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Understanding the mechanisms of drug action in malarial
parasites is crucial for the development of new drugs to combat
infection and to counteract drug resistance. Proteomics is a
widely used approach to study host-pathogen systems and to
identify drug protein targets. Plasmodione is an antiplasmodial
early-lead drug exerting potent activities against young asexual
and sexual blood stages in vitro with low toxicity to host cells.
To elucidate its molecular mechanisms, an affinity-based
protein profiling (AfBPP) approach was applied to yeast and P.
falciparum proteomes. New (pro-) AfBPP probes based on the 3-
benz(o)yl-6-fluoro-menadione scaffold were synthesized. With

Introduction

Functional proteomics is devoted to the elucidation of molec-
ular mechanisms in living cells through the investigation of
biomolecule interactions. Several approaches have been devel-
oped over the years depending on the nature of the
interactions and the biomolecules involved,"? leading to the
establishment of specific branches of chemistry, such as
chemical biology. In particular, chemical proteomics has
emerged as a powerful tool to study the interactions between
small molecules and proteins.® In this context, one of the
approaches used to identify molecular or drug targets is

optimized conditions of both photoaffinity labeling and click
reaction steps, the AfBPP protocol was then applied to a yeast
proteome, yielding 11 putative drug-protein targets. Among
these, we found four proteins associated with oxidoreductase
activities, the hypothesized type of targets for plasmodione and
its metabolites, and other proteins associated with the
mitochondria. In Plasmodium parasites, the MS analysis revealed
44 potential plasmodione targets that need to be validated in
further studies. Finally, the localization of a 3-benzyl-6-fluoro-
menadione AfBPP probe was studied in the subcellular
structures of the parasite at the trophozoite stage.

affinity-based protein profiling (ABPP), a method pioneered by
Cravatt and others.”™®

This approach, increasingly employed for target identifica-
tion in malarial parasites, consists in using ‘clickable’ covalent
inhibitor-based probes (ABPP probes)®'” or affinity-based
photoactivatable and ‘clickable’ probes (AfBPP probes)'” to
facilitate chemical pulldowns of the probe-protein adducts.
AfBPP probes contain both a photo-affinity group and a
reporter group for bioorthogonal chemistry (typically an
alkyne), which are attached to a compound of interest at a
tolerant position. Live cells or extracted proteins from cell
lysates are incubated with AfBPP probes and irradiated with UV
light. UV exposure triggers the photolabeling reactive moiety to
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form a covalent adduct with the protein target. Then, the
‘clickable’ reporter tag (alkyne) ensures the labeling of the
protein-probe adduct (s) by copper (l)-catalyzed alkyne-azide
cycloaddition (CuAAC) “click” reaction with an azide partner
(e.g. biotin azide) used for enrichment (e.g. on avidin beads).
The labeling step through the biotinylation reaction is required
to purify the adducts by affinity-based strategies."”

Malaria is the most devastating tropical parasitic disease
causing 619,000 deaths/year. It is both a cause and a conse-
quence of poverty, mostly in Sub-Saharan Africa, by impacting
social and economic lives. The limited arsenal of effective and
nontoxic drugs to cure this devastating infectious disease and
their inefficacy to kill resistant parasites, represent major public
health challenges. The launching of new generation of antima-
larial drugs active against artemisinin-resistant parasites and
blocking transmission of the parasites to the mosquitoes would
represent a big hope towards malaria control and elimination.
The widespread development of drug-resistant parasite strains
against the commonly used drug series of endoperoxides,
illustrated by the lead drug artemisinin, creates a necessity to
identify new drug targets and to develop original chemotypes
with new modes of action (MoA). Open access to the full
Plasmodium genome and proteome has brought new oppor-
tunities to identify novel drug targets. So far, very few
oxidoreductases have been identified as antimalarial drug
targets.">'¥

In the last decade, we have discovered an early lead redox-
active compound, called plasmodione (PD), belonging to the 3-
benzylmenadione (benzylMD) family, with a unique mechanism
of action"™ that has been partly deciphered (Figure 1, panel A).
PD acts as a prodrug entering in a cascade of redox reactions,
with highest activity in young early stages and gametocytes."®
Its specific bioactivation generates a key 3-benzoylmenadione
(benzoylMD) called plasmodione oxide (PDO) with increased
oxidant properties."” The active metabolite PDO,, was shown
to act as a subversive substrate of various flavoenzymes,
producing reduced PDO (PDO,.y) and initiating a redox-cycling
process in the presence of oxygen or methemoglobin. This
redox cycling produces damaging compounds such as the
benzoxanthone (BX)"® reactive oxygen species (ROS) and
oxidative stress, and finally leads to parasite death. Through its
key metabolite PDO,,, PD likely interacts with several oxidor-
eductases, associated with multiple vital processes of P.
falciparum-parasitized red blood cells (pRBCs).

