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ABSTRACT
Malaria remains a major global health burden, driven largely by Plasmodium

falciparum and worsened by resistance to artemisinin-based combinations. This
dissertation investigates PRC1584, a B-carboline antimalarial lead with rapid, potent
activity against asexual blood stages, most pronounced from late ring to early
trophozoite. Brief exposures trigger morphological quiescent/pyknotic forms reminiscent
of dihydroartemisinin-associated dormancy, however, ring-stage dormancy can arise
independently of any specific agent. Cross-resistance sensitivity profiling showed that
parasites with the Kelch13-C580Y mutation are more sensitive in certain conditions than
wild type strains, suggesting that endocytic pathways linked to K13 may play a role in
how this mechanism works. Electron microscopy demonstrated disrupted cytostomes
with abnormal invaginations and fewer endocytic or digestive vesicles that contained
hemoglobin. Biochemical fractionation and heme quantification revealed a reduction in
parasite heme levels as well as less hemozoin formation. These results indicate that
PRC1584 disrupts cytostome-mediated hemoglobin uptake and subsequent delivery to

the digestive vacuole. Together, these findings position PRC1584 as a fast-acting



disruptor of cytostome-mediated hemoglobin uptake, an essential pathway for parasite
growth. To enable target discovery using chemoproteomics, two analogs were developed:
an intermediate scaffold (PRC1859) and a diazirine—azide photoaffinity probe
(PRC1860). Under continuous exposure, both preserved parent-like potency and
reproduced PRC1584-like morphology, supporting on-pathway action suitable for
chemoproteomic capture. At the same time, repeated attempts to select stable PRC1584-
resistant lines were unsuccessful, indicating that resistance is unlikely to develop easily—
PRC1584 appears to have an "irresistible" profile under the conditions tested. Although
definitive molecular targets were not identified, this work delivers validated probes and
workflows that establish a practical foundation for future target identification. Altogether,
the dissertation characterizes PRC1584 as an antimalarial with nanomolar potency
against asexual blood stages and an unusual efficacy signature that includes collateral
sensitivity in artemisinin-tolerant parasites, durable effects after brief exposure, and
failure to select resistance in vitro. These properties argue for the development of
PRC1584 analogs primarily as a combination partner—a targeted starvation agent
orthogonal to heme detoxification and peroxide activation—that can be scheduled to
complement rapid-clearing schizonticides, suppress recrudescence, and maintain activity

in K13-variant settings while minimizing cross-resistance.
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CHAPTER 1

INTRODUCTION

Background: Malaria as a Global Health Challenge

Malaria remains one of the most pressing global health concerns. In 2023, an estimated
263 million cases of malaria were reported worldwide, resulting in approximately 597,000
deaths—a troubling increase of 11 million cases compared to the previous year!. This reversal of
earlier progress underscores the fragility of current control efforts and the urgent need for
sustained intervention. The disease disproportionately affects low- and middle-income countries,
with Sub-Saharan Africa accounting for 94% of all cases and 95% of all deaths!. Among the six
human malaria parasites: Plasmodium falciparum, P. vivax, P. malariae, P. ovalecurtisi, P.
ovalewallikeri, and P. knowlesi. P. falciparum is the most virulent, causing most severe disease
and nearly all malaria-related deaths. Children under the age of five remain the most vulnerable,
accounting for roughly three-quarters of global malaria deaths due to their limited immunity and
restricted access to prompt treatment'. The burden of malaria extends beyond direct mortality.
Recurrent infections contribute to chronic anemia, maternal and fetal complications, and
neurocognitive impairments in children, all of which perpetuate cycles of poverty and poor
health. In economic terms, malaria imposes a formidable burden on individuals, health systems,
and national economies.

Endemic countries may lose up to 1.3% of annual gross domestic product (GDP) to

malaria through productivity losses, healthcare costs, and absenteeism?. At the household level,



recurrent infections contribute to income instability and educational setbacks, with infected
children experiencing long-term cognitive and academic impairments. Although the costs of
control programs range from $0.11 to $39.06 per capita for control initiatives and $0.18 to $27
per capita for elimination efforts, these investments are considered highly cost-effective. In
numerous contexts, benefit-cost ratios often surpass 100, attributable to increased labor
productivity, lower healthcare expenditures, and improved educational outcomes>. These data
highlight the need for ongoing financial and political support to eradicate malaria, especially in
areas moving from control to elimination. Over the past two decades, global investments in
malaria control through insecticide-treated bed nets, indoor residual spraying, and the
widespread adoption of artemisinin-based combination therapies (ACTs) led to dramatic
reductions in malaria incidence and deaths*. However, progress has stalled in recent years,
hindered by a combination of insecticide resistance, drug-resistant parasite strains, climate-
related disruptions, and chronic funding shortfalls™©.

Despite decades of global investment, funding for malaria control has consistently fallen
short of what is needed to sustain elimination efforts, hindering the scale-up of existing tools and
the implementation of new interventions. The COVID-19 pandemic further strained malaria
programs by disrupting access to diagnostics, delaying treatment delivery, and impeding the
distribution of interventions®. These setbacks contributed to resurgent case numbers in several
high burden countries, particularly those with fragile healthcare systems. This pattern reflects the
decline of mid-20th century eradication initiatives, which initially demonstrated short-term
effectiveness but ultimately fell short as financial support and political commitment diminished.
Currently, artemisinin resistance has become prevalent in regions of East and Central Africa due

to systemic challenges such as insufficient pharmaceutical regulation, the administration of



substandard or monotherapy drugs, and limited surveillance capacity’. Together, these
challenges emphasize the urgent need for resilient health systems, sustained investment, and new
therapeutics with distinct modes of action to avoid repeating past failures®. A central priority is
the development of antimalarial agents that effectively target both drug-resistant parasites and
less recognized forms, such as dormant ring-stage parasites. These forms are associated with
treatment failures and sustained transmission, highlighting a key vulnerability in current
therapeutic approaches. Overcoming this challenge is essential to advancing future antimalarial

drug discovery initiatives.

The Plasmodium falciparum Lifecycle and Points of Vulnerability

P. falciparum alternates between the human host and the female Anopheles mosquito,
progressing through liver, asexual blood, and sexual/transmission stages. The overview below
maps this lifecycle before detailing stage-specific vulnerabilities.

Infection begins when an infected mosquito injects sporozoites into the human host

while feeding. Point of action: Sporozoites need to quickly move through and enter liver cells;

strategies that prevent mosquito-to-human transmission or stop sporozoite invasion can halt
infection before symptoms appear®. Sporozoites then rapidly travel to the liver, where they
invade hepatocytes and undergo a clinically silent round of asexual replication. A single
sporozoite can produce 10,000 to more than 30,000 merozoites within a hepatocyte’. Treatment
relevance: Parasites rely on de novo pyrimidine synthesis (via DHODH) and mitochondrial
electron transport processes throughout both blood and liver stages. During the liver stage, their

intracellular existence and asymptomatic proliferation highlight these metabolic pathways as



promising targets for causal prophylaxis. Therapeutic interventions directed at these mechanisms
can eradicate the infection before clinical manifestations arise in the blood stage'®*.

After several days, these merozoites are released into the bloodstream, initiating the
symptomatic blood-stage cycle® 4. Once inside red blood cells (RBCs), P. falciparum progresses

through the intraerythrocytic developmental cycle (IDC), comprising morphologically distinct

ring, trophozoite, and schizont stages over approximately 48 hours. Intervention focus: Stage

identity determines drug sensitivity: ring stages are characterized by limited heme availability
and are particularly susceptible to impairments in endocytic flux, translation, and ion
homeostasis. In contrast, trophozoites possess abundant heme and are primarily affected by
agents that disrupt food vacuole function or interfere with hematin detoxification. Schizonts
experience increased DNA replication, proteostasis, and egress mechanisms'>!’. Within 68
days of liver emergence, parasite densities reach approximately 50/uL of blood (equivalent to
about 100 million parasites in an adult), at which point infection becomes detectable by
microscopy or rapid diagnostic tests, and the symptomatic stage of infection begins. The

incubation period is typically 12—14 days from the infecting bite’. Treatment relevance: Because

early asexual expansion is often below the limit of detection at presentation, early rings
predominate; regimens need rapid ring-stage activity and sustained exposure that outlasts the
dormancy window to reduce biomass before peak symptoms.'8-2°,

By the end of the erythrocytic cycle (Figure 1.1), parasites have consumed most of the host RBC
contents and undergone several nuclear divisions. The schizont then ruptures, releasing 630
merozoites, each capable of invading new RBCs and repeating the cycle. Clinical manifestation

of malaria results from both direct RBC destruction releasing their content to the blood stream

and host inflammatory responses. Treatment intervention: Inhibitors administered at later stages




that disrupt DNA synthesis, proteasome activity, or egress can diminish burst size and

decelerating parasite replication’!

. During the IDC, a small subset of parasites

commits to sexual development through gametocytogenesis, a process that is initiated by

activation of the transcription factor ap2-g, which triggers expression of genes required for

sexual differentiation.
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progressing through sporozogonic, liver, and blood stages. Reproduced with permission from Kingston & Cassera,
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Committed parasites progress through five morphologically distinct gametocyte stages
(I-V) over approximately 10—12 days. Stages -1V are sequestered in extravascular niches such
as the bone marrow and spleen, where they mature largely hidden from immune surveillance and
drug exposure??>. Mature stage V gametocytes re-enter peripheral circulation, where they can be

taken up during a mosquito blood meal. Treatment intervention: Early gametocyte differentiation

and mitochondrial/ATP homeostasis are drug targets, but mature stage V forms are insensitive to
most frontline drugs active in the asexual stages—thus transmission-blocking agents or
combinations that target early stages are needed?. In the mosquito midgut, gametocytes rapidly
differentiate into gametes, undergo fertilization, and eventually form oocysts that release

sporozoites, completing the transmission cycle® 4. Point of action: The processes of midgut

traversal and oocyst/sporogony rely on specific signaling and bioenergetic pathways.
Interventions targeting vectors, as well as the use of endectocides, can effectively decrease
subsequent transmission, even after clearance of human blood-stage infection®*.

Gametocytes, as non-replicative sexual forms, are relatively insensitive to most frontline
drugs and can persist in the bloodstream after clinical cure, enabling ongoing transmission even
from asymptomatic carriers?. Notably, early ring-stage parasites can enter a reversible dormant
state that transiently suppresses multiple cellular processes, enabling survival after short drug
exposures, particularly with artemisinin-based therapies®® ?’. This dormancy-like phenotype is a
defining feature of reduced sensitivity to artemisinin (ART) and differs from classical target-site
mutation resistance mechanisms. Pfkelchl3 mutations represent a key mechanism linked to
delayed clearance and ring-stage survival. Artemisinin tolerance/resistance is multifactorial:
beyond Pfkelchl3, additional loci and non-genetic adaptations— including altered proteostasis,

stress-response signaling, and changes in hemoglobin endocytosis/digestion—also shape the



phenotype.?®3°. Point of action: effective regimens should retain activity in early rings, minimize

reliance on heme availability for activation as it is the case of ART, and sustain exposure and
efficacy beyond dormancy windows while pairing blood-stage killing with transmission-
blocking coverage!'®-3!:32,

In summary, the biology of P. falciparum presents both opportunities and barriers for

therapy; effective regimens must eliminate asexual blood and liver stages, overcome ring-stage

dormancy, target transmission stages, and sidestep diverse resistance mechanisms.

Historical Perspective on Antimalarial Drug Development and Resistance

The history of antimalarial drug development reflects both scientific progress and the
parasite’s extraordinary capacity for adaptation. The first effective treatment, quinine, was
derived from the bark of the cinchona tree and used widely by the 17th century?®. Although
effective, quinine’s side effects and limited availability motivated the development of synthetic
alternatives®* *°. Chloroquine (CQ), a 4-aminoquinoline compound introduced during World
War II, became the backbone of global malaria control programs due to its efficacy,
affordability, and long half-life. However, widespread use led to the rapid emergence of
resistance.

CQ resistance was first reported in Thailand in 1957 and quickly spread to South
America and Africa, driven largely by mutations in the P. falciparum chloroquine resistance
transporter gene (pfcrt) and multidrug resistance gene (pfindr1)*®*’. This trajectory repeated with
sulfadoxine-pyrimethamine (SP), introduced in the late 1960s®. Resistance, fueled by the
stepwise accumulation of mutations in the P. falciparum dihydrofolate reductase (pfdhfr) and P.

falciparum dihydropteroate synthase (pfdhps) genes, spread from Asia to Africa and rendered SP



ineffective within decades®® %°. The collapse of CQ and SP efficacy prompted the global
transition to ACTs in the early 2000s. ART and its derivatives act fast but disappear from blood
within hours, leaving residual parasites that can rebound if given alone. ACTs pair ART with a
long-residence partner (e.g., lumefantrine, piperaquine, amodiaquine) to provide sustained
exposure over several asexual cycles, achieving radical clearance and narrowing the resistance-
selection window*!. Yet by the late 2000s, partial ART resistance emerged in the Greater
Mekong Subregion®. It is now known to be primarily associated with mutations in the Pfkelchl3
gene, which delays parasite clearance and reduces treatment efficacy. These resistant strains have
since appeared in East and Central Africa, raising alarms about the long-term sustainability of
ACTs’.

