher affinity to this enzyme. In particular,
quinine was able to inhibit PfPNP enzymatic activity with a binding
constant K; ~140 nM, which indicates its potential as a clinically
relevant activity. PPNP is a dual specificity enzyme important for
the salvage and recycling of purines (39, 41). However, its relevance
as an antimalarial target is complicated by the presence of the hu-
man PNP homologue in the RBC in micromolar concentrations,
which results in the parasite being capable of scavenging its down-
stream metabolic products (62, 63). The disruption of the pfpnp
gene appears to increase the parasite’s requirement for purines and
is lethal at physiological hypoxanthine levels in vitro (64). PNP is
also essential for parasite fitness and pathogenicity in the Plasmodium
yoelii rodent model (65) but seems nonessential in the Plasmodium
berghei ANKA model (66). Strong evidence in support of PNP im-
portance as a drug target was generated from a nonhuman primate
P. falciparum infection model, demonstrating clinical efficacy of orally
administered DADMe-Immucillin-G, an inhibitor of both human
and plasmodium PNPs (67). Drug treatment provoked parasite clear-
ance in otherwise lethal infection in Aeotus monkeys, although some
recrudescence was observed (67). More recently, it was shown that
prolonged exposure of P. falciparum to sublethal concentrations of

(+)-Mefloquine
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DADMe-Immucillin-G in vitro results in resistance, mediated by
point mutations in the catalytic site of PEPNP and the mutant gene
copy number amplification (68). This study supported previous find-
ings that inhibition of PfPNP is crucial for the antimalarial effect of
immucillins (39, 40, 69). Another immucillin derivative, MT-ImmH,
exhibiting 100-fold higher affinity for the parasite enzyme (40) dis-
played an antimalarial median inhibitory concentration (ICsg) in in
vitro assays within the nanomolar range but did not completely at-
tenuate parasite growth below micromolar concentrations (39, 40).
Together, these reports collectively suggest that the inhibition of
PfPNP has a high potential for antiplasmodial activity either as a
direct killing mechanism and/or by decreasing parasite’s fitness.
The high-affinity binding and inhibition of enzymatic activity sug-
gest that PfPNP may particularly contribute to the MoA of quinine.

The antagonistic interactions observed between the cytotoxic ef-
fects of quinine and mefloquine with ImmH support the notion that
PfPNP inhibition contributes to their antimalarial activity. However,
although immucillins exert their antimalarial effect through simul-
taneous inhibition of host and parasite PNP enzymes, we found no
evidence that quinine and mefloquine interact with human PNP.
The structure of the binding pocket of two crystal structures re-
solved in this study is very similar to previously described PfPNP
structures (40, 44). The cocrystal structure of PfPNP-ImmH deter-
mined by Cassera and colleagues (67) revealed a large solvent-filled
pocket within the enzyme’s active site located near the 5’-hydroxyl
group of ImmH. This structural feature distinguishes the P. falciparum
enzyme from its human counterpart, resulting in distinct substrate
binding specificities between the two (67) and could be responsible
for the interaction with the quinoline compounds or the lack thereof.
Nevertheless, we suggest that the described quinine-PfPNP interac-
tion, and possibly the mefloquine-PfPNP interaction, is additive to
their antimalarial effects rather than representing their dominant
MoA. Other killing mechanisms might be more pronounced at
concentrations required to kill the parasite in the in vitro assay con-
ditions. Moreover, in the clinical setting, both quinoline methanols
remain in circulation for prolonged periods of time either due to a
very long half-life (mefloquine) or repetitive administration (quinine)
(11). Hence, the negative impact of a prolonged PfPNP inhibition
on parasite fitness could also contribute to their therapeutic effect
in vivo. Moreover, PfPNP was identified as the most prominent tar-
get of quinine in the mid-stage of the Plasmodium intraerythrocytic
developmental cycle, the trophozoite stage, which is known to be
highly sensitive to quinine (70). However, we cannot rule out the
possibility that another therapeutic target of quinine exists in this or
other stages of the asexual intraerythrocytic development, such as
the schizonts.

The need of new therapeutics for malaria becomes particularly
urgent in the light of emerging artemisinin resistance (3). High-
throughput phenotypic screens conducted by collaborative efforts
of the public and private sectors tested millions of compounds
yielding tens of thousands of molecules with <1 pM activity against
different developmental stages of P. falciparum (71, 72). One of the
main remaining challenges is the identification of intrinsic molecular
targets for the most potent compounds while prioritizing radically
new chemotypes. New technologies developed for P. falciparum over
the past few years have enhanced our capacity to identify and vali-
date candidate drug targets. However, MS-CETSA offers several ad-
vantages over existing tools for drug target identification. Its capacity
to monitor direct biophysical binding to protein targets within a large

Dziekan et al., Sci. Transl. Med. 11, eaau3174 (2019) 2 January 2019

fraction of the parasite proteome simultaneously makes it suitable
for identification of drug targets of compounds with previously un-
determined modes of action. The label-free principle of CETSA
allows its usage with the parasite strain of choice and standard un-
modified compounds, thus reducing time and cost required for the
synthesis of special drug probes. It is our belief that the develop-
ment of MS-CETSA for P. falciparum can complement existing tools,
facilitating antimalarial drug target discovery efforts, and serve to
further deepen our understanding of parasite biology.