Recently, we designed innovative (pro-) AfBPP probes, based
on the benzylMD skeleton, as prodrugs entering a cascade of
photoredox-reactions to generate related AfBPP probes with a
benzophenone-like structure, as found in PDO,4" The
benzylMD core was photoreduced and then oxidized at the
benzylic chain under UV irradiation.”” The generated reduced
benzoylMD covalently reacted with target proteins under UV
irradiation. The probe-protein adducts were then clicked with
biotin-PEG3-azide (BA) using the CuAAC reaction, pulled-down,
digested and analyzed by LC-MS/MS. The AfBPP strategy has
been successfully applied to recombinant glutathione reduc-
tases from the pRBC unit. Noteworthy, we used 3-benzylMD as
(pro-) AfBPP probes for the following reasons: i) the released
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benzophenone-like unit is stable and can be generated in a
cascade of redox-reactions catalyzed by oxidoreductases, as
PDO is generated from PD;*” ii) under high-energy excitation
wavelength (350 nm), benzyl MDs can also be activated in
benzoylMDs;*” iii) the UV-light generated excited diradicaloid
triplet species (benzophenone-like moiety) reacts preferentially
with C—H bonds in the presence of water or other
nucleophiles® and iv) if no C—H bond is available, the short-
lived diradical species can then relax back to the ground state
and reinstate the oxidized benzoylMD, rendering the excitation
of the probe reversible in favor of specific labeling.*?

The AfBPP probes used in the present work are shown in
Figure 1, panel B. In particular, the former probes 1 and 2"
were used here to optimize the click reaction by employing
tetrakis (acetonitrile) copper (l) instead of copper (ll) sulfate.
Regarding the photoaffinity labelling reaction, as we started
from a low yield (5%), we designed and synthesized the new
probe 3, with a fluorine atom at C-6 (Figure 1B), with the aim of
enhancing the photoreduction kinetics and increasing the yield
of the photoalkylation reaction at the carbonyl group. Since
yeast is sensitive to PD activity, we used it as a model system to
test the whole optimized pipeline both in term of UV irradiation
and click reaction conditions. In S. cerevisiae cell lysates where
bioactivation may not occur, we used the new benzoylMD
probe 3 in the AfBPP experiments. In addition, we incubated
live P. falciparum-pRBCs with the novel (pro-) AfBPP probe 5
(Figure 1B), and applied the AfBPP workflow (UV irradiation +
click reaction, Figure 1C) on cell lysates. The AfBPP strategy in
yeast and Plasmodium falciparum revealed potential PD targets
that need to be validated in further studies.

Results and Discussion

Following our seminal work with pure recombinant proteins,"”
we improved the (pro-) AfBPP methodology by optimizing both
the yields of the photoirradiation and the click reaction (CuAAC)
using previously reported and new probes and different read-
outs. We explored the possibility to do so in SDS-PAGE gels
using a fluorophore coupled with an azide. However, we
demonstrated that a CuAAC-independent fluorescence signal
associated to PDO-protein adducts was produced by an Excited
State  Intramolecular  Photoinduced  Transfer  (ESIPT)
mechanism,”® which precluded its use for this specific purpose
(See supporting information, section B2.1 including Figures S1-
S4).

Optimization of the Click Conditions in Aqueous Solutions

The optimization of the click reaction in quasi-physiological
aqueous milieu and the setting up of the best conditions
compatible with the proteomics pipeline are critical parameters
to improve the whole AfBPP workflow yield. Starting from our
reported conditions (i.e. 55% yield with a rhodamine-based
fluorophore azide),""” we first optimized the CuAAC yield using
probe 1 and BA (See supporting information, Table S1, Figur-
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Figure 1. (A) Bioactivation of Plasmodione (PD): upon internalization in the parasite, plasmodione PD is proposed to generate PDO,,, a drug metabolite, by
benzylic oxidation (step 1), the 3-benzoylmenadione (benzoylMD), which, under its oxidized form, possesses a photoreactive benzophenone-like moiety
(indicated in red). This metabolite is further reduced (step 2), and PDO,4 takes part in oxidoreductase-mediated redox-cycling (step 3) leading to ROS-induced
parasite death. (B) Plasmodione-affinity based probes (PD-AfBPP): The common scaffold of the PD-AfBPP probes 1-3 and 6-fluoro-PDO is a photoreactive
benzoylMD, functionalized by different electron-withdrawing groups in para position of the benzylic chain (—CF; or -alkyne), and a H or F at C-6 of the
menadione core, affecting their photoreactivity. Introduction of the fluorine atom at C-6 of the menadione core was designed to improve the efficiency of the
AfBPP probe. The parent benzylMDs, the (pro-) AfBPP probes 5-6 or the 6-fluoro-PD, are not photoreactive per se, whereas the benzoylMD probes 1-3 are. (C)
AfBPP strategy: this approach aims at identifying proteins that interact with the PD-AfBPP drug metabolite in living parasites incubated with a parent
precursor designed as (pro-) PD-AfBPP. The PD-AfBPP probe is released from the (pro-) PD-AfBPP probe through benzylic oxidation upon bioactivation in the
living cell or following UV irradiation. Upon UV irradiation, covalent crosslinking of PD-AfBPP to its potential targets in yeast and P. falciparum proteomes
occurs and enrichment of the probe-protein-biotin adducts is achieved by a CuAAC reaction between the probe-derived alkyne and the biotin azide. After
streptavidin pulldown, enriched proteins are digested on-beads, and tryptic peptides identified by label-free quantitative mass spectrometry (LFQ) using LC—
MS/MS.

es S5-58). To the best of our knowledge, the use of tetrakis  experiments to catalyze the CuAAC reaction under aqueous
(acetonitrile) copper () with bathocuproinedisulfonic acid  conditions. It gave excellent results in our hands and the
(BCDA) ligand has never been used before in ABPP/AfBPP  highest yield (85 %) was reached using the following conditions:
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24 uM probe (0.5% ACN in PBS), 300 pM Cu(l):BCDA, 50 uM
biotin-PEG3-azide, 0.3% SDS at 56°C for 90 minutes under
anaerobic conditions.