Compounding the problem, resistance to partner drugs such as piperaquine and
lumefantrine is also spreading. Polymorphisms in P. falciparum chloroquine resistance
transporter (pfcrt) and P. falciparum multidrug resistance 1(pfmdrl) genes modulate drug
transport within the digestive vacuole and are implicated in reduced partner drug sensitivity.
Recent molecular surveillance in Uganda has demonstrated decreased lumefantrine susceptibility
linked to pfindrl mutations, even in the absence of pfkelch 13 mutations, highlighting that partner
drug resistance can arise independently and may foreshadow complete ACT failure®”> 2. This
convergence of resistance mechanisms has led to treatment failures in Southeast Asia and now
threatens control efforts in parts of Africa*.

Overall, these results indicate that drug resistance is an ongoing battle. P. falciparum can
utilize gene mutations or amplifications that once conferred resistance to older antimalarial drugs
to undermine the efficacy of new therapies as well. The lessons from history are clear:

monotherapies inevitably select for resistance, while sustained, globally coordinated combination



strategies and robust molecular surveillance are essential. With ACT efficacy under threat, the
development of next generation antimalarials featuring novel mechanisms of action, improved
pharmacokinetics, and activity against resistant and dormant parasite stages is critical to

sustaining treatment success and advancing toward malaria elimination.

Ring-Stage Plasticity and Artemisinin Resistance

ART and its derivatives are activated by heme (ferrous protoporphyrin IX) to generate
short-lived carbon-centered radicals that covalently alkylate parasite proteins (and other
macromolecules), leading to proteome damage and death*’. This mechanism is potent in
trophozoites when hemoglobin digestion supplies abundant heme, yet stage-specific profiling
shows early rings can be highly susceptible under continuous drug exposure, whereas short ART
pulses reveal the well-described ring-stage survival phenotype which is amplified by Kelch13
(K13) mutations®® ** %, Ring-stage survival after short ART exposure was first described in
Cambodian clinical isolates with delayed parasite clearance in vivo®. In vitro, this phenotype is
measured by the ring-stage survival assay (RSA), in which early rings receive a 6-hour
dihydroartemisinin (DHA) pulse and are then returned to drug-free medium for outgrowth 46
Cultures with >1% survival are classified as having reduced ART susceptibility, whereas DHA-
sensitive cultures typically show <1% survival. Importantly, the underlying ability to enter a
reversible growth-arrest (“ring-stage dormancy” or quiescence) is not contingent on ART
resistance—both sensitive and resistant parasites can transiently arrest after short pulses. K13
mutations and related factors increase the likelihood and durability of that dormancy, which is

why RSA survival is higher in those lines.?.



Dormant rings display reduced transcriptional activity, slowed protein translation, and
altered cellular morphology, allowing survival through drug pressure before resuming normal
development once drug pressure subsides®® ?’. This adaptive program has been linked to
translational repression via eIF20 phosphorylation and altered PI3P-mediated trafficking®® *’.
Central to this phenotype is K13, a Broad-Complex, Tramtrack, and Bric-a-brac (BTB; also
called POZ)—Kelch protein with an N-terminal BTB/POZ dimerization domain and a C-terminal
Kelch B-propeller, localized to vesicular structures and cytostomes at the parasite plasma
membrane. K13 is thought to function as an adaptor in a ubiquitin ligase complex, potentially
regulating endocytic trafficking and vesicle-mediated hemoglobin uptake** 4. Mutations in K13,
such as C580Y or R539T, reduce hemoglobin endocytosis, limiting the heme availability and
thereby ART activation*. By delaying hemoglobin ingestion and metabolic activity, ring-stage
parasites can effectively “wait out” short-lived ART exposure.

K13-independent pathways also contribute to plasticity. Transcriptomic analyses show
that resistant parasites upregulate stress-response genes, including those involved in the unfolded
protein response (UPR), redox balance, and protein folding®”#°. Gene set enrichment analysis of
DHA-treated ring stages has further revealed enrichment of endoplasmic reticulum (ER) and
proteostasis-related pathways, consistent with an integrated stress-adaptation program that
increases drug tolerance, rather than resistance in the strict genomic sense. Because ART
derivatives clear quickly from blood, a minority of early rings that survive brief exposure can
resume growth once levels decline. ACTs therefore pair ART with a long-acting partner to cover
this window and prevent recrudescence. When resistance to partners such as piperaquine or
lumefantrine arises, this protective tail is lost, increasing the risk of rebound parasitemia and

treatment failure.>”.
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Experimental systems such as selection-linked integration targeted gene disruption (SLI-
TGD) knockdowns and rapamycin-inducible ‘knock sideways’ (FKBP-FRB) mislocalization
have confirmed that a functional K13 is essential for parasite survival and contributes to
artemisinin-tolerance phenotypes!*>!. Conditional depletion of K13 or introduction of mutant
alleles recapitulates resistance phenotypes and highlights its role in vesicular dynamics,
hemoglobin import, and possibly stress signaling!”. Overall, ring-stage plasticity represents a
multifaceted survival strategy combining metabolic downregulation, vesicular trafficking
control, and stress response regulation to endure ART exposure. These adaptations, driven
primarily by K13 mutations but reinforced by accessory pathways, allow P. falciparum to
tolerate fast-acting drugs, necessitating revised strategies for drug discovery and therapeutic

design that can overcome this stage-specific resilience mechanism.

The Drug Discovery Pipeline and the Role of Hit-to-Lead Optimization in Antimalarial
Development

The development of a new drug is a lengthy and resource-intensive process, often
exceeding a decade and costing more than a billion dollars®?. Attrition rates are high: of the
thousands of compounds entering discovery pipelines, fewer than 10% ultimately progress to
clinical approval®®. This pipeline consists of sequential phases—hit discovery, hit-to-lead
optimization, lead optimization, preclinical development, and clinical trials—each serving as a
critical filter to eliminate compounds with poor efficacy, safety, or pharmacokinetic properties>.

Modern discovery typically begins with identifying chemical matter capable of producing a

measurable biological effect. In traditional pipelines, this process starts with high-throughput

screening (HTS) of hundreds of thousands of compounds or with fragment-based approaches,
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yielding “hits” that show acceptable potency and possess desirable physicochemical features>>.
These hits are triaged through medicinal chemistry, computational modeling, and structure—
activity relationship (SAR) studies to produce “leads” with improved potency, selectivity, and
desirable pharmacokinetic/pharmacodynamic (PK/PD) properties>®. Key preclinical assays at this
stage include in vitro potency testing, cytotoxicity evaluation, absorption—distribution—
metabolism—excretion (ADME) profiling, and resistance selection studies, especially in the case
of infectious diseases’’.

Hit-to-lead optimization represents the first rigorous checkpoint in this process. Hits are
rarely drug-like; they often suffer from poor solubility, metabolic instability, cytotoxicity, or
limited bioavailability>®. The hit-to-lead stage aims to address these liabilities through iterative
medicinal chemistry, refining potency, selectivity, solubility, metabolic stability, and
permeability, while simultaneously identifying off-target effects, early toxicity, and resistance
liabilities™. This step is particularly critical in malaria because parasites must be targeted within
red blood cells, adding permeability and intracellular trafficking to the list of chemical hurdles'®.
Early go/no-go decisions at this stage can prevent costly failures later in preclinical or clinical
phases®.

Rather than starting from human molecular targets, malaria programs are organized around
public-health priorities: rapid clearance, single-visit regimens, pediatric suitability, and low cost.
The Medicines for Malaria Venture (MMYV) and partner organizations have formalized these
needs in Target Product Profiles (TPPs) and Target Candidate Profiles (TCPs)!. TPPs outline
the minimal and ideal characteristics of deployable medicines: oral dosing, affordability, heat

stability for storage in tropical climates, safety in children and pregnant women, and low
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propensity for resistance’!. TCPs, in turn, map compounds to therapeutic roles across the parasite
lifecycle®:
e TCP1 — Fast-acting compounds that rapidly clear blood asexual parasites including
compounds with schizonticide activity and long-duration blood.
e TCP3 — Radical cure agents with activity against hypnozoites (P. vivax) or dormant liver
forms.
e TCP4 — Chemopreventive agents to protect high-risk populations.
e TCPS5 — Transmission-blocking agents with activity against mature gametocytes.
e TCP-6: Transmission-blocking agents by targeting the insect vector (endectocides)
While P. falciparum does not form hypnozoites, TCP1 and TCP5 are especially relevant in
endemic regions: the former ensures durable cures in the face of antimalarial resistance, while
the latter interrupts transmission'. Increasingly, compounds are also evaluated for
“irresistibility”—the inability to select resistant mutants in vitro and in vivo—a property now
highly valued as potency®’.

These priorities have driven a shift away from purely target-based discovery. While
rational inhibitors of validated parasite enzymes (e.g., dihydrofolate reductase, dihydroorotate
dehydrogenase, or PI4K) have shown promise, many failed due to poor cell penetration, rapid
resistance, or lack of whole-parasite efficacy®®. In contrast, phenotypic screening, which is the
direct testing of compounds against live parasites, has yielded several first-in-class leads with
novel modes of action®®. Notable examples include cipargamin (KAE609), a PFATP4 inhibitor,
and ganaplacide (KAF156), an imidazolopiperazine with multistage activity, both of which

t66

emerged from HTS campaigns and advanced to clinical development®. M5717, an elongation

factor 2 inhibitor with a long half-life in blood, illustrates the power of phenotypic hits with
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unique PK properties, enabling single-dose potential®’. Other compounds, such as KDU691

(phosphatidylinositol 4-kinase [PI4K] inhibitor), DSM265 (dihydroorotate dehydrogenase

[DHODH] inhibitor), and fosmidomycin (methylerythritol phosphate [MEP] pathway inhibitor),

highlight the challenges of target-based approaches: despite clear targets, many stalled due to

safety, resistance, or insufficient efficacy

64, 68

Antimalarial compounds discovered by phenotypic screenings depend on rigorous

mechanistic deconvolution, historically a bottleneck®®, to understand their mechanism of action

(MOA). Recent innovations have transformed this step, such as:

In vitro evolution with whole-genome analysis (IVIEWGA): entails subjecting parasites

to compound pressure, sequencing the emerging populations, and identifying recurrent
resistance mutations or gene amplifications. These variants are of particular interest when
they (i) localize to a single gene or pathway, (ii) alter compound potency, and (iii)
correspond to plausible binding or functional sites. In many cases, mutations can be
mapped to the molecular target or to the molecular mechanism mediating the resistance
phenotype’.

Thermal proteome profiling and limited proteolysis—mass spectrometry (LiP-MS):

involves quantifying ligand-induced shifts in protein stability or protease accessibility
across the proteome. A direct binder typically shows dose-dependent thermal
stabilization (or destabilization) in intact cells/lysate or site-specific protection/exposure
of peptides. Convergence criteria—such as consistent shifts observed across replicates,
competition with an inactive or competitor analog, and alignment of time- and dose-
response curves—help identify the molecular target or pathway by mapping the stabilized

proteins to known cellular functions’! 72,

14



Photoaffinity probes: involve adding a photoreactive group (e.g., diazirine) and a

clickable chemical handle (e.g., alkyne/azide) to allow protein pulldown and
identification by mass spectrometry. In whole parasites, a short exposure to UV light
covalently links the probe to nearby binding proteins. Click chemistry is then used to
attach either biotin or a fluorophore, enabling protein enrichment, identification by mass
spectrometry, or visualization. In this method, a genuine target is identified by several
criteria: (1) it displays strong, saturable labelling within cells; (i1) the parent compound
can compete for binding, causing a dose-dependent decrease in labelling; (iii) labelling
occurs at concentrations and durations that match the kinetics of cell death; and (iv) the
signal aligns with structure-activity relationships, distinguishing between active and

inactive analogues’® 74,

pH fingerprint assays (live-cell cytosolic pH tracing)’>: this approach encompasses
loading parasites with a pH-sensitive fluorophore (e.g., BCECF-AM) and tracking real-
time cytosolic pH (pH;) changes after compound addition in the presence or absence of
ion and transport challenges. Inhibitors of specific transporters produce characteristic pHi
signatures such as:

o PfATP4 (Na* efflux P-type ATPase): blocking this enzyme disrupts Na* balance,
causes acidification, and leads to irregular pH; recovery, often with Na* influx or
volume shifts. The effect is quick and can be tested using ionophores like
monensin.

o The inhibition of the PfFNT (lactate/H* transporter): leads to cytosolic

alkalinization during glycolytic lactate export. This effect can be reversed
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depending on the stimulus, such as upon glucose pulsing or alteration of external
pH conditions.
o MOA link: When a compound’s pH profile (i) matches the reference pattern of
PfATP4 or PfFNT, (ii) displays a clear dose—response and rapid effect, (iii) is
shifted in a competitive manner by changes in substrate or ion concentration, and
(iv) correlates with resistance mutations in the relevant gene (PfATP4 or PfFNT),
this nominates the transporter as its primary target. Additional confirmation
comes from methods like electrophysiology or Na* imaging, allelic replacement
experiments, and analysis of chemical genetics such as cross-resistance profiles.
In all the approaches outlined, comprehensive drug target validation through cellular and
biochemical methods remains essential. Collectively, these strategies integrate chemical biology
with parasite genetics to facilitate target identification, SAR optimization, and resistance risk

evaluation.

Contributions to collaborative initiatives aimed at advancing drug discovery efforts
Throughout these years, alongside my work characterizing the mechanism of action of
PRC1584, I have had the privilege to contribute to Dr. Cassera's group’s collaborative efforts
focused on the discovery and development of safer antimalarial drugs. Provided below is a
summary of my contributions to each collaborative publication, which also forms the foundation

of my thesis.
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Malaria Box-Inspired Discovery of N-Aminoalkyl-pB-carboline-3-carboxamides, a Novel
Orally Active Class of Antimalarials (Co-author)®

Our project started by using a pharmacophore based on the apicoplast-targeting
antimalarial MMV008138 to virtually screen around 13,000 compounds from the GSK
collection, leading to the selection of candidates from the “Malaria Box.” Through these efforts,
we identified tetrahydro-B-carboline TCMDC-140230 as a promising compound for resynthesis
and further antiplasmodial evaluation.