MATERIALS AND METHODS

Study design

The study was designed to adapt the MS-CETSA method for malar-
ia research and explore its application for stringent identification of
antimalarial drug targets in the P. falciparum proteome. Initially, we
used the melt curve MS-CETSA to characterize the thermal dena-
turation behavior of the P. falciparum proteome. Subsequently, we
provided proof of principle for the drug target identification using
an ITDR MS-CETSA variant, using two compounds with known
molecular targets in the P. falciparum proteome: pyrimethamine
and E64d. We then used ITDR to identify PfPNP as a new binding
partner of two clinically used compounds: quinine and mefloquine.
Drug-target interactions were validated and characterized through
biochemical and cellular studies including DSF, ITC, SPR, enzymatic
activity assays, antimalarial activity synergy assays, and x-ray crys-
tallography. All CETSA experiments were carried out in two technical
replicates, whereas biochemical and cellular assays were carried out
in biological triplicates unless indicated otherwise.

Statistical analysis

In general, all data points are shown in the respective figures. Briefly,
all CETSA ITDR data were fitted using a sigmoidal (variable slope)
curve fit. Each protein stabilization profile was evaluated for the
dose-response curve best-fitting quality (expressed as R%), the level
of stabilization in heat-challenged condition relative to nondena-
turing conditions of 37°C calculated as the difference in AUC and
the protein abundance fold change relative to drug-free/dimethyl
sulfoxide (DMSO)-vesicle condition. The criteria used for high-
confidence stabilization candidates are characterized by R* > 0.8,
AAUC surpassing three times of MAD of the baseline distribution,
and fold change >1.3 (i.e., 30% change) in the relative protein abun-
dance in at least one drug dose-treated sample relative to a DMSO-
treated sample. Where applicable, further details of statistical analysis
and the methods used are described elsewhere in Supplementary
Materials and Methods.

SUPPLEMENTARY MATERIALS
www.sciencetranslationalmedicine.org/cgi/content/full/11/473/eaau3174/DC1

Materials and Methods

Fig. S1. Coaggregation of protein complexes in P. falciparum melt curve CETSA.

Fig. S2. The comparison of protein melting behavior between RBC, P. falciparum, and K562
cells.

Fig. S3. The effect of pyrimethamine on thermal stability of PFDHFR-TS across four CETSA
experimental variants.

Fig. S4. Mefloquine-induced stabilization profiles of Mge1 and Hsp70-3 in intact-cell ITDR
assay.

Fig. S5. Western blot detection of PfPNP stabilization in mefloquine- and quinine-treated ITDR
datasets.

Fig. S6. Human protein engagement by antimalarial drugs in intact-cell ITDR assays.

Fig. S7.ITC analysis of quinine and mefloquine binding to PfPNP.
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Fig. S8. Cocrystal structure overlay with 2bsx and 1nw4 reference PfPNP structures.

Table S1. High- and low-confidence protein stabilizations observed in quinine/mefloquine
ITDR assays.

Table S2. SPR measurements of PfPNP-mefloquine/quinine/ImmH Kp.

Table S3.ITC binding affinities for PfPNP-mefloquine/quinine interaction.

Table S4. PfPNP in vitro enzymatic activity inhibition by mefloquine and quinine.

Table S5. Combinatory effect of fixed-ratio drug combinations against P. falciparum 3D7 strain.
Table S6. Data collection and refinement statistics of PfPNP-mefloquine and PfPNP-quinine
cocrystals.

Data S1. Intact-cell and lysate CETSA melt curve analysis of P. falciparum proteome.

Data S2. Intact-cell CETSA melt curve analysis of RBC proteome.

Data S3. PM lysate ITDR-plasmodium proteome.

Data S4. E64d intact-cell ITDR-plasmodium proteome.

Data S5. Quinine lysate ITDR-plasmodium proteome.

Data S6. Mefloquine lysate ITDR-plasmodium proteome.
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Defining drug targets in malaria

Different classes of malaria drugs have been used for decades, even though the mechanisms of action
have never been elucidated. To identify antimalarial drug targets, Dziekan et al. developed a protocol combining
mass spectrometry and cellular thermal shift assay. The assay uses parasite lysate and intact infected red blood
cells and was able to positively identify two known drug targets. They then investigated targets for quinine and
mefloguine, revealing purine nucleoside phosphorylase as the top hit. Their results not only identify the likely target
of these common drugs but also showcase an assay that could be widely used in antimalarial drug research.
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