Design and Synthesis of Optimized Photoreactive ‘Clickable’
3-benz (o)ylmenadiones

The workflow AfBPP methodology was effective on large
amounts of purified recombinant protein, and we expected the
same to be true when the probe is incubated with a complex
protein mixture. However, this was not the case, likely due to
the low yield of the UV crosslinking step (~5%)"? Hence, we
decided to first improve the photoreactivity of probe 1 by
introducing a fluorine atom in C-6, leading to the 6-fluoro-
benzoylMD-alkyne (probe 3), to increase the benzoylMD photo-
reduction efficacy.

Using the synthetic route to prepare the benzoylIMD
probe 1, originally described in ref.[19], we synthesized the
new 3-benzyl- and 3-benzoylMD alkyne probes 5 and 3 bearing
a fluorine atom at the position 6 of the naphthoquinone (See
supporting information, section A including Scheme S1). The
only modification to the synthesis pathway comes from the use
of the 6-fluoro-menadione, as starting material, that was
prepared in 6steps in a high-yielding sequence recently
described,®” as starting material instead of the commercial
menadione. Of note, in this work, the 6-fluoro-PDO could also
be obtained from the 6-fluoro-PD using a photoredox reaction
under UV light and in the presence of dioxygen to oxidize the
benzylic position of the benzylMD leading to 6-fluoro-PDO with
37 % overall yield (2 steps).

Electrochemistry Characterization

Herein, we briefly describe the electrochemistry data acquired
on the different probes synthesized in this work (See supporting
information, Table S2 and Figures S9-516). We compared the
redox properties of the 6-H and 6-fluorinated benzylMDs. The
typical electrochemical profiles of benz(o)ylIMD""*! and mena-
dione analogues®™ (2-methyl-1,4-naphthoquinone, NQ) have
been already described and discussed in detail in previous
studies. They rely on two consecutive one-electron reversible
waves, which correspond to the sequential NQ core reduction
leading to the semi-NQ and dihydro-NQ, respectively. For
benzoylMDs (probes 1-3, PDO, 6-fluoro-PDO) a third weak and
broad wave is observed at much more negative values and is
attributed to redox process centered on the benzoyl carbonyl
unit (See supporting information, Figures S11-S16). In the
absence of the carbonyl group, the new benzylMD derivatives
with an alkyne group in para, e.g. probe 4, are significantly less
oxidant compared to their benzoylMD congeners, as observed
for PD vs PDO"” and 4 vs 1, making the reduction of semi-NQ
to dihydro-NQ more difficult (See supporting information,
Table S2). In the case of the benzoylMD, the substitution with
an alkyne moiety has a significant effect on the redox process
centered on the carbonyl function, without profoundly altering
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the redox properties centered on the NQ moiety. A difference
of about 50 mV between the alkyne and trifluoromethyl group
substituted in C-4’ of the benzoylMDs (1 vs PDO) is indeed
detected, suggesting that the alkyne unit favors the carbonyl
reduction. In probe 3, both combined substitutions — a fluorine
atom at C-6 of the menadione core and a para-alkyne function
on its benzyl moiety - favor the reduction of the semi-NQ and
the carbonyl function, an effect which was expected to improve
the photo-crosslinking properties in an AfBPP application.

Optimization of the Photoaffinity Labeling of GSH with
Probe 3

The photolabeling properties of probe3 were tested in
comparison to former probes 1-2, and confirmed to provide
better yield of reaction (13% in the best condition vs. 5%,
See supporting information, Figure S17). The photolabeling was
then investigated in the AfBPP conditions procedure, with 10%
ACN, but gave poor yield results. Therefore, we introduced
propan-2-ol as co-solvent. This solvent was already used in the
benzophenone-like UV-irradiation reaction to favor radical
triplet excited state formation.””?® The generated biradicaloid
triplet excited state lifetime of the benzophenone is shorter in
the presence of propan-2-ol than in other organic solvents. This
can be very useful to avoid nonspecific labeling, especially
when the probe interacts weakly with its target.”” In the newly
optimized conditions, the photolabeling reaction was carried
out in a final percentage of 10% propan-2-ol and 10 uM
probe 3 for 15 minutes of irradiation, yielding to 21% adduct
(See supporting information, Figure S18).

Proteome Analysis of S. cerevisiae

We previously demonstrated that PD inhibits yeast respiratory
growth and that the mitochondrial respiratory chain flavopro-
tein NADH-dehydrogenases play a key role in PD activity.” The
deletion of the NDET gene encoding the main NADH-dehydro-
genase in yeast resulted in a decreased sensitivity to PD.?”
Before performing an AfBPP analysis on this model organism,
we first performed a label-free quantitative proteomic study to
evaluate the depth of our proteomic set up (1556 proteins
representing 26 % of the yeast open reading frames) as well as
the effects of NDET gene deletion (See supporting information,
Figure S19).