All four stereoisomers of TCMDC-140230 were obtained, but none of those inhibited P.
falciparum growth potently. Instead, a minor oxidative byproduct obtained during amidation—an
aromatized B-carboline amide designated as 7e and referred to as PRC1584 throughout this
dissertation—demonstrated low nanomolar potency. This serendipitous switch from a tetrahydro-
to B-carboline core to a B-carboline marked a pivotal inflection point of our research and set the
bases of my thesis work as this novel class is not targeting the MEP pathway in the apicoplast.
My role was to perform dose-dependent growth inhibition assays to determine the ECso values of
7e analogs and to perform isopentenyl diphosphate (IPP) metabolic-rescue experiments to
determine if these analogs were still acting through a different and potentially novel MOA
independent of the apicoplast.

In addition, the team performed an extensive SAR around the C-3 carbonyl and pendant
amines. My dose-dependent growth inhibition assays showed a clear on/off switch: esters and
acids were inactive (>10 uM), neutral amides were weak, and activity clustered in amides
bearing a basic side chain, of which the N-(2-methylamino)ethyl substituent in 7e was best.

These data guided the medicinal chemistry to keep a protonated side-chain amine in the series.
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In parallel, we explored A- and D-ring substitutions. My profiling across these variants
demonstrated that 3',4’-dichloro substitution on the D-ring consistently delivered the highest
potency (again exemplified by 7e¢), while unsubstituted or mono-chloro analogs lost ground. That
structure-level clarity helped us focus on a narrow chemical neighborhood rather than broad,
inefficient searches.

Because clinical translation depends on robustness against existing resistance
mechanisms, we extended testing beyond Dd2 to 3D7, W2, 4G, and a KAE609-resistant strains,
and confirmed potency using orthogonal assays (DNA replication, purine biosynthesis, and LDH
activity). Compound 7e maintained low nanomolar potency across resistant strains, supporting
no cross-resistance with current know mechanisms. These assays were crucial for selecting
compounds for in vitro drug metabolism and pharmacokinetics (DMPK) and in vivo work.

In summary, 7e was “discovered” not by direct design but by disciplined follow-through
on an unexpected byproduct and my contribution was to (i) validate its potency and non-MEP
mechanism via IPP-rescue assays, (ii) aiding in mapping early SAR that highlighted the essential
basic amide side chain and 3',4’-dichloro D-ring, (ii1) demonstrate cross-strain robustness, and
(iv) help triage candidates for DMPK and efficacy studies, collectively moving 7¢ from a

serendipitous event to an orally active early lead antimalarial.

Optimization of the B-Carboline-3-Carboxamide Scaffold and My Role in Advancing
PRC1584 (7¢) (Co-author)”’

Following the initial discovery of PRC1584 (compound 7¢), our next goal was to further
refine the specific structural features that governed its potency, selectivity, and pharmacological

behavior. In the follow-up study, p-Carboline-3-Carboxamide Antimalarials: Structure—Activity
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Relationship, ADME-Tox Studies, and Resistance Profiling (Mathew et al., ACS Infectious
Diseases, 2024), we systematically explored 91 analogs. In this work, I used dose-dependent
growth inhibition assays to determine the ECso values of analogs varying in A-ring methylation,
Ci-phenyl substitution, and Cs-amide side-chain composition. My results confirmed the
essentiality of a protonated amine on the amide substituent and revealed that electron-
withdrawing D-ring halogens, particularly 3’,4’-dichloro and 3',4',5'-trichloro patterns, produced
the steepest potency gains. These findings guided our medicinal chemists toward the most
productive chemical space, culminating in the identification of compound 42a (referred to as
PRC1697 in this dissertation), which doubled the potency of PRC1584 while preserving its
favorable resistance profile.

Together, these two research projects established the B-carboline-3-carboxamide series—
initiated by the discovery of PRC1584—as a new, orally active antimalarial chemotype with a
distinct mechanism of action. My contributions bridged the discovery and optimization phases:
validating the original hit biologically, aiding in mapping early SAR trends, confirming

mechanistic novelty, and helping define the next steps for pre-clinical development.

Key Outstanding Questions Driving the Development of PRC1584 as an Antimalarial
Agent

PRC1584’s potency, safety and oral availability justified deeper investigation to
understand its MOA and molecular target(s). The work that followed aimed to develop
orthogonal assays and chemical tools to aid in establishing a mechanistic framework that enables

rational optimization and anticipates resistance liabilities.
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How does PRC1584 act as an antimalarial?

PRC1584 is a potent B-carboline with rapid activity concentrated at the ring to trophozoite stage
transition. My early morphology assessments by electron microscopy (EM) suggested cytostome
abnormalities and perturbed hemoglobin trafficking, but the direct molecular target(s) and
primary pathway were unknown. This uncertainty limited our ability to anticipate toxicity
(especially in children and during pregnancy) and to steer medicinal chemistry rationally.
Despite knowing MOA is not strictly required for progression of novel antimalarials, it
strengthens development. For example, identifying PFATP4 as the target of cipargamin enabled
prospective resistance surveillance and de-risked clinical advancement®, whereas chemotypes
with unclear or promiscuous action have often failed later due to unexpected toxicity (e.g.,
halofantrine; DM1157) or have selected resistance rapidly when not paired appropriately (e.g.,
atovaquone monotherapy)’®%°. PRC1584 merits mechanistic definition because its phenotype
partly overlaps with ART including rapid kill in ring stages, pyknotic/dormancy-like
morphological phenotype after brief drug exposure, while behaving differently in terms of
resistance.

ART tolerance is associated with mutations in Pfkelchi3 (e.g., C580Y) that reduce hemoglobin
endocytosis, lowering heme availability for ART activation and increasing ring-stage survival
under short pulses®'**. Surprisingly, across isogenic backgrounds, PRC1584 shows collateral
sensitivity in PfK13-C580Y mutant parasites by inhibiting mutant parasite growth more strongly
than in the wild type. This inverted relationship to K13 (ART tolerance vs PRC1584
hypersensitivity) supports a distinct mechanism of action for PRC1584 and steered our

mechanistic investigations toward the process of hemoglobin uptake and degradation.
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What is the impact of PRC1584 on hemoglobin uptake and heme detoxification?

At the outset, morphology and EM hinted that PRC1584 perturbs cytostome architecture
and the ring to trophozoite transition, raising the possibility that hemoglobin uptake and
downstream hemozoin formation are affected. However, the primary step (digestive vesicle
formation vs vesicle trafficking vs food-vacuole processing) and its timing remained undefined.
Therefore, we assessed whether PRC1584 alters the heme/hemozoin content and causes changes
along the endocytosis — food vacuole — crystallization pathway using fractionation-based heme
and hemozoin measurements and ultrastructural analysis after short drug exposure. The abnormal
morphology and structural analysis of cytostomes and digestive vesicles observed by EM and the
detection of reduced heme and hemozoin levels in PRC1584-treated parasites further aligned
with perturbations of the cytostome-mediated hemoglobin uptake/trafficking supporting our
hypothesis that PRC1584 disrupts hemoglobin uptake and degradation, thus, starving the
parasites from amino acid precursors. These experiments were designed to narrow the MOA that

in turn will guide the identification of potential molecular targets.

What is the resistance potential of PRC1584?

Drug resistance has undermined every frontline antimalarial: CQ, SP, and, more recently,
ART-based combinations®*. Early observations with PRC1584 suggested a higher barrier to
resistance: standard in vitro selections did not yield stable mutants, no cross-resistance to DHA
was detected, and parasites bearing PfK13-C580Y (linked to ART tolerance) showed collateral
sensitivity to PRC1584.

Key questions remain, including whether resistance develops, the fitness costs of such

changes, the frequency of de novo resistance under realistic exposures, and how PRC1584
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interacts with partner drugs (synergy, additivity, or suppression). To tackle these questions, I
begin by re-evaluating whether PRC1584 has a greater resistance threshold. I use both
continuous and stepwise or alternating drug exposures to test if resistance can be induced, and
how frequently it occurs. All these approaches failed to select parasites resistant to PRC1584,
thus, confirming its “irresistibility”. These results were independently confirmed by the group of
Dr. David Fidock (Columbia University) as part of our collaboration with Medicine for Malaria
Venture (MMV).

In addition, we previously assessed the potential cross-resistance and sensitivity within
this scaffold, PRC1548 was evaluated using the Antimalarial Resistome Barcode Sequencing
(AReBar) pooled-screening assay’’. This methodology employs genetically barcoded P.
falciparum parasite lines, which were previously developed using the CRISPR/Cas9 genome
editing to introduce a barcode cassette into a nonessential locus of each line®®. Barcode
sequencing subsequently quantifies the relative abundance of each line. Using this strategy, 51
distinct cell lines are pooled for direct competition assays in the presence of selected compounds,
thereby encompassing diverse resistance mechanisms within both the 3D7 and Dd2 genetic
backgrounds. These mutations cover a range of different biological functions including protein
synthesis, nucleic acid synthesis and processing, mitochondrial function, and hemoglobin uptake
and processing, thus addressing potential mechanisms of antimalarial action. Through this
analysis, no mutant cell lines were recovered in PRC1584 treated samples, thus, no cross-
resistance was detected.

Assessing PRC1584's resistance potential and cross-resistance profile is essential for

developing it as a new antimalarial. These analyses also help identify suitable drug combinations
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and evaluate whether PfK13-linked collateral sensitivity can be used effectively in regions with

prevalent ART tolerance.

In summary, three unanswered questions drove this work.

1.

Mechanism of action. PRC1584 is potent, but its molecular target and primary target
pathway remain undefined. Until target engagement is established, chemistry is only
guided based on phenotypic potency and overall safety, but more precise risks are hard to
anticipate. My work concentrated on developing orthogonal assays and chemical tools to
transition PRC1584 from demonstrating only phenotypic potency to establishing a solid
mechanistic basis.

Hemoglobin uptake and heme detoxification. Morphology and structural analysis by
EM implicated the cytostome and formation of digestive vesicle as part of the potential
mechanism of action of PRC1584, and hint at downstream effects on hemozoin
formation, a well-known drug target in P. falciparum. By identifying where PRC1584
first acts in the endocytosis — food vacuole — crystallization pathway, we aimed to
clarify whether it defines a new mechanistic class rather than another vacuolar poison or
heme-reactive agent.

Resistance potential. Our initial findings—namely, that PRC1584 does not select for
mutants under standard conditions, shows no DHA cross-resistance, and exhibits
collateral sensitivity to PfK13-C580Y—indicate it may have resistance-refractory

properties worth further investigation.
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Addressing these three unanswered questions is essential for determining the translational
trajectory of PRC1584 and enhancing our understanding of malaria biology. Establishing a clear
MOA and identifying a potential molecular target will help guide optimization of PRC1584, and
leveraging insights into the formation and role of digestive vesicles could expand the
antimalarial target landscape. Furthermore, developing a comprehensive resistance profile will
support the design of novel drug combinations, which is particularly important in areas where

K13-mediated ART tolerance is prevalent.

Specific Aims
This dissertation examines three critical aspects related to PRC1584 as a potential novel
antimalarial: its biological footprint, mechanism of action, and resistance profile, including the

observed collateral sensitivity in Pfkelchl3 C580Y mutant parasites.

Aim 1: Define PRC1584’s biological activity and phenotypic effects.

Rationale: Early studies revealed that PRC1584 exhibits nanomolar potency against asexual
blood stages. However, a systematic characterization of its biology is needed to establish its
therapeutic profile and relevance to MMV Target Candidate Profiles (TCPs).

Approach: This aim evaluates PRC1584’s potency, stage-specific activity, and phenotypic
consequences. Microscopy, viability assays, and gametocyte/gamete studies provide a
comprehensive description of its effects on parasite development and transmission potential.
Connection to Unanswered Questions: Establishes a clear “what it does” map that the

mechanistic and resistance studies build on.
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Aim 2: Investigate the mechanism of action of PRC1584.

Rationale: Morphological data and biochemical assays suggest that PRC1584 interferes with
hemoglobin trafficking, heme release, and cytostome function. These processes are essential for
parasite survival but remain underexploited as drug targets. Understanding PRC1584’s effects on
these pathways will clarify its novelty and therapeutic potential.

Approach: Fractionation assays, biochemical measurements of heme/hemozoin, and electron
microscopy were used to define how PRC1584 impacts hemoglobin metabolism and cytostome
architecture.

Connection to Unanswered Questions: This aim addresses uncertainty surrounding PRC1584’s

MOA and its unique relationship to hemoglobin utilization.

Aim 3: Develop chemoproteomic tools and workflows to enable future identification of
PRC1584 targets.

Rationale: The direct molecular target is still unidentified. Standard methods have not yielded
resistant mutants, and K13 C580Y displays collateral sensitivity, consequently objective target
discovery in P. falciparum is important but challenging.

Approach: Design and validate a B-carboline photoaffinity probe; optimize UV crosslinking,
Copper(I)-catalyzed Azide—Alkyne Cycloaddition (CuAAC) biotin-tagging, and streptavidin-
based detection; establish sample preparation workflows that are compatible with downstream
mass spectrometry analysis.

Connection to Unanswered Questions: Provides a validated toolkit designed to enable future

research to demonstrate target engagement and identify prospective molecular targets.
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Together, these aims connect phenotypic definition (Aim 1) with pathway localization (Aim 2)
and technical capacity for target discovery (Aim 3). The result is a mechanistic framework for

PRC1584 and a set of methods that can accelerate next-generation antimalarial discovery.
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CHAPTER 2
CHARACTERIZATION OF B-CARBOLINE DERIVATIVES REVEALS A HIGH BARRIER
TO REISTANCE AND POTENT ACTIVITY AGAINST RING-STAGE AND DHA-

INDUCED DORMANT PLASMODIUM FALCIPARUM
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Abstract

Malaria, caused by Plasmodium falciparum, remains a major global health challenge,
with an estimated 263 million new infections and 597,000 deaths annually. Increasing resistance
to current antimalarial drugs underscores the urgent need for new therapeutics that target novel
pathways in the parasite. We previously reported a novel class of B-carboline antimalarials,
exemplified by PRC1584, which demonstrated a favorable oral pharmacokinetic profile, in vivo
efficacy in P. berghei-infected mice, and no cross-resistance with other antimalarials in various
P. falciparum strains. In this study, we demonstrate that PRC1584 exhibits a high resistance
barrier and retains potent activity against fresh Ugandan P. falciparum isolates. PRC1584, along
with its more potent analogue PRC1697, demonstrated strong in vitro potency against both
actively proliferating ring stages and dihydroartemisinin-induced dormant stages. Additionally,
our study demonstrated that the PfKelch13-C580Y mutation was associated with increased
susceptibility to PRC1584, whereas the PfKelch13-R539T and Pfcoronin-R100K-E107V
mutations were not associated with this effect. These findings underscore the therapeutic
potential of this new “irresistible” compound class, support a possible novel mechanism of
action, and suggest the future development of novel ACTs active against resistant parasites by

targeting DHA-dormancy, an essential survival mechanism of P. falciparum.

Keywords: malaria, 3-carbolines, collateral drug sensitivity, dormancy, kelch-13, irresistible
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Malaria is a deadly disease caused by parasites of the genus Plasmodium, with
Plasmodium falciparum being the deadliest of the human-infecting species. In 2023, an
estimated 263 million malaria cases and 597,000 deaths were reported worldwide'. Despite
considerable progress over the last two decades in the fight against malaria, the current trend
indicates a standstill. Chemotherapy remains a cornerstone of malaria control alongside vector
management, new vaccines, diagnosis, and prompt access to treatment!. However, declining
clinical efficacy and rising resistance affect all currently used antimalarial drug classes, including
artemisinin-based combination therapies (ACTs)?, which pair fast-acting artemisinin derivatives
with slower-acting antimalarial drugs and remain the first-line treatment for malaria’.

Artemisinin partial resistance (ART-R) first emerged in the Greater Mekong subregion of
Southeast Asia in 2008* and has since also emerged in Aftrica®. Clinically, ART-R is defined by a
delay in parasite clearance following the initiation of an ACT regimen', and it is associated with
reduced susceptibility in the early ring stages of the P. falciparum intraerythrocytic life cycle.
This phenotype is assessed in vitro by the ring-stage survival assay (RSAo-3n), which measures
survival of early ring-stage parasites (0-3 h post-invasion) at 72 hours post incubation with 700
nM dihydroartemisinin (DHA) for 6 h. This assay identifies resistant parasites with a survival
rate over 1%, compared to untreated controls®. Resistance to artemisinin is linked to single
nucleotide polymorphisms (SNPs) in pfkelchl3 gene, which encodes Kelch13 protein (K13)°.
Although the exact function of PfKelch13 remains unclear, it is known that it is involved in
hemoglobin uptake and endocytosis’, regulation of phosphatidylinositol-3-phosphate vesicles
enriched with proteins involved in proteostasis®, unfolded protein response (UPR), and redox

stress mitigation’. Notably, many SNPs have been reported but the PfKelch13-C580Y and
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R539T mutations are among the validated mutations strongly linked to ART-R 3, displaying
elevated survival rates in the RSAo.3 hassay™ '°.

One survival mechanism in DHA-exposed parasites, regardless of their genetic
background, is the temporary arrest of growth during the ring stage, known as dormancy'! 1.
This is a phenomenon in which subpopulations of parasites, termed persisters, shutdown energy-
related processes, and cease growth and proliferation®. Phenotypically, dormancy is
characterized as small (pyknotic) parasites with condensed nuclei and a reduced cytoplasm. This
dormancy allows parasites to tolerate treatment, increasing the risk of clinical failure as they can
later resume proliferation, a process known as recrudescence'®. A recent study showed that
DHA-induced dormant parasites exhibit characteristics of cellular quiescence and senescence,
meaning they temporarily halt growth and metabolic activity while maintaining viability'#. This
work also showed dormancy requires a five-day maturation process during which gene
expression gradually shifts from a ring-like state to a unique pattern different from that observed
in the intraerythrocytic asexual and sexual stages. This slow transcriptional shift contrasts with
the quick morphological change to pyknotic forms that occurs within 24 hours, with parasites
acquiring an irregular cellular ultrastructure, indicative of distinct biological characteristics.
Therefore, the ability of malaria parasites to enter dormancy adds complexity to the challenge of
developing novel antimalarials targeting the ring stage to the reduce pathogenesis and block
transmission.

During ACT treatment, the artemisinin component has a short duration of efficacy
resulting in rapid parasite clearance; the partner drug, which acts more slowly, has much longer
duration of pharmacologically active concentrations'>. With the spread of ART-R, having an

effective partner drug that eliminates dormant parasites or remains in the bloodstream long
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enough to kill parasites as they exit their DHA-induced dormant state to prevent recrudescence is
crucial for the success of new ACTs!,

We recently identified a new class of B-carboline antimalarials, exemplified by
PRC1584, which demonstrated a favorable oral pharmacokinetic profile, in vivo efficacy in
Plasmodium berghei-infected mice, and low cross-resistance with other antimalarials in both
susceptible and drug-resistant P. falciparum strains'’. Structure-activity relationship studies'®
revealed a preference for a 3,4-dichloro- or 3,4,5-trichlorophenyl ring, with the most potent
analog, PRC1697 (P¥2ECsy = 54 + 8 nM), exhibiting twice the potency of PRC1584 (P¥2ECs =
108 £ 7 nM). Barcoded cross-resistance profiling confirmed no cross-resistance against 32
resistance mutations in the Dd2 background and 10 in the 3D7 background, strongly suggesting
that compounds within this scaffold possess a novel mechanism of antimalarial action'®.

In this report, we describe a comprehensive evaluation of PRC1584 across key points of
the parasite life cycle and its inability to select resistant parasites in vitro. Importantly, we
demonstrate that PRC1584 is effective against both ring stages and DHA-induced dormant forms
of P. falciparum parasites, regardless of their sensitivity or resistance to DHA. Together, these
findings underscore the therapeutic potential of this “irresistible” B-carboline class of
antimalarials that may act through a novel mechanism of action. The distinctive properties of this
class provide opportunities for the advancement of innovative new combinations, including
potentially future ACTs, particularly in the setting of ART-R, by specifically targeting DHA-

induced dormancy, a critical survival strategy of P. falciparum.
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Results

Activity of PRC1584 across the Plasmodium falciparum life cycle. In our first study, we
identified PRC1584 (P?ECso = 108 + 7 nM) as the most potent analog among the new class of f-
carbolines against asexual intraerythrocytic stages of P. falciparum (Figure 2.1A)!7. Based on the
promising activity of this early lead compound, we next tested PRC1584 against transmission
and liver stages.

Potential transmission blocking activity was assessed by measuring the stage-specific
action of PRC1584 against immature and mature P. falciparum gametocytes (MMV, University
of Pretoria). Gametocytes were induced from the PfNF54-pfs16-GFP-luc reporter line. Drug
assays began on day 5 with gametocytes at stage II/III (immature), and on day 13 with
gametocytes at stage V (mature). In each case, parasites were exposed to PRC1584 at varying
concentrations for 48 h. Micromolar activity was observed against immature (ECso = 4.62 + 0.09

uM) and mature gametocytes (ECso = 8.0 + 0.3 uM) (Figure 2.1B).

To further assess the potential for B-carbolines to block transmission, the viability of
mature stage V gametocytes was evaluated by their ability to develop into male and female
gametes (MMV, Imperial College London). Since mature stage V gametocytes exhibit sex-
specific sensitivity to antimalarials, both sexes should be studied to better characterize compound
transmission-blocking activity.!® Therefore, compounds were incubated with mature stage V
gametocytes for 48 h before inducing gamete formation by reducing the temperature and adding
xanthurenic acid. Approximately 25 minutes post-induction, male gamete exflagellation was
recorded and quantified using automated microscopy. Samples were then incubated at 26°C for
an additional 24 hours, after which female gamete formation was assessed by live staining using

a fluorophore-conjugated oPfs25 antibody specific for female gametes and quantified by
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automated microscopy. PRC1584 exhibited similar potency against male (ECso = 1.3 uM) and
female gametes (ECso = 2.5 uM, Figure 2.1C).

Finally, we assessed the potential of PRC1584 in inhibiting liver stage development of P.
berghei. No inhibition was seen at concentrations up to 5 uM, with activity, but also toxicity to
HepG?2 cells observed at 10 uM (Figure 2.1D). Collectively, these results demonstrate that
PRC1584 displays significant in vitro potency primarily during the asexual intraerythrocytic

cycle, while exhibiting limited activity against gametocytes and liver-stage parasites.
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Figure 2.1. Antiplasmodial activity of PRC1584 throughout the Plasmodium parasite life cycle. A) Schematic
representation of the P. falciparum life cycle and chemical structure of PRC1584. Dose-dependent activity of
PRC1584 against P. falciparum Dd2 strain. B) Dose-dependent activity of PRC1584 against immature (stage II/I1I)
and mature (stage V) P. falciparum gametocytes following 48 h of exposure. Data represent mean £ SEM from three
independent biological replicates, each performed in technical triplicate. C) Assessment of the ability of P. falciparum
stage V gametocytes to undergo gametogenesis after 48 h of dose-dependent exposure to PRC1584. Data represent
mean from one biological replicate performed in technical triplicate. D) Dose-dependent activity of PRC1584 on P.
berghei schizont development and HepG?2 cell viability. Data represent mean from two biological replicates performed
in technical duplicates. All x-axes are shown on a logarithmic scale.

PRC1584 retains potency against field isolates. We previously established that PRC1584 is

not subject to known resistance mechanisms of several antimalarials, including chloroquine,
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mefloquine, quinine, pyrimethamine, cycloguanil, sulfadoxine, KAE609, and
dihydroartemisinin'’. This lack of cross-reactivity was further confirmed using the Antimalarial
Resistome Barcode Sequencing (AReBar) pooled-screening assay'®. To determine whether
resistance to PRC1584 is already present in parasites circulating in Africa, ex vivo sensitivity to
PRC1584 was evaluated in fresh clinical isolates of P. falciparum obtained in Tororo, Uganda.
At the time of these assays isolates in Tororo were generally susceptible to most standard
antimalarial drugs (chloroquine, monodesethylamodiaquine, piperaquine, pyronaridine,

lumefantrine, mefloquine, and DHA) but resistant to pyrimethamine?”.

Table S2.1. Summary of the in vitro potencies (ECso values; nM) of PRC1584, PRC1967, and

PRC1664 across various wild-type strains and mutants at different exposure times

PRC1584 PRC1697 PRC1664 DHA

6h 8h 6h 8h 7 6h 8h 6h 8h

(early (early 72h | (early (early h (early (early 72h | (early (early 72 h

ring) ring) ring) ring) ring) ring) ring) ring)

740 + 67+ 3.0+
307 60 5 0.3
Dd2* 182 10+£0.4 43
+18

1950 + 188

- £ .
Dd2-R539T 610 17 11+2 42
Dd2** 1630 + 696 £ 114 54 211 3.0+ i.O2

+ + + .

170 62 9 8 41 0.2 0.02
4G-K13- 211+ 66 + 7.7+ 39+
C580Y 55 35 1.1 0.2
w2 100 4.7+

+8 1.3

987 + 476 = 140 59
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NF54 64 16 L5 102+2 ts 1364 256 17.+£3 10+2 7+1
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Assays comparing EC50 values across different parasite lines were performed concurrently.

(*) EC50 value obtained concomitant with that of Dd2-R539T.

(**) EC50 value obtained concomitant with that of 4G-K13-C580Y.

Gray cells indicate that EC50 values were not determined.

The mean and standard error of the mean (SEM) are presented for experiments conducted with two or more
independent biological replicates.

The mean ECso value for PRC1584 was found to be 70 nM, with a range of 26 to 177 nM (n =
31), which is consistent with potencies observed in laboratory strains (Figure 2.2, Table S2.1).
The mean ECso for DHA in these isolates was 1.8 nM, with a range of 0.5 - 4.4 nM while for
chloroquine it was 17.2 nM with a range of 6.9 - 27 nM. Although these ex vivo results exhibited
a 7-fold variation, which may be attributed to the complexity involved in assessing polyclonal
isolates, all values remained within the low nanomolar range, suggesting that field isolates are

consistently highly sensitive to PRC1584.
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Figure 2.2 Ex vivo sensitivity to PRC1584 in fresh clinical isolates of P. falciparum obtained from Uganda (n = 31).
Dose-response curves and ECso values for PRC1584 (70 nM), DHA (1.8 nM) and chloroquine (CQ, 17.2 nM) were
determined using a 72-hour SYBR Greenl growth inhibition assay. Data points represent individual isolates;
horizontal bars indicate mean ECs values, and error bars represent the standard error of the mean (SEM).