Affinity-Based Protein Profiling on S. cerevisiae Protein
Extracts

We performed AfBPP on yeast using the optimized conditions.
WT yeast cells were lysed and the protein extract quantified.
For each condition, 400 pg were incubated with 10 uM probe 3,
or ACN (used as control), in the presence of 10% propan-2-ol,
with irradiation at 350 nm over 15 minutes to cross link the
probe to target proteins. The protein extracts were then
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subjected to the click reaction to biotinylate the clickable drug
bound to the protein targets. After the click reaction, the
sample was incubated with streptavidin beads, and the bound
proteins were directly digested on beads. The peptide mixture
was analyzed by nanoLC-MS/MS. Of the 875 proteins identified
(Supplementary Table S2), roughly 500 proteins per replicate
were quantified after stringent filtering (Figure 2, Panels A-B).
Among these, 11 were found to be statistically more abundant
in the AfBPP experiments than in the controls, given an FDR of
less than 5% (Supplementary Table S3). Of these 11 proteins, 3
are involved in oxidoreductase activities (Pdb1, Dot5, Scs7) and
one belongs to the yeast flavoproteome (Pdx3).2” Interestingly
Pdx3 is localized in the mitochondria and we previously showed
that mitochondrial flavoenzymes played a key role in the
activity of PD.B" Pdb1 is the E1 beta subunit of the pyruvate
dehydrogenase complex (PDH) also localized in the mitochon-
dria. In addition to E1, PDH is formed of E2 (dihydrolipoamide
acetyltransferase) and E3 (dihydrolipoamide dehydrogenase)
components, with the structural protein Pdx1. We previously
found that E3 (or Lpd1) and Lip2, acting in the attachment of
lipoic acid groups to E2 were involved in PD activity.?" The role
of Pdb1 will be worth investigating. Dot5 and Scs7 are localized
to the nucleus and the endoplasmic reticulum, respectively, but
they might also be interesting to analyze.
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Antimalarial Properties and Localization of (pro-) AfBPP
Probes

Before performing AfBPP on P. falciparum, we first validated
that the (pro-) AfBPP probes were active on parasites. PD, its 6-
fluoro analogue 6-fluoro-PD,*? and probe 1"? are equally
active against the CQ-resistant Dd2 strain with similar 1Cs,
values. Probe 5 is also effective against P. falciparum, although
less than PD, with IC;, values of 179.24+27.2 nM and 46.6+
21.2 nM, respectively, on the drug sensitive strain NF54. As
previously observed in both parasites** and yeast,***® and
despite being the key metabolites of benzylMDs,”” benzoylMDs
like probe 3 (the putative metabolite of probe 5), do not display
a high antimalarial activity, with 1Cs, of ca. 10-50 fold higher
than those of the corresponding benzylMD. This can be
explained by the poor internalization of benzoylMD metabolites
in pRBCs or yeast when given to live cells. We further
demonstrated that probe 5 was efficiently internalized into
parasites. For this, parasites at the young trophozoite stage
were incubated with probe 5, or no probe as control, for 2 and
4 h before fixation. Probe 5 was labeled with a fluorescent
probe carrying an azide function (Alexa Fluor 488) through a
click reaction (Figure 3). After 2 h or 4 h of incubation, probe 5
presented a general but heterogeneous distribution inside
parasites, suggesting that it may be specifically concentrated in
or around certain organelles. We therefore performed co-
staining with antibodies against proteins that are specific to
mitochondria and apicoplast (Figure 3). We observed an
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Figure 2. Volcano plots A and C represent S. cerevisiae proteins quantified in the AfBPP (AfBPP-1 to —3) versus control (CNT-1 to 3) experiments with probe 3,
and P. falciparum proteins quantified in the AfBPP (AfBPP-1 to —3) versus control (CNT-1 to —3) experiments with probe 5, respectively. The red dots
correspond to significantly enriched proteins in AfBPP samples. Panels B and D show the number of quantified proteins by replicate after stringent filtering for

S. cerevisiae and P. falciparum respectively.
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A. Mitochondria

B. Apicoplast

DIC 3

Figure 3. Cellular localization of probe 5 in asexual blood stages of P. falciparum (trophozoite stage) after 2 h of incubation. The probe was detected using
CuAAC reaction with Alexa Fluor 488-azide (green). Nucleic acids were DAPI-stained (blue), and antibodies specific to P. falciparum HSP60 and CPN60 were
used to localize the mitochondria (panel A, red) and the apicoplast (panel B, red), respectively. Controls were incubated without drugs. Data from 3 replicates.

association of probe 5 and apicoplast or mitochondria signals in
32% and 48 % of the parasites, respectively. This association did
not appear to depend on the age of the parasite. The presence
of probe 5 inside parasites, and its antimalarial activity indicated
that we could use it as a (pro-) AfBPP probe to identify putative
benzylMD targets in P. falciparum.

Affinity-Based Protein Profiling on P. falciparum Parasites

To perform the AfBPP in P. falciparum, and because of very
limited material available at early stages, we incubated pRBCs
(NF54 strain) at 24 h post invasion (young trophozoite stage)
with 5 uM of (pro-) AfBPP probe 5, or with 0.08% DMSO as
control. pRBCs were lysed after 5h of treatment, and the
parasites washed to remove the excess of hemoglobin. Parasite
pellets were then irradiated for 15 min and lysed, and protein
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extracts were subjected to click chemistry and pulldown
according to our optimized protocol. The peptide mixture was
analyzed by nanoLC-MS/MS. Proteins were identified using the
P. falciparum NF54 proteome from the PlasmoDB database. Of
the 960 proteins identified (Supplementary Table S4), roughly
500 proteins per replicate were quantified after stringent filter-
ing (Figure 2, Panels C-D). Among these, 44 were found to be
statistically more abundant in the AfBPP experiments than in
the controls without probe, given an FDR of less than 5%
(Supplementary Table S5).