PRC1584 is refractory to resistance selection in vitro. To gain further insight into the

molecular targets or pathways that drive the significant antiplasmodial activity of PRC1584
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against the asexual intraerythrocytic stages, we carried out multiple resistance selection protocols
with the drug-sensitive P. falciparum 3D7 strain (Figure S2.1)?!*,

Initially, a single step of resistance selection was performed by subjecting flasks
containing an inoculum of 1 x 10° parasites to PRC1584 at a concentration of five times the ECso
value (*P7I°"ECsy = 67 + 5 nM; Figure S2.2) for 14 days. In parallel, a flask treated with an

equal volume of DMSO was used as the reference control. After the drug pressure was removed,

cultures were monitored for 60 days.

Single step selection PRC1584
(constant drug pressure) Day 0 Day 7 Day 14 ' Day 60
] 1 1 1
Pf3D7 strain treated Transfer to
with PRC1584 a new flask
Exp. 1: 1x10° parasites at 300 nM after drug

X 7 !
Exp. 2: 1x10" parasites at 100 nM removal

— @ — @ i No recrudescence
3D7 strain parental line N g
(asynchronous culture) f—> @ — @ 1 No recrudescence
@ —_— @ | No recrudescence
NG — gl —— @ | Culture terminated

Pf3D7 strain treated
with 0.02% DMSO

Pulse selection Repeat treatment
Pf3D7 strain Transfer to
1x107 parasites a new flask
treated with PRC1584  after drug S pgouth to
at 400 nM for 6 hours removal x10" parasites

| g 1 g s

3D7 strain parental line
Protocol 1: asynchronous culture '
Protocol 2: ring stage culture { No recrudescence

—> @ | Culture terminated

Pf3D7 strain treated
with 0.02 % DMSO

Figure S2.1. A schematic representation of the in vitro resistance selection methodologies employed is shown.
Specific details regarding each approach are outlined in the methods section below.
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A second single-step of resistance selection was performed using an inoculum of 1 x 10’
parasites and a concentration of 100 nM for 14 days (Figure S2.2). After removing drug pressure,
cultures were monitored for 60 days. In both conditions, parasite clearance occurred within the
first four days, and no parasite recrudescence was observed. From these experiments, the
minimum inoculum of resistance (MIR) was determined to be > 9 (i.e., >10° infected red blood

cells).
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Figure S2.2 Dose-response curves for PRC1584 and DHA in the 3D7 strain clone (72 hours continuous exposure).
Dose-dependent response curves for PRC1584 and DHA (control) were obtained using the P. falciparum 3D7 strain
clone employed in resistance selection experiments. Data represent the mean from two independent biological
replicates; each performed in technical duplicates. All x-axes are displayed in logarithmic scale.

These findings were further validated using the P. falciparum Dd2-B2 clone (ECso = 69
nM and ECop = 136 nM). Parasites were subjected to constant drug pressure for 60 days at three
times the ECqo (408 nM). Parasite clearance occurred within the first four days, and no
recrudescence was observed over 60 days. In contrast, with the control DSM265 tested in
parallel at five times the ECso value of 57 nM, 68/96 wells yielded recrudescent parasites (Logio
MIR = 5.45).

We also attempted resistance selection by pulsing parasites for six hours with eight times
the 72 hours ECso value of PRC1584 (400 nM), followed by drug removal to allow parasites to

recover before repeating the pulse (Figure S2.1B)?*. This approach involves exposing parasites to
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elevated concentrations of the drug for a short period of time, resulting in the elimination of most
parasites, followed by a drug-free period to enable the population recovery. The process of
alternating drug exposure is continued until the parasites no longer responded to the treatment.
The pulse-exposure method was performed with both highly synchronous rings (12-16 h post-
invasion) and asynchronous cultures. Parasites re-emerged during each of the four drug pulse
cycles over a 30-day period, but all cultures died after the fourth cycle, preventing further in vitro
assessments of PRC1584 potency. Across all conditions tested, including prolonged drug
pressure and repeated pulsed exposure, no parasites were recovered. These findings provide

evidence that PRC1584 exhibits a high barrier for resistance.

PRC1584 is most active against late ring and early trophozoite stages. Our assessment across
the P. falciparum life cycle revealed that PRC1584 exhibits significant activity primarily during
the asexual intraerythrocytic cycle. To determine if PRC1584 targets specific stages within this
cycle, we performed the asexual blood stage specificity inhibition assay described by Murithi
and colleagues®*. This assay also enables the identification of potential mechanisms of action for
new antimalarial drugs by comparing their susceptibility profiles to those of established
antimalarials. As shown in Figure 2.3, PRC1584 displayed enhanced potency against parasites in
the late ring and early trophozoite stages. Strikingly, an 8-hour exposure during the early
trophozoite stage yielded an *P’ECso®" value of 192 + 52 nM, slightly greater than the ECsp value
observed with continuous 72-hour exposure (*°’ECso’*" = 108 + 7 nM) (Figure 2.3C).
Microscopy assessments of Giemsa-stained thin blood smears confirmed this stage-specific
profile (Figure 2.3A). Interestingly, despite the biphasic dose-dependent curve shown in the 24—
32 h window (Figure 2.3B), when parasites transition from late trophozoite stages to schizont

stages, PRC1584-treated parasites remained arrested in the late trophozoite stage (Figure 2.3A).
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Moreover, the stage-specific dose-response profile of PRC1584 did not match the stage-
specificity profile of any of the 36 clinical or experimental antimalarials reported by Murithi and
colleagues®*, suggesting that this compound class may act through a distinct and potentially

novel mechanism.

The Kelch 13-C580Y mutation increases susceptibility to PRC1584 and its analogs. We
previously reported that PRC1584 remained equipotent against the P. falciparum 4G strain,

which has reduced susceptibility to artemisinin, using a 72-hour continuous exposure assay'’.
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Figure 2.3. Stage specificity inhibition profile for PRC1584. A) Schematic of the intraerythrocytic life cycle of P.
falciparum used for drug susceptibility assessment. Timeline represents 8-hour treatment windows. Giemsa-stained
images were captured at the treatment initiation (0 h) and after an 8-hour drug exposure at the time of treatment
removal, comparing untreated controls (top row) with parasites exposed to 300 nM PRC1584 (bottom row). B) Dose-
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response curves of P. falciparum (3D7 strain) exposed for 8 h at defined developmental stages (early ring, late ring,
early trophozoite (trophs), late trophozoites, and schizont). A 72-hour continuous exposure curve was performed in
parallel as a control. The x-axis for the growth-inhibition curves is displayed on a logarithmic scale. C) Bar plots
showing the ECso®" values when parasites were exposed only during the indicated stage as shown in panel A, with
error bars displaying the SEM based on three biological replicates conducted in technical duplicate.

However, previous studies have established that ART-R is associated with reduced susceptibility
specifically in the ring stage®> 26,

To better evaluate the susceptibility of the ring-stage to PRC1584, we performed the
stage specificity assay described above, comparing the P. falciparum Dd2 (DHA-susceptible)
strain with the 4G strain carrying the PfKelch13-C580Y mutation, which confers ART-R %7,
Strikingly, PRC1584 was significantly more potent against the 4G strain than the Dd2 strain (P>
PRCISSIEC508 = 696 + 62 nM vs, “GPREISBECS,8 = 211 + 55 nM; Figure 2.4A, S3A). As
expected, DHA was significantly less potent against the 4G strain compared to the Dd2 strain
(PE2-PHAECso81 = 3.0 £ 0.2 nM vs. *6-PHAECs0®" = 7.7 + 1.1 nM, Figure 2.4A). This unexpected
collateral drug sensitivity was confirmed by comparing the susceptibility of PRC1584 in the
NF54 wildtype strain and NF54-K13-C580Y line, expressing K13 wildtype (WT) or C580Y
mutation, respectively?® (NFS#WI-PRCISSAEC 8h — 476 + 16 nM vs, NFS4#KI3-CS80Y-PRCISS4E g 8h —
200 + 56 nM; Figure 2.4B, S3B). The ECso value for DHA was slightly but not significantly
decreased in the NF54-K13-C580Y line compared to the NF54-WT (NS4 WIDHAECs8h — 10 + 2
nM vs, NFS4-KI3-CS80Y-DHAR 4580 — 6 + 2 nM; Figure 2.4B). In addition, the potency of PRC1584
after 8-hour exposure was slightly higher against the NF54-WT strain compared to Dd2 (N3+WT-
PRCISSIEC5080 = 476 £ 16 nM vs, PIZPREISBECS80 = 696 + 62 nM), likely due to differences in
genetic background. Importantly, PRC1584 maintained strong potency against both 4G and

NF54-K13-C580Y strains after an 8-hour exposure (Figure 2.4A-B). Time dependent effects

were also observed, as 6-hour exposure to PRC1584 led to increased ECso values against both
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Figure S2.5. The Kelch-13 R539T mutation does not confer collateral drug sensitivity to PRC1584. A) ECs values
for PRC1584 (left) and DHA (right) after 6 hours (06 h, early rings) or continuous 72-hour exposure in Dd2-WT
(black bars) and Dd2-K13-R539T mutant (red bars) strains. Increased sensitivity to PRC1584 in the PfK13-R539T
mutant was not observed. B) Corresponding dose-dependent response curves for Dd2-WT strain and Dd2-K13-R539T
mutant parasites exposed for 6 hours (black lines) or 72 hours (red lines) to PRC1584. The data represent the mean
+ SEM from two to three biological replicates, each performed in technical triplicates. All x-axes are shown on a
logarithmic scale.
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the WT strain and PfK13-C580Y line. Nevertheless, the PfK13-C580Y mutant continued to
exhibit greater sensitivity to PRC1584 (NF34+-WI-PRCISB4EC6h — 987 + 64 nM vs, NFS4-KI3-C580Y-
PRCISSEC5%M = 394 + 51 nM; Figure S2.4, Table S2.1).

To test whether this effect extended to other K13 mutations, we assessed PRC1584
against the Dd2-K13- R539T mutant, another DHA-resistant line. No differences were observed
between the Dd2-WT and Dd2-K13-R539T after 6-hours of exposure (P42-WT-PRCISBAE 5 6h —
1630 + 170 nM vs, PI2-KI3B-RSIT-PRCISBAE 5 6h — 1950 + 610 nM;; Figure S2.5, Table S2.1). We
also evaluated PRC1584 against parasites carrying Pfcoronin mutations (Pikine-Pfcoronin-

R100K-E107V), which also appear to mediate resistance to DHA?’.
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Figure S2.4. Collateral drug sensitivity to PRC1584 after 6-hour versus 72-hour exposure in PfK13-C580Y mutant.
A) ECs values for PRC1584 (left) and DHA (right) after 6 hours of exposure (0-6 h, early rings) or continuous 72-
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hour exposure in NF54-WT (black bars) and NF54-K 13-C580Y mutant (red bars) strains. B) Dose-dependent response
curves for PRC1584 (top) and DHA (bottom) comparing 6-hour exposure (black lines) and 72-hour continuous
exposure (red lines) in NF54-WT (left) and NF54-K13-C580Y mutant (right) strains. Data represent the mean + SEM
from six independent biological replicates, each performed in technical triplicates. X-axes are shown on a logarithmic
scale.
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Figure S2.6. Dose-dependent response curves for Pikine-WT strain and Pikine-Pfcoronin-R100K-E107V mutant line
after 6-hour and 8-hour exposure to PRC1584. A) ECs values for PRC1584 and DHA after 6 or 8 hours of exposure
(early rings) in Pikine-WT (black bars) and Pikine-Pfcoronin-R100K-E107V mutant (red bars) lines. B) Dose-
response curves for Pikine-WT (left) and Pikine-Pfcoronin-R100K-E107V mutant (right) parasites after 6 hours of
exposure (black lines) compared with 72 hours of continuous exposure (red lines) to PRC1584 (top row) or DHA
(bottom row). B) Dose-response curves corresponding to the 8 hours of exposure to PRC1584 and DHA (control).
The data represent the mean from one biological replicate performed in technical triplicates. All x-axes are shown on
a logarithmic scale.

The Pikine-Pfcoronin-R100K-E107V mutant line exhibited similar susceptibility to PRC1584 as
the parental Pikine strain after 6 and 8 h of exposure (Pkine-WI-PREISB4R 05,60 — 530 nM v, Pikine-
Pfeoronin-RI00K-E107V-PRCISS4R 6h — 534 ) Pikine WT-PRCISS4 g 8h — 753 N v, Pikine-PReoronin-RI00K-
EIO7V-PRCISBE 5080 = 604 nM; Figure S2.6). These data suggest that the PfK13-C580Y mutation
specifically contributes to increased potency for PRC1584.