We analyzed the localization and putative function of the
44 proteins (Supplementary Table S6). The list did not appear to
be enriched in proteins from a specific subcellular organelle,
which is in accordance with the general albeit heterogeneous
localization of probe 5 (Figure 3). Of note, and although
benzylMDs are expected to be activated by and to redox cycle
with flavoenzymes, there was none in the list of enriched
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proteins in probe 5 samples. Still, we noted the presence of
3 subunits of the parasitic V-type proton ATPase, a complex
that was also identified in the AfBPP experiment performed in
yeast (VMAA4). In P. falciparum trophozoites, the V-type proton
ATPase controls the pH of the parasite cytosol and food
vacuole.*¥ Exposure of malarial parasites to oxidative stress
triggers a drop in the intracellular ATP level and inhibits V-type
H(+)-ATPase, causing a loss of pH control in both the parasite
cytosol and the internal digestive vacuole.”™ Furthermore, the
antimalarial ROS-inducer plakortin was reported to generate
protein modifications at ring and trophozoite stages, by
triggering lipid peroxidation and formation of 4-HNE-protein
conjugates in pRBC with the V-type proton ATPase catalytic
subunit A and heat shock protein Hsp70-1,59 that was also
pulled down with the AfBPP probe. The most enriched proteins
in probe 5 samples are all essential for the parasite life cycle: a
glycophorin binding protein (surface protein), 2 mitochondrial
chaperonins, and profilin (cytoplasmic). It will be interesting to
evaluate the contribution of some of these candidate genes in
the MoA of benzylMDs, and to further identify putative PD
target proteins, varying exposure time and exploring other
parasite stages, notably rings that are especially sensitive to
benzylMDs, and gametocytes.

Conclusions

The yeast and P. falciparum protein profiling data generated in
the presence of PD affinity-based probes built on the 3-benz (0)
ylmenadione motif are presented here in this first special issue
“Chemical Biology Tour de France”. After a first proof-of-concept
with a pure recombinant protein,"® yeast or plasmodial lysates
were photoirradiated with new AfBPP or (pro-) AfBPP probes,
and the proteins were pulled-down after a CUAAC reaction with
BA, allowing us to evaluate the reactivity of the new probes in a
MS-based target analysis. We demonstrated that (pro-) AfBPP
probes are indeed suitable for the search and exploration of PD
target proteins.

Altogether, these experiments not only represent a “Tour de
force” in the field of chemical biology and probe design for
antimalarial drugs, but also showcase how to approach such
challenging tasks as target identification — which extends very
generally to medicinal chemistry. Further optimization of the
AfBPP probes and photoaffinity reaction conditions will be key
in the future to investigate other P. falciparum stages with more
limited material, notably rings and gametocytes, and various
parasite strains expressing distinct degrees of susceptibilities to
artemisinin.

Experimental Section

Chemistry. General

All the reagents and solvents were purchased from commercial
sources and used as received, unless otherwise stated. The 'H and
3C NMR spectra were obtained in CDCl; as solvents using a
400 MHz or a 500 MHz spectrometer. Chemical shifts were reported
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in parts per million (9). 'H NMR data were reported as follows:
chemical shift (0 ppm) (multiplicity, coupling constant (Hz), and
integration). Multiplicities are reported as follows: s=singlet, d=
doublet, t=triplet, q=quartet, m=multiplet, or combinations
thereof. High-resolution mass spectroscopy (HRMS) spectra were
recorded using the electron spray ionization (ESI) technique.

Chemistry. Synthesis of Precursors

Reactants and building blocks were purchased from commercial
sources, such as Fluorochem, Sigma-Aldrich, BLDpharmtech or Alfa
Aesar. 1,4-dimethoxy-2-methyl-naphthalene 7 was synthesized
according to the previously published method.?” Synthesis of
probes 1-5, 6-fluoro-PDO. Synthetic processes and chemical analy-
ses were detailed in the supporting information (Scheme S1 and
section B1).

Peptide Photolabeling under UV Irradiation

Photolabeling of the GSH peptide with the probe 3 was performed
under UV-irradiation with a 350 nm light generated by eight RPR-
3500 A lamps of 200 W with a Rayonet photochemical reactor for
different times at 16 °C. Stock solutions of GSH (Sigma) were
prepared in PBS 1x, instead, stock solutions of probe 3 were
prepared in ACN. In all the reactions GSH and probe 3 stock
solutions were deoxygenated separately and then mixed to start
the photoreaction. Samples were deoxygenated by five alternative
cycles of vacuum and argon flux in anaerobic vials, longer argon
than vacuum cycles were used to avoid ACN evaporation. The
different concentration of the probe and the GSH peptide used for
the experiment were incubated and then irradiated for the specific
time. After irradiation 1 nmol of each sample was analyzed by LC-
MS with a Q-TOF mass spectrometer (maXis Il, Bruker) coupled with
an Agilent 1100 series LC. Samples were separated on an XBridge
Peptide BEH (Waters) C18 column (300 A, 3.5 um, 2.1 mmx250 mm)
column working at a 250 pL/min flow rate, using a non-linear 5-
95% gradient of eluent B (0.08% TFA, in ACN LC-MS Grade) over
40 min.