We further examined whether collateral drug sensitivity extends to other B-carboline
analogs recently reported in this series, specifically PRC1697 and PRC1664 (Figure 2.4B)'8.
Both analogs showed a similar profile of increased potency in the NF54-K13-C580Y mutant
compared to NF54-WT (NFS+WT-PRCIGOTEC 8 — () + 2 nM vs. NFS4KI3-CSS0Y-PRCIGTE 80 — 70) 4
13 nM; NFSHWI-PRCIGGHEC 8 — 364 nM s, NFS4KIS-CSS0Y-PRCIGAEC s 8h — 675 nM; Figure 2.4B),
Consistent with our previous findings using the Dd2 strain'8, PRC1697 demonstrated greater
potency than PRC1584 in both the WT and mutant parasites following 72 h of continuous
exposure (NP4 WI-PRCIOTEC72h — 59 4 5 nM s, NFS#WT-PRCISSIEC 720 — 40 4 15 nM; NFS4KI3-
CSS0Y-PRCITRC(72h — 38 4 4 nM vs, NFS4KIS-CSSOV-PRCISS4EC72h — 94 + 13 nM; Figure 2.4B,
Table S2.1). Notably, PRC1697 demonstrated approximately 5-fold higher potency than
PRC1584 following an 8-hour exposure in the NF54-WT strain and exhibited 3-fold greater
potency against the NF54-K13-C580Y mutant. Collectively, these findings demonstrate that the

PfK13-C580Y mutation confers a distinctive collateral sensitivity profile by increasing
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susceptibility to PRC1584 and its analogs, further supporting a specific association with the

C580Y mutation independent of reduced DHA sensitivity.
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Figure 2.4. Collateral drug sensitivity in the presence of the PfK13-C580Y mutation assessed by the stage-specificity
profiling assay. A) Early ring stage parasites for both susceptible (Dd2) and resistant (4G) strains were exposed to
PRC1584 and DHA in a dose-dependent manner for 8 h. A dose-dependent curve for 72-hour continuous exposure
was used as a control. Data represents the mean and SEM based on two to three independent biological replicates
performed in technical triplicates. B) A similar stage-specificity assay, as described in A, was performed with NF54-
WT and NF54-K13-C580Y strains. Data represent one or two biological replicates performed in technical duplicates.
Statistical comparisons were performed using the two-sample student’s t-test. *p <10-3; **p <2x107; ***p <10*; ns,
not significant. Sensitivity to PRC1697 increased but the change was not statistically significant. Dose-response curves
are shown in the supplementary materials (Figure S3).

Effects of PRC1584 and its analogs on ring-stage parasite morphology. As shown in Figure
2.3, PRC1584 affects ring stages within 8 h of exposure. To further investigate whether these
effects persist beyond the initial treatment window, we examined the morphological
development of the ring stages after drug removal. Highly synchronous ring-stage cultures were

treated with either 500
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Figure S2.3. Dose-response curves for Kelch 13 WT and C580Y mutant strains after 8-hour versus 72-hour exposure.
A) Dose-dependent response curves for the Dd2-WT strain (left) and the 4G-K13-C580Y mutant (right) after 8 hours
of exposure (black line) or continuous 72-hour exposure (red lines) to PRC1584 (top row) and DHA (bottom row). B)
Dose-dependent response curves for NF54-WT strain and NF54-K13-C580Y mutant after 8 hours or 72 hours of
exposure to PRC1584 (top row), PRC1697 (second row), and PRC1664 (third row), and DHA (bottom row). These
data were used to calculate ECso values shown in Figure 2.4. Curves represent the mean from one to three biological
replicates; each performed in technical triplicates. All x-axes are displayed in logarithmic scale.
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nM PRC1584, PRC1697, PRC1664 or 700 nM DHA for 8 h, after which treatments were
removed, and cultures were maintained in drug-free media. A concentration of 500 nM,
corresponding to the 8-hour ECso value of PRC1584 in NF54-WT, was selected to allow direct
potency comparisons across analogs (Figure 2.4B). Giemsa-stained thin blood smears were
prepared from both treated and untreated controls every 24 hours for three consecutive days and
analyzed by light microscopy. As shown in Figure 2.5, parasites treated with PRC1584 and
PRC1697 exhibited a dormant-like morphology comparable to that observed following DHA
exposure, characterized by small parasites with condensed chromatin and reduced cytoplasm. In
contrast, consistent with its higher 8-hour ECso (Figure 2.4B), a subpopulation of parasites
treated with PRC1664 progressed normally through the intraerythrocytic cycle. Based on the
dormant-like morphology identified following short-term exposure, we subsequently

investigated whether ring-stage parasites treated with PRC1584 could resume growth over time.

1%t Intraerythrocytic Cycle R

0h 24 h 48 h 72h
DMSO )
(control) . ‘
PRC1584 ®
(500 nM) P. »
.
PRC1697 »

(500 nM) * .

PRC1664 :
(500 nM) -~ 4 ‘
" »
DHA -
(700 nM) o

Figure 2.5. Effect of PRC1584 and its analogs on the morphology of ring-stage parasites. Highly synchronous (6-8 h
post-invasion) NF54-WT ring-stage cultures were treated with 500 nM PRC1584, PRC1697, PRC1664 or 700 nM
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DHA for 8 h. Following drug removal, cultures were maintained in drug-free media and monitored over three days by
Giemsa-stained thin blood smears and light microscopy. Parasites treated with PRC1584 and PRC1697 displayed
dormant-like morphology, characterized by condensed chromatin and reduced cytoplasm, similar to DHA-treated
parasites.

PRC1584 and its potent analog PRC1697 are active against ring stages. It is well established
that short exposure to DHA induces a dormant state in P. falciparum rings, with cultures
typically recrudescing 3 to 4 days after DHA treatment is removed?’. To be effective, novel
antimalarials should eliminate ring-stage parasites before they enter dormancy or progress to
transmissible gametocyte stages. To determine whether parasites exhibiting PRC1584- and
PRC1697-induced dormant-like morphology could also recrudesce, we performed ring
recrudescence assays following 8 h of exposure to PRC1584 and its analogs (Figure 2.6A). A
concentration of 500 nM, corresponding to the 8-hour ECso value of PRC1584 in NF54-WT, was
selected to allow direct potency comparisons across analogs (Figure 2.6A). As expected, after an
8-hour treatment with 700 nM DHA followed by washout, recrudescence occurred after 3 to 5
days in the NF54-WT strain (DHA-sensitive) and within 1 to 4 days in the NF54-K13-C580Y
line (DHA-resistant) (Figure 2.6B-C, S7). In contrast, cultures treated with 500 nM PRC1584
showed markedly delayed or no recrudescence within 17 to 30 days post-treatment in both lines.
The variation between experiments was expected, as the concentration used was around the 8-
hour ECs value for NF54-WT strain and twice for the mutant line (Figure 2.6A). Similar results
were observed in the Dd2 and 4G strains, in which higher concentrations prevented
recrudescence (Figure S2.8). Notably, no recrudescence was observed in cultures treated with
500 nM PRC1697, regardless of the presence of the PfK13 mutation (Figure 2.6B-C). Consistent
with its higher 8-hour ECso value of 1364 nM for NF54-WT and 675 nM for NF54-K13-C580Y

line (Figure 2.4B; Table S2.1), parasites exposed to 500 nM PRC1664 resumed growth

55



immediately post-treatment in the NF54-WT strain, whereas a slight delay was observed in
NF54-K13-C580Y. Collectively, these findings indicate that an 8 h exposure to PRC1584 or
PRC1697 efficiently eliminates ring-stage P. falciparum parasites, thereby preventing

recrudescence beyond the 72 h period observed in DHA-treated cultures.
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Figure 2.6. Ring-stage recrudescence following short-term drug exposure. A) Schematic of the experimental design
used to monitor recovery following 8 h of drug exposure in highly synchronous ring-stage cultures (6-8 h post-
invasion), as detailed in the materials and methods section. Graph depicts the 8-hour ECsg values as shown in Figure
2.4B. Giemsa-stained thin blood smears were prepared daily to assess parasite morphology and viability. B)
Recrudescence outcomes for NF54-WT (DHA-sensitive) cultures following treatment with PRC1584, PRC1697,
PRC1664, or DHA (control). C) Recrudescence outcomes for NF54-K13-C580Y (DHA-resistant) cultures under the
same treatment conditions. Each panel shows data from a separate experiment, which was independently evaluated by
two microscopists under blinded conditions.

PRC1584 and its potent analog PRC1697 are active against DHA-induced dormant

parasites. There is increasing evidence suggesting that activity against artemisinin derivative-
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induced dormant rings should be considered the "gold standard" for evaluating potential partner

drugs'® 16:31-32_This property could enable the future development of novel ACTs even in the
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Figure S2.7. Initial ring stage recrudescence assays of parasites exposed to PRC1584 performed before PRC1664 and
PRC1697 were designed and synthesized. A) Schematic of the experimental design used to monitor parasite recovery
following 8 hours of drug exposure in highly synchronous ring-stage cultures (6-8 h post-invasion). After § hours of
treatment with 500 nM PRC1584 or 700 nM DHA, cultures were washed and maintained in drug-free medium.
Giemsa-stained thin blood smears were prepared daily to track parasite morphology and growth. X-axis is shown on
a logarithmic scale for the dose-dependent curves obtained after 8 hours of exposure to PRC1584. B) Recrudescence
profiles for NF54-WT (DHA-sensitive) cultures treated with PRC1584 (orange) or DHA (black). C) Recrudescence
profiles for NF54-K13-C580Y (DHA-resistant) cultures under the same treatment conditions (PRC1584, purple;
DHA, black). Each panel shows data from a separate experiment, which was independently evaluated by two
microscopists under blinded conditions.
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Figure S2.8. Ring-stage recrudescence assays with varying concentrations of PRC1584. A) Schematic of the
experimental design used to monitor recovery of parasite after 8 hours of drug exposure at different concentrations in
highly synchronous ring-stage cultures (6-8 h post-invasion). After drug removal, cultures were maintained in
drug-free medium and monitored daily by Giemsa-stained thin blood smears. X-axis is shown on a logarithmic scale
for the dose-dependent curves obtained after 8 hours of exposure to PRC1584. B) Recrudescence profiles for the Dd2
strain (K13-WT, DHA-sensitive) following treatment with PRC1584 at 500 nM (green circles), 1000 nM (green
squares), or 2000 nM (green triangles) compared to DHA at 700 nM (black circles). C) Recrudescence profiles for the
4G-K13-C580Y mutant strain (DHA-resistant) following treatment with PRC1584 at 500 nM (red circles) or 1000 nM
(red squares) compared to DHA at 700 nM (black circles). Each panel represents an independent experiment, with
parasitemia plotted as % infected erythrocytes over time after treatment.

context of ART-R as well as the advancement of new combinations. To assess whether these [3-

carbolines display activity against DHA-induced dormant parasites, we treated highly

synchronous ring cultures (6-8 h post-invasion) with 700 nM DHA for 8 h. Following
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incubation, drug was removed and incubated in drug-free media for 16 h to ensure that parasites
displayed morphological dormancy, at which time these parasites were treated with either
PRC1584, PRC1697, PRC1664 or DMSO (Figure 2.7A). Based on previous studies showing that

many antimalarials only delayed recrudescence!> !¢ 32

, indicating partial toxicity to persisters, we
selected a concentration of 1000 nM (approximately twice the 8-hour ECso value for PRC1584 in
NF54-WT) for these experiments. Following an initial 8-hour exposure to 700 nM DHA
(DHA/DMSO), recrudescence occurred at similar time points in both the NF54-WT strain and
the PfK13-C580Y mutant line, consistent with earlier observations (Figure 2.7B-C, S9).
Remarkably, when DHA-induced dormant parasites were subsequently treated with PRC1584 or
PRC1697, no proliferating parasites were detected for up to 20 days. These findings indicate that
both PRC1584 and PRC1697 effectively eliminate DHA-induced dormant parasites regardless of
DHA-sensitivity (Figure 2.7B-C). In contrast, treatment with 1000 nM PRC1664 delayed
recrudescence by only several days, suggesting partial toxicity to persisters. Furthermore,
delayed recrudescence was observed in W2 (artemisinin susceptible) and 4G strains following

treatment with PRC1664 or PRC1584, suggesting that factors unique to each strain may affect

the compounds’ efficacy against persisters (Figure S2.10).
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Figure 2.7. Effect of PRC1584 and related analogs on DHA-induced dormant parasites. A) Schematic of the
experimental design used to monitor recovery following 8 h of drug exposure in DHA-induced dormant P. falciparum
parasites, as detailed in the materials and methods. Graph depicts the 8-hour ECsg values as shown in Figure 2.4B.
Giemsa-stained thin blood smears were prepared daily to assess the parasite morphology and viability. B) Effects of
PRC1584 and its analogs (PRC1697 and PRC1664) on DHA-induced dormant parasites in the NF54-WT strain (DHA-
sensitive). C) Recrudescence outcomes for NF54-K13-C580Y (DHA-resistant) cultures under the same treatment
conditions. Each panel shows data from a separate experiment, which was independently evaluated by two
microscopists under blinded conditions.
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Figure S2.9. Effect of PRC1584 and PRC1664 on DHA-induced dormant parasites. A) Schematic of the experimental
design used to monitor parasite recovery following 8 hours of drug exposure in DHA-induced dormant cultures.
Highly synchronous ring stage parasites (6-8 h post-invasion) were first treated with 700 nM DHA for 8 hours (0—
8 h), washed, and 16 hours after DHA treatment was removed, parasites were treated with 1000 nM of PRC1584 or
PRC1664, or DMSO as control. Cultures were subsequently maintained in drug-free medium. Graph depicts the 8-
hours ECsg values as shown in Figure 2.4B. B) Recrudescence profiles for the NF54-WT strain (DHA-sensitive)
cultures treated with DHA followed by PRC1664 (orange squares), PRC1584 (orange circles), or DMSO (black
circles). C) Recrudescence profiles for the NF54-K13-C580Y strain (DHA-resistant) cultures under the same
treatment conditions (PRC1664, purple squares; PRC1584, purple diamonds; DMSO, black circles). Each panel shows
data from a separate experiment, which was independently evaluated by two microscopists under blinded conditions.
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Figure S2.10. Initial studies evaluating the effect of PRC1584 and PRC1664 on DHA-induced dormant parasites in
W2 strain (DHA-sensitive) and 4G-K13-C580Y mutant strain (DHA-resistant). A) Schematic of the experimental
design used to monitor parasite recovery following 8 hours of drug exposure in DHA-induced dormant cultures.
Highly synchronous ring stage parasites (6-8 h post-invasion) were first treated with 700 nM DHA for 8 hours (0-
8 h), washed, and 16 hours after DHA treatment was removed, parasites were treated with 1000 nM of PRC1584 or
PRC1664, or DMSO as control. Cultures were subsequently maintained in drug-free medium. B) Recrudescence
profiles for the W2 strain (DHA-sensitive) after treatment with DHA followed by PRC1664 (purple), PRC1584
(green), or DMSO (black). C) Recrudescence profiles for the 4G-K13-C580Y mutant strain (DHA-resistant) under
the same treatment conditions (PRC1664, purple; PRC1584, green, DMSO, black). Each panel represents an
independent experiment, with parasitemia plotted as % infected erythrocytes over time after treatment.