Click Reaction Optimization in Aqueous Cconditions

The CuAAC was optimized by tuning several conditions in terms of
probe solvent, reaction temperature, copper complex catalyst (see
Table 1). The reactions under anaerobic conditions were carried out
as previously reported."” The Cu(l) complex catalyst (See support-
ing information, Table S1) was prepared by mixing bathocuproin
sulfonate disodium salt hydrate (BCDA, ThermoFisher) and tetrakis
(acetonitrile) copper () (BLD Pharmatech Gmb, Germany) under
anaerobic conditions. Each reaction was carried out in the presence
of 0.3% sodium dodecyl sulfate (SDS) final concentrations. The
reactions were monitored over time and the products analyzed by
LC-UV-MS with a Q-ToF (maXis Il, Bruker) mass spectrometer
coupled to an HPLC and DAD detector (Agilent). Samples were
fractionated with an XBridge Peptide BEH C18 column (300 A,
3.5 um, 2.1 mmx250 mm) column working at a 250 pL/min flow
rate, using a non-linear 20-95 % gradient of eluent B (0.08 % TFA, in
ACN LC-MS Grade) over 40 min. To calculate the yield of the
reactions at each time, the peak areas of the extracted ion
chromatogram (EIC) were used.

S. cerevisiae Cultures

The S. cerevisiae strains used were AD-9, referred as wild-type (WT)
and its derived mutant ANDET in which the gene encoding for the
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protein Ndel was deleted.”” The cells were grown at 28°C in a
galactose medium (YPGal, yeast extract 1%, peptone 2%, galactose
2%, glucose 0.1 %) and the culture was stopped at ODgy~ 2.5.

Proteomic Analysis of S. cerevisiae Cells

The yeast pellets were lysed by adding 1 mL of RIPA buffer to
~200 mg of pellet. The resuspended pellets were subjected to
10 cycles of sonication (1 cycle=30 sec sonication on and 30 sec
off) at 4°C. The protein extracts were recovered by centrifugation
at 16,000 g for 2 minutes at 25 °C. Triplicates of 50 ug of each lysate
were subjected to enzymatic digestion with trypsin/LysC by using
the single-pot, solid-phase-enhanced sample-preparation (SP3)
technology. The peptide mixtures obtained were analyzed by
nanoLC-MS/MS, the method is described below in the LC-MS/MS
analysis part. The raw data obtained from the three wild-type and
mutant samples were processed by MaxQuant for protein identi-
fication and quantification. Protein identification and quantification
were performed with the software MaxQuant by using the UniProt
database for S. cerevisiae. MaxQuant parameters for protein
identification were set to 3 peptides at least, with 1% false
discovery rate (FDR) confidence. We used Perseus software to
perform the statistical analysis of the differentially expressed
proteins. In particular, contaminants and reverse proteins were
removed, proteins with 50% of valid values in at least WT or
mutant group were retained for the following analysis. To obtain
the differentially expressed proteins, a Student’s t-test was
performed fixing a 5% FDR (Benjamini-Hochberg adjusted p-value).

AfBPP Strategy on Recombinant PfGR and Western Blot
Analysis

PfGR (200 pg) was incubated with 10 uM probe 2 and then photo-
irradiated at 350 nm for 10 minutes at 16°C. As control PfGR was
incubated also with 0.5% ACN, in the absence of the probe. The
click reaction was performed as described in the section ‘Click
reaction optimization in aqueous conditions’, but adding an excess
of 10x BA (Lumiprobe). The reaction mixture was precipitated by a
classical methanol/chloroform procedure to remove the excess of
unreacted species. The samples were resuspended in 200 pul of
150 mM NadCl, 0.1% NP-40 in PBS and incubated over-night at 4°C
with Pierce Streptavidin magnetic beads (10 pl), previously washed
5 times with the same buffer. The beads were washed one time
with 300 mM NaCl in PBS, two times with 0.1% SDS in PBS, and,
finally, with PBS. The biotinylated protein was eluted by adding
Laemli buffer and incubating 10 minutes at 95 °C. The samples were
loaded onto a 10% SDS-PAGE gel and then transferred onto a
nitrocellulose membrane by means of Trans-Blot Turbo Transfer
System (Bio-Rad). The membrane was blocked with 5% BSA in TBS,
and then incubated over-night with 1:10,000 anti-biotin polyclonal
antibody (ThermoFisher, cat. code #31852). Anti-Goat HRP antibody
(ThermoFisher) incubation followed in 1:10,000 ratio for 45 mi-
nutes. The chemiluminescence signal was acquired after reaction
with ECL substrate with ChemiDoc Touch Imaging System.

Affinity-Based Protein Profiling Procedure on S. cerevisiae

Yeast cells (AD1-9, WT) were lysed by overnight pellet incubation
with lysis buffer (1% NP40, 150 NaCl, 1x PBS and protease
inhibitors) and then by sonicating them 10 cycles (one cycles:
5 seconds sonication at 10% amplitude and 15 seconds on ice),
then centrifuged for 10 minutes at 13,000 rpm at 4°C. Protein
extract was recovered and quantified (Pierce Assay 660 nm kit,
Thermo Fisher) before to the deoxygenation protocol. Afterwards,
protein extract was incubated for 15 minutes in triplicate with
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deoxygenated solution of the AfBPP probe 3 at 10 uM and 10%
propan-2-ol (or ACN) used as control. The samples were then
irradiated with an UV lamp at 350 nm for 15 minutes at 16°C. All
the solutions were subjected to click reaction, by adding a molar
excess of 25times of BA in 300 uM Cu:BCDA solution under
deoxygenated conditions over 90 minutes at 56 °C. Reactions were
stopped by adding EDTA in a final concentration of 5 mM and by
buffer exchange protocol by using Zeba spin cartridges (Thermo
Fisher) by using 0.2% NP40, 150 mM NaCl, 1x PBS. The samples
were then incubated overnight at 4 °C with Streptavidin beads pre-
washed with the same buffer used for the exchange protocol. The
next day, the beads were washed 4 times (0.2% NP40, 300 mM
NaCl, 1x PBS (1x); 0.1% SDS (2x); 1x PBS (1x)) and then incubated
with a solution of DDT 5 mM in ammonium bicarbonate 50 mM for
30 minutes at 37°C. A final concentration of 20 mM IAM in 50 mM
ammonium bicarbonate was then added and the samples incu-
bated for 30 minutes at 25°C in the dark. The beads were washed
once with 50 mM ammonium bicarbonate and then incubated with
1:10 w/w trypsin/lys-C (Promega) solution in 50 mM ammonium
bicarbonate at 37°C overnight. Peptides were eluted by washing
the beads with ammonium bicarbonate, then dried and the peptide
concentration was determined (Pierce™ Quantitative Peptide Assays
& Standards, Product cat. code: #23275). The peptide mixtures were
then subjected to a solid phase extraction (SPE) protocol using
Oasis HBL 30 mg cartridges (Waters) and injected into an Orbitrap-
Q Exactive Plus instrument, as reported in the “LC-MS/MS analysis”
section, and data interpretation is reported in data analysis part.

In Vitro Anti-Plasmodium Activity Assays

The inhibition of intraerythrocytic parasite development by ben-
zyIMD derivatives and control agents (IC;, PD=46.6 +21.2 nM) was
determined in microtiter tests according to standard protocols. The
in vitro antimalarial activity is expressed as 50% inhibitory concen-
tration (ICg). For this, P. falciparum wild-type strain NF54 was
cultured at 37°C in RPMI medium containing 5% human serum+
0.5% albumax and type A erythrocytes at a hematocrit of 3% under
a low-oxygen atmosphere (5% CO, 5% O, 90% N,) and 95%
humidity following standard protocols.*® These culture conditions
were used for all P. falciparum experiments. Synchronous ring stage
parasites (0-3 hpi) were obtained by centrifugation on a 75%
percoll density centrifugation followed by 5% sorbitol treatment.?”
Inhibitors were dissolved at 6 mM in 100 % DMSO, diluted in culture
medium and added at decreasing concentrations (1/3 serial
dilutions in duplicates) to synchronized ring stage parasite cultures
in microtiter plates (0.5% parasitemia, 1.5% hematocrit) and
incubated for 72 h. The final inhibitor concentrations in each assay
ranged from 1.4 nM to 3 uM. Growth inhibition was determined in
a SYBR green assay as described previously.“**" Experiments were
performed at least three times independently.

Bioimaging of (pro-) AfBPP Probe 5 in P. falciparum
Trophozoites

Trophozoite stages of Plasmodium falciparum NF54 strain (5%
parasitemia, 1.5% hematocrit) were incubated with probe 5 at
10 uM for 2 or 4 hours. Dual Click chemistry and immuno-staining
were performed on fixed blood smear according to the described
protocol*? with some modifications. In brief, thin blood smears
were fixed with 4% (w/v) paraformaldehyde in PBS and permeabi-
lized for 10 min with 0.1% Triton X-100 in PBS. The click reaction
was then performed for 30 minutes at room temperature with 5 uM
of Alexa Fluor 488 Azide (Thermo Fisher, ref A10266) in the
presence of CuSO, in the “Click-it” Cell Reaction Buffer Kit (Thermo
Fisher, ref C10269) according to manufacturer’'s conditions. The
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samples were then processed for co-staining with the mitochondria
and apicoplast specific antibodies as follows. The slides were
blocked with 3% (w/v) BSA in PBS for 15 minutes and incubated
either with (1) mouse polyclonal antibodies raised against the
mitochondrial protein PAHSP60 (1:500 dilution in 3% BSA) (kind gift
of Philippe Grellier, Muséum National d'Histoire Naturelle, Paris)
followed by goat anti-mouse IgG conjugated with Alexa Fluor 647
(1:1000 dilution in 3% BSA) (Thermo Fisher, ref A21235), or with (2)
rabbit polyclonal antibodies raised against Toxoplasma gondii
CPN60 (1:500 dilution in 3% BSA, cross-reacting with PfCPN60)™*
followed by goat anti-rabbit IgG conjugated with Alexa Fluor 647
(1:1000 dilution in 3% BSA) (Thermo Fisher, ref A21244). Parasite
nuclei were stained with DAPI (1:1000 dilution in PBS) (Thermo
Fisher, ref 62248). The slides were mounted in Immu-Mount
(Epredia, ref 9990402) and image acquisition (z-series) was realized
on a Zeiss axio observer Z1 inverse microscope equipped with a
CSU—X1 Yokogawa spinning disk and an EMCCD camera Roper
Evolve, and using a Plan apochromat 100x/1.40 oil objective.
Images were processed with Fiji software (ImageJ2, version 2.14.0/
1.54f) and final figures were compiled using the Quickfigures
plugin. The images presented correspond to the sum of intensity
projection of the z-series.