Discussion

Malaria remains a significant global health issue, with increasing drug resistance,
including ART-R, threatening current control efforts. A major challenge lies in the parasite's

capacity to survive treatment by entering a dormant state; artemisinin derivatives facilitate this
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dormancy and fail to fully eliminate it. A recent review described how temporary growth arrest
in P. falciparum ring-stage parasites, a non-genetic survival mechanism, contributes to ART-R,
underscoring the need for therapeutic strategies that can target growth-arrested ring stages, which
may underlie treatment failure and persistent infection®>. Recent studies describing improved
methods for isolating and characterizing P. falciparum blood-stage dormant parasites induced by
DHA further underscore the importance of effectively studying and targeting these forms>!.
Dormant parasites exhibit hallmarks of cellular quiescence/senescence and significant drug
resilience, providing insights into their capacity to evade current treatments, and reinforcing the
need for compounds capable of eliminating these populations'*. Recognizing that drugs may
show differential activity against proliferating ring stages versus quiescent or dormant parasites
has led to the development of specialized assays to specifically identify compounds effective
against these drug-resilient forms'> 3.

In this study, we provide a comprehensive characterization of a novel B-carboline class of
antimalarials, focusing on PRC1584 and the more potent analog PRC1697!7-'¥, These
compounds exhibited compelling activity against both proliferating ring stages and DHA-
induced dormant parasites. Our findings show that PRC1584 and PRC1697 exhibit robust
activity primarily against the asexual intraerythrocytic stages of P. falciparum (Figure 2.1), with
ECso values in the 60-200 nM range after 72 h of drug exposure across various strains with
diverse resistance profiles (Table S2.1)!"- ¥, Additionally, PRC1584 showed micromolar activity
against gametocytes and gamete formation, but had low activity against P. berghei liver
schizonts (Figure 2.1), positioning this class as a target candidate profile 1 (TCP-1) compound**,

Refractoriness to resistance selection is a highly desirable characteristic for any new

antimalarial®*, and a particularly valuable feature of PRC1584 is its remarkable resistance
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barrier. Rigorous in vitro resistance selection experiments employing various constant drug
pressure and pulsed-treatment protocols, consistently failed to yield resistant parasites, with a
MIR greater than 10° infected red blood cells, qualifying this compound as “irresistible”.
Furthermore, PRC1584 retained potent activity against a diverse panel of fresh P.

falciparum clinical isolates from Uganda, with a mean ECso value of 70 nM (range 26 to 177
nM), consistent with its activity against laboratory strains (Table S2.1). Combined with previous
findings confirming no cross-resistance with existing known mechanisms of resistance, these
data underscore the potential utility of this scaffold in endemic regions with prevalent multidrug-
resistant parasites’ >,

Detailed stage-specific assays revealed a monophasic survival profile, with the greatest
activity during late ring and early trophozoite stages. Remarkably, an 8-hour exposure to
PRC1584 during the early trophozoite stage yielded an ECso value approaching that of a
continuous 72-hour exposure (Figure 2.3; Table S2.1). Moreover, PRC1697 demonstrated even
greater potency against early rings (Figure 2.4), again approaching the 72-hour ECso value
(Table S2.1). Morphological assessments confirmed that PRC1584 arrested parasites at the early
trophozoite stage and PRC1697 at late rings, preventing further development (Figure 2.5), with
minimum effect on late trophozoite and schizont stages (Figure 2.3A). Biphasic survival curves
observed in later stages (Figure 2.3B) suggest that PRC1584 may act on two distinct molecular
targets that may be either functionally related or independent. The molecular target(s) of this
class appear to be vital for biological processes during rings and early trophozoite stages, with
lower activity in late trophozoites and schizonts, in which a second target may be active, leading
to the biphasic response observed. Importantly, the unique asexual blood stage-specific profile of

PRC1584 did not match that of any stage-specific profiles of the 36 clinical or experimental
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antimalarials profiled by Murithi and colleagues®*, suggesting a distinct, potentially novel
mechanism of action. The refractoriness to resistance of this class is a major plus for clinical
development, but it comes with the disadvantage of preventing ready determination of the
mechanism of action®>. Currently, we are conducting chemoproteomics studies aimed at
identifying potential molecular targets of this novel class.

An especially compelling and therapeutically significant finding is the unique collateral
sensitivity observed in the PfKelch13-C580Y background (Figure 2.4). ART-R, characterized by
delayed clearance and reduced drug susceptibility in ring stages, is associated with mutations in
the pfkelchl3 gene, with C580Y being the most prevalent mutation in Southeast Asia> 1°.
Strikingly, the C580Y mutation conferred significantly increased susceptibility to PRC1584
(Figure 2.4), with approximately 3-fold lower ECso values in the 4G strain (PfKelch13-C580Y)
compared to the Dd2 strain (PfKelch13-WT). This collateral sensitivity was confirmed in an
isogenic NF54 background and was not observed with other PfKelch13 (R539T) or Pfcoronin
(R100K-E107V) mutations, suggesting a specific association with the C580Y mutation
independent of reduced DHA sensitivity. A collateral drug sensitivity phenomenon has been
described in P. falciparum before, especially in the context of multidrug resistance protein 1
(PfMDR1)%¢. We recently reported the PAIMDR 1-G293V mutation as a key mediator of
stereospecific resistance to the tetrahydro-B-carboline antimalarial PRC1590, while
simultaneously conferring collateral sensitivity to other antimalarials®’. Such findings highlight
opportunities for drug cycling and combination therapies.

Beyond their activity against actively proliferating ring stage parasites, PRC1584 and
PRC1697 were highly active against DHA-induced dormant parasites. It is well established that

short exposure to DHA induces a dormant state in P. falciparum rings, with cultures typically
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recrudescing 3 to 4 days after DHA treatment removal®°. A recent study has shown that this
dormant state displays hallmarks of cellular quiescence/senescence and drug resilience, with a
unique transcriptional profile without resemblance to that of any normal parasite stages'*. Our
morphological assessments initially revealed that parasites treated with PRC1584 and PRC1697
displayed dormant-like features comparable to those observed following DHA exposure (Figure
2.5), characterized by small parasites with condensed chromatin and reduced cytoplasm.
However, we conducted ring-stage recrudescence assays and under this assay’s conditions,
exposure to 700 nM DHA for 8 h typically resulted in parasite re-emergence in culture within
days (Figure 2.6), while exposure to 500 nM PRC1584 for only 8 h either significantly delayed
or completely prevented recrudescence for up to 30 days, regardless of DHA sensitivity. The
variation between experiments was expected, as the concentration used was around the 8-hour
ECso value for the NF54-WT strain and twice that for the mutant line (Figure 2.6A). This ability
to prevent recrudescence from ring stages underscores the therapeutic potential of PRC1584 and
PRC1697. Targeting early ring stages is a highly desirable attribute for antimalarials, as these
forms may progress to either asexual or sexual (transmission) blood stages, or alternatively enter
dormancy under adverse conditions*. Furthermore, identification of dormant parasite forms
triggered by drug exposure during the asexual intraerythrocytic life cycle has recently gained
attention, and its molecular characteristics are only beginning to be understood'*. Therefore,
further research is necessary to determine at the molecular level whether PRC1584 and its
analogs induce dormancy equivalent to that associated with artemisinins.

Currently, there are no treatments available that specifically target the dormant blood
stages of P. falciparum. Notably, when specifically tested against DHA-induced dormant

parasites, both PRC1584 and PRC1697 completely eliminated parasites, with no recrudescence
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observed for up to 20 days irrespective of DHA sensitivity (Figure 2.7). In contrast, PRC1664
only delayed recrudescence, thus showing partial toxicity to persisters. Given that parasite
growth typically resumes within 3 to 5 days following DHA withdrawal, and -carboline analogs
were administered for only 8 h starting 16 h post-DHA treatment (Figure 2.7A), the observed
lack of recrudescence is unlikely to be attributable solely to effects on the proliferating ring-stage
parasites. Presumably the mechanism by which the novel compounds kill DHA-induced dormant
parasites is related to their toxicity to proliferating ring stages, and thus the lower asexual blood
stage potency of PRC1664 relative to PRC1584 and PRC1697 may come into play. It is also
possible that differences in lipophilicity may affect the ability of compounds to accumulate in
DHA-induced dormant parasites. As expected from the ethanolamine group present in PRC1664,
it is less lipophilic than PRC1584 and PRC1697 (calculated Log D values of 3.3, 3.5, and 4.1
respectively, CDD Vault, Collaborative Drug Discovery). This capability to kill asexual blood
stage dormant forms is a major advantage and positions this class as an ideal candidate for
inclusion in future artemisinin-based combination therapies. Nevertheless, confirmation of the
ability of PRC1584 and PRC1697 to clear dormant parasites in vivo in relevant animal models is
essential. In addition, our findings align with the growing body of research demonstrating the
importance of targeting dormant stages, highlight the utility of specialized approaches for
identifying such active compounds, and reinforce the crucial need to better characterize dormant
parasites!6: 3132,

Interestingly, the spiroindolone KAE609, which targets PFATP4, does not induce
dormant-like parasites but prevents recrudescence of DHA-induced dormant parasites>®.
Differently from PRC1584, KAE609 does not affect ring stages but is effective against early

trophozoites and later developmental stages?*. Thus, our data suggest that PRC1584 operates via
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a different mechanism than KAE609. Likewise, imidazolopiperazines such as GNF179
effectively kill both ring stages and DHA-induced dormant parasites in wild-type and K13-
mediated artemisinin resistant P. falciparum strains®*. However, imidazolopiperazines may act
through mechanisms different from those of PRC1584, as they are cidal against schizonts
whereas PRC1584 does not prevent merozoite formation (Figure 2.3A). Therefore, it is likely
that this class of B-carboline acts against distinct molecular targets in proliferating ring-stage
parasites compared to those in DHA-induced dormant parasites.

In summary, our study highlights a novel -carboline class with a high barrier to
resistance, potent activity against ring stages, and the ability to eliminate DHA-induced dormant
parasites. These attributes directly address critical challenges in malaria chemotherapy™. In
addition, the unique collateral sensitivity to PfKelch13-C580Y mutation offers a strategic
advantage, providing a potential therapeutic avenue to combat artemisinin resistance.
Importantly, the proven capacity of these compounds to eradicate DHA-induced dormant
parasites underscores their promise as optimal partner drugs for next-generation ACTs.
Continued research to identify specific molecular targets and refine this scaffold will be crucial

to achieving this goal.

Materials and Methods
Chemicals. Dihydroartemisinin was obtained from Sigma-Aldrich (St. Louis, MO). PRC1584,
PRC1697 and PRC1664 were synthesized and purified, as previously described!”- 8. All

compounds were reconstituted at 10 mM in DMSO.

Plasmodium falciparum cultures. The P. falciparum strain Dd2 (MRA-150), 3D7 (MRA-102)
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and NF54 (MRA-1000) were obtained from MR4 (ATCC, Manassas, VA; BEI Resources,
NIAID, NIH). The P. falciparum 4G strain containing the PfK13-C580Y mutation was kindly
supplied by Dennis Kyle?’. The P. falciparum NF54-PfK13-C580Y and Dd2-PfK13-R539T lines
were kindly supplied by David Fidock?®. The P. falciparum Pikine-Pfcoronin-R100K-E107V
mutant line and the parental Pikine strain were kindly supplied by Dyann Wirth**. All P.
falciparum strains were maintained in O" positive human erythrocytes (Grifols, Memphis, TN,
USA) at 5% hematocrit in RPMI 1640 media (Thermo Fisher Scientific, Waltham, MA)
containing 2 g/L glucose, 5.94 g/L HEPES, 2.3 g/L sodium bicarbonate, 5 g/L. Albumax I, and 50
mg/L hypoxanthine. All reagents were obtained from Sigma-Aldrich (St. Louis, MO). Media was
supplemented with 20 mg/L of gentamicin (Thermo Fisher Scientific, Waltham, MA). Parasite
cultures were maintained at 37°C under reduced oxygen conditions (5% CO2, 5% O2, and 90%
N2) with shaking. Highly synchronous ring stage cultures (>98%) were obtained through two

consecutive 5% sorbitol treatments (Sigma-Aldrich, St. Louis, MO) performed 6 hours apart.

In vitro selection of drug resistance. Resistance selection for PRC1584 was assessed using both
single-step and pulse methods as outlined in Figure S2.1?%37-4°, For the single step selection,
inoculums of 1 x 107 and 1 x 10° asynchronous parasites from newly cloned P. falciparum 3D7
strain were subjected to continuous drug pressure at twice and five times the 72 hours ECso value
(67 £ 5 nM), respectively. Each condition was performed in three independent cultures. For the
first 7 days, media containing PRC1584 was replaced daily, then every other day until day 14. A
parallel control culture was maintained under identical conditions with an equal volume of
DMSO. After 14 days, drug pressure was removed, and cultures were monitored daily by

Giemsa-stained smears with media changes every other day for 60 days. Fresh blood (50 pL)
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was added weekly to sustain culture viability.

For the pulse method (Figure S2.1), three independent inoculums of 1 x 10’
asynchronous or ring stage parasites from the same 3D7 clone were briefly pulsed with eight
times the ECso value of PRC1584 (400 nM) for 6 hours. Cultures were washed thrice with drug-
free media and transferred to a new flask. Parasites were allowed to recover to 1 x 107 parasites
and pulsed again with 400 nM PRC1584. Cultures underwent four cycles of recovery and

re-exposure; however, parasites ultimately failed to recrudesce after the fourth pulse.

P. falciparum morphological assessments. Ring stage NF54-WT strain parasite cultures (>98%)
were synchronized by two consecutive 5% sorbitol treatment (Sigma-Aldrich, St. Louis, MO),
administered 6 hours apart, 48 hours prior to the initiation of the experiment. All cultures were
maintained at 37°C under reduced oxygen conditions (5% COz, 5% O, and 90% N>) with
continuous shaking. To evaluate morphological alterations following drug treatment, compounds
were applied at specified concentrations and durations detailed in each figure legend. Thin blood
smears were prepared at designated time points, fixed with 100% methanol (Sigma-Aldrich, St.
Louis, MO, USA), and stained for 15 minutes using a 20% Giemsa solution (Sigma-Aldrich;
diluted in deionized water). Following smear preparation, parasites were immediately gassed and
returned to 37°C with shaking. Morphological growth phenotypes were assessed in biological

duplicates.

HepG2 and liver stage assays. HepG2 cells (Homo sapiens hepatoblastoma, ATCC) were

maintained in collagen-coated T-75 flasks with sugar-free DMEM (Gibco), supplemented with

10% FBS (Corning), 25 mM glucose (Millipore-Sigma), | mM sodium pyruvate (Corning), 5
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pg/mL penicillin, 5 pg/mL streptomycin, 10 pg/mL neomycin, and 2 mM L-glutamine (Gibco).
Cultures were incubated at 37°C in a humidified atmosphere containing 5% CO,. Cells were
detached using TrypLE (Gibco) once cultures reached 60—90% confluence. Cell density was
determined via trypan blue exclusion with a hemocytometer. Subsequently, 17,500 cells per well
were dispensed into collagen-coated 384-well plates (Greiner Bio-One) using a Biomek NXP?
automated workstation (Beckman Coulter), 24 hours prior to sporozoite infection.
Luciferase-expressing P. berghei ANKA strain GFP-Lucamal-eefla (line 1052¢l1) was
obtained from the Sporocore at the University of Georgia, as previously described*!. Sporozoites
were isolated according to established protocols, utilizing bicarbonate-free RPMI (KD Medical)
as the collection buffer*?. HepG2 cells were infected with 2,000 sporozoites per well. At three
hours post-infection, 40 nL of each compound dilution was transferred from dose—response
source plates to assay plates using a pin tool (V&P Scientific) mounted on a Biomek NX?,
achieving a final test concentration of 1x in media. The plates were incubated for 44 hours at
37°C in a humidified atmosphere containing 5% CO.. After incubation, plates were fixed with
4% paraformaldehyde (Thermo Scientific) in PBS for 20 minutes. Following fixation, the plates
were washed twice by adding and removing 20 uL of PBS per well. Plates were stained with 50
ng/mL mouse monoclonal antibody 13.3 (anti-GAPDH) sourced from The European Malaria

Reagent Repository (http://www.malariaresearch.eu) diluted in a permeabilization and blocking

buffer containing 0.3% Triton X and 1% BSA, and incubated overnight at 4°C. After three PBS
washes, plates were treated with 2 pg/mL goat anti-mouse AlexaFluor 488 (Invitrogen), diluted
in stain buffer, and incubated overnight at 4°C. Subsequently, three PBS washes were performed
before counterstaining with 10 pg/mL Hoechst 33342 (Invitrogen) at room temperature for 30

minutes, followed by two additional washes. Imaging was conducted using an ImageXpress
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Micro Confocal high content system (Molecular Devices). Schizont number and area were
normalized using positive (MMV390048) and negative (DMSO) controls, and hepatocyte nuclei

counts were used as an indicator of toxicity.

Determination of the Minimum Inoculum for Resistance (MIR) for PRC1584 based on
continuous drug pressure selection. This assay was conducted at Columbia University under a
contract with Medicines for Malaria Venture. The ECso and ECoo was first experimentally
determined in duplicate in the P, falciparum Dd2-B2 clone. Continuous drug pressure selection
was set up using 2 x 10° Dd2-B2 parasites in each well of a 96-well plate at a concentration of 3
x ECoo (408.3 nM). Parasites cleared within the first 4 days. Drug pressure was maintained at 3 x
ECoqo over 60 days, and cultures were screened three times weekly by flow cytometry and
smearing. Wells were considered positive for recrudescence when the overall parasitemia
reached 0.3%, and parasites were seen on a blood smear. No recrudescence was observed over
the course of this selection. The study was run alongside a DSM265 (57.5 nM) control, which

yielded 68 recrudescent wells out of 96 (MIR 2.8 x 10°, Log10 MIR 5.45).

P. falciparum male/female gamete formation assay. This assay was conducted at Imperial
College London under a contract with Medicines for Malaria Venture. This assay assesses the
viability of mature stage V gametocytes as reported by their ability to undergo onward
development and form gametes'® ***°. Compounds were incubated in a dose-dependent manner
with mature stage V gametocytes for 48 hours in 384 well plates before gamete formation was
triggered by a drop in temperature and addition of xanthurenic acid. Twenty-five minutes post-

triggering gamete formation, male gamete exflagellation was recorded and quantified by
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automated microscopy. The plates were then incubated at 26°C for a further 24 hours and the
female gamete formation of the same samples was assessed by live staining using a fluorophore-
conjugated aPfs25 antibody specific for female gametes and quantified by automated
microscopy. Gamete formation was expressed as a percent inhibition, taking into consideration
DMSO-negative control wells and 10 mM methylene blue-positive control wells, with methylene
blue being a potent inhibitor of the functional viability of male and female stage V gametocytes
as previously reported'®. This assay identifies compounds that either directly kill the male/female
gametocyte, or “sterilize” the male/female gametocyte thus preventing gamete formation or

interfere with the process of gamete formation itself.

Stage-specific gametocytocidal activity. This assay was conducted at the University of Pretoria
under a contract with Medicines for Malaria Venture. Gametocytes were robustly induced from
the PINF54-pfs16-GFP-luc reporter line. Drug assays were initiated on immature gametocytes on
day 5-6 (QC: >30% conversion, gametocytemia >3%, viable by hydroethidine staining, >90%
stage II/III distribution) or on mature gametocytes on day 13 (QC: gametocytemia ~3%, >95%
mature stage V gametocytes, functional gamete formation)*. For immature and mature
gametocytes, compounds were evaluated with 48 hours drug pressure (2% gametocytemia, 1.5%
hematocrit) at 37°C under hypoxic conditions (90% N2, 5% O, and 5% CO.). After 48 hours,
luciferase activity was measured in 20 pL parasite lysates by adding 50 uL luciferin substrate
(Promega Luciferase Assay System) at room temperature. Bioluminescence detection was
conducted with an integration constant of 10 seconds using the GloMax® Multi Detection

System, operated with Instinct® Software. Dose-response experiments include 9 points of two-

fold dilution per curve, a negative control (vehicle). Methylene blue at 5 mM (immature
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gametocyte inhibition: 97 + 5%; mature gametocyte inhibition: 93 + 2%) and MMV390048 at 5
mM (immature gametocyte inhibition: 98 + 1%; mature gametocyte inhibition: 97 £ 1%) were
used as positive controls. The ECso values were determined with a non-linear curve fitting
normalized to maximum and minimum inhibition (DMSO control wells), using GraphPad Prism
(GraphPad Software, Inc.). The assays were conducted in three biological replicates, each with

technical triplicates.

P. falciparum Growth Inhibition Assay. Dose-dependent growth inhibition with the reported
compounds was evaluated using a 10-point dilution series and the in vitro SYBR Green I assay
as a readout. Synchronous ring-stage parasites (1% starting parasitemia and 1% hematocrit) were
cultured in 96-well half-area dark plates and continuously exposed to each compound for 72 h at
37 °C under reduced oxygen conditions (5% CO2, 5% Oz, and 90% N2). After 72 h, parasite
growth was assessed by the SYBR Green I assay as previously described*’. SYBR Green I was
excited at 485 nm and its emission was measured at 535 nm using a Cytation5 plate reader
(Agilent Bio Tek). Parasite growth was normalized to that of untreated control parasites and
calculated as a percentage. The background was determined by using uninfected red blood cells
(RBCs).

Dose-dependent assays were performed in at least two biological replicates and two
technical replicates. Reported values represent the mean of biological replicates with the
standard error of the mean (SEM). Initial concentrations were optimized after compound
screening to ensure the ECso value fell within the tested range. DMSO concentrations were
maintained at <0.02% in all assays. Data were fitted using a four-parameter logistic dose-

response curve, and half-maximal effective concentration (ECso) values were calculated using
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GraphPad Prism (GraphPad Software, Inc.). Assays comparing ECso values across different

parasite lines were performed concurrently.

Dose-dependent Stage Specificity Assays. Stage-specific assays were performed as previously
described?* with slight modifications®’. Parasites of the P. falciparum 3D7 strain were
synchronized in the ring stage 48 h prior to the assay by two rounds of 5% sorbitol treatment
(Sigma-Aldrich, St. Louis, MO) with a 6 h interval between treatments. After parasites
completed one life cycle and reinvaded RBCs, an additional sorbitol treatment was performed on
the day of the assay to obtain highly synchronous early rings. Synchronized infected RBCs were
plated in five 96-well plates and sequentially exposed to compounds for 8-hour windows starting
at the following developmental stages: early rings (0-8 h), late rings (8-16 h), early trophozoites
(16-24 h), late trophozoites (24-32 h), and schizonts (32-40 h). After each exposure window,
compounds were removed by three rounds of washing with pre-warmed RPMI to avoid growth
delays, and infected RBCs were transferred to a new plate. Plates were incubated under standard
culture conditions, and parasite growth was assessed 72 h after the start of the assay using the
SYBR Green I assay as described above. A 72-hour continuous exposure dose-response curve
was included in parallel as control. Dose-response data were fitted using a four-parameter
logistic dose-response curve or, where appropriate, a biphasic dose-response, and ECso values
were calculated using GraphPad Prism (GraphPad Software, Inc.). Assays were performed in at
least two independent biological replicates, each with two to four technical replicates.

A similar experimental design was used to determine the ECso values in ring stages
following 6- or 8-hour exposure periods in a dose-dependent manner using different strains and

mutants. Assays comparing ECso values across different parasite lines were performed
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concurrently. These assays were performed in one or two independent biological replicates, each

with two to four technical replicates.

Modified Recrudescence and DHA-induced Dormancy Survival Assays. Recrudescence was
monitored in bulk cultures as previously described'?, with slight modifications (Figures 6A, 7A).
Parasites were synchronized twice with 5% sorbitol, with a 6 h interval between treatments.
Thirty-six hours after the final synchronization, 5 mL cultures of early ring stages (0-6 h post-
invasion) were adjusted to 3% parasitemia and 5% hematocrit and treated with DHA (700 nM),
PRC1584, PRC1697, or PRC1664 (500 nM) for 8 h at 37°C with shaking under reduced oxygen
conditions (5% CO2, 5% Oz, and 90% N2). Following incubation, parasites were washed three
times with pre-warmed complete RPMI media and transferred to new flasks containing drug-free
media. Thin blood smears were prepared every 24 h over a 15-30 day period, fixed with 100%
methanol (Sigma-Aldrich, St. Louis, MO, USA), and stained with 20% Giemsa for 15 min
(Sigma-Aldrich; diluted in deionized water). After smear preparation, cultures were immediately
gassed and returned to 37°C with shaking. Media was replaced every other day, and 50 puL of
fresh blood was added weekly. Recrudescence was assessed by light microscopy, scoring the
proportion of viable parasites with a normal morphology following drug removal. For each
condition, 10,000 erythrocytes were independently evaluated by two microscopists under blinded
conditions, and the results were reported as percentages.

The effect of PRC analogs on DHA-induced dormant parasites was assessed as
previously described'?, with slight modifications. Bulk cultures were synchronized and treated
with 700 nM DHA for 8 h as described above. At 24 h post-treatment, parasites were treated

with 1 uM of PRC1584, PRC1697, PRC1664, or DMSO (mock) for 8 h. Final DMSO
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concentrations did not exceed 0.02%. After incubation, parasites were washed three times with
pre-warmed complete RPMI media and transferred to new flasks containing drug-free media.

Recrudescence was monitored by light microscopy as described above for up to 30 days.

Ex vivo ECso Values against P. falciparum Field Isolates in Uganda. The activity of PRC1584
was tested against fresh clinical P. falciparum isolates using