Affinity-Based Protein Profiling Procedure on P. falciparum

The in-situ AfBPP procedure closely follows the methodology
outlined by Nardella and coworkers.*¥ with some modifications.
Tightly synchronized trophozoites stage parasite culture was
obtained by subjecting late-stage schizont parasites to a 75%
Percoll density centrifugation, followed by the collection of 0-3 hpi
young newly formed rings with 5% sorbitol treatment. Parasites
were then further cultured for 24 h. Highly synchronized troph-
ozoites of P. falciparum NF54 cultures (5% parasitemia and 3%
hematocrit, 25 mL culture each) were treated with 5 uM of the (pro-
) AfBPP probe5 or 0.08% DMSO for a duration of 5h. All
treatments were carried out in triplicate. Subsequently, parasites
were harvested by saponin lysis (using 0.15% saponin in ice-cold
1X PBS) and thoroughly washed in ice-cold 1X PBS to eliminate
hemoglobin contaminants. Parasite pellets were resuspended in
1mL of 1X PBS and transferred to glass tube compatible with
photo-irradiation. They were exposed to a 15-minute irradiation at
350 nm on ice using a UV lamp. Parasite were then centrifuged and
incubated for 5 minutes in 100 pL lysis buffer (PBS 1x, 1% SDS,
1 mM dithiothreitol (DTT) protease inhibitors cocktail), subjected to
three cycle of freeze (—80°C, 5 min)/thaw (42°C, 2 min), sonicated
10 times for 5seconds at 10% amplitude and centrifuged for
10 minutes at 13000 rpm at 4°C. The protein extracts were
quantified and for each condition, 300 ug were subjected to the
click reaction by adding BA in a final concentration of 1 mM in
300 uM Cu:BCDA solution in deoxygenated conditions for 90 mi-
nutes at 56 °C. Reactions were stopped by adding EDTA to a final
concentration of 5mM and processed as for the yeast AfBPP
protocol previously described.

LC-MS/MS Analysis

NanoLC-MS/MS analyses were performed with a nanoAcquity UPLC
device (WatersCorporation, Milford, MA, USA) coupled to a Q-
Exactive Plus mass spectrometer (ThermoFisher Scientific, Waltham,
MA, USA). Peptide separation was performed on an Acquity UPLC
BEH130 C18 column (250 mmx75 pm with 1.7-um-diameter par-
ticles) and a Symmetry C18 precolumn (20 mmx180 um with 5-um-
diameter particles, Waters). The solvent system consisted of 0.1%
formic acid (FA) in water and 0.1% FA in ACN starting from 1% to
35% of eluent B over 79 minutes. The system was operated in data
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dependent acquisition mode with automatic switching between
MS and MS/MS modes. The ten most abundant ions were selected
on each MS spectrum for further isolation on a scan ranging from
300 to 1800 m/z. HCD fragmentation method was used with a
collision energy (NCE) set to 27. The dynamic exclusion time was
set to 60 sec.

Data Analysis

Raw data files were uploaded in MS Angel software and peptide
quantification performed with MASCOT interface by using the
following parameters: “trypsin” as enzyme with at least one missed
cleavage, “carbamidomethyl” as a fixed modification, “oxidation of
Met” as variable modifications, 0.05 Da as MS/MS tolerance, and
5 ppm as peptide tolerance. Specific databases were used for the
protein identification, the Uniprot database for S. cerevisiae and
PlasmoDB database for the P. falciparum NF54 strain (sequence
protein fasta file release number 66). Results were then imported
into Proline software (http://proline.profiproteomics.fr)* to validate
(1% FDR at PSM and protein level) and quantify the protein
identified. Prostar software was used for the statistical analysis."*?

To be considered, proteins must be identified in all 3 replicates in
at least one condition. Protein abundances were normalized using
0.15% quantile centering overall. Imputation of missing values was
done using the approximation of the lower limit of quantification
by the 2.5% lower quantile of each replicate intensity distribution
(“det quantile”). A Limma moderated t-test was applied on the
dataset to perform differential analysis. p-Values calibration was
corrected using adapted Benjamini-Hochsberg method“¥ and
False Discovery Rate was optimized for each pairwise comparison.

Supporting Information

Pages S2-S3: A. Synthetic Procedures (including Scheme S1);
Pages S3-S7: B1. Characterization of Compounds & Materials;
Pages S7-S12: B2.1. Characterization of the photo-crosslinked
and probe-reacted protein adducts (including Figures S1-S4);
Page S13-515: B2.2. Optimization of the click reaction with
probes 1-3 (including Table ST and Figures S5-57); Page S16:
B2.3. Detection of the photo-crosslinked PfGR and the protein-
probe 2-adducts by Western-blot and Immunofluorescence
(including Figure S8); Pages S17-521: B2.4. Electrochemistry
(including Table S2 and Figures S9-516); Pages S22-523: B2.5.
Optimization of the peptide GSH photolabeling in the presence
of new probe 3 (including Figures S17-S18); Page S24: B2.6.
Proteome analysis of S. cerevisiae strains by MS analysis
(including Figure S19); Page S24: C. Data Deposition; Pa-
ges $25-542: 1H, 19F, and 13 C {1H} NMR spectra of all new
compounds.

Supplementary Tables: S1-S6. Data are available via Proteo-
meXchange with identifier PXD050982.

Abbreviations

ACN acetonitrile

AfBPP affinity-based protein profiling
BA biotin azide

BCDA Bathocuproinedisulfonic acid
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benzoylMD 3-benzoylmenadione
benzylMD  3-benzylmenadione

B-met B-mercaptoethanol

CHX cyclohexane

CuAAC copper (I)-catalyzed alkyne-azide cycloaddition
DCM dichloromethane

EIC extracted ion chromatogram

FA formic acid

FDR false discovery rate

GSH glutathione

ESIPT excited state intramolecular photoinduced transfer
LFQ label-free differential quantitative

MoA mode of action

PD plasmodione

PDO plasmodione oxide

PRBC parasitized red blood cells

TCEP Tris (2-carboxyethyl) phosphine

T toluene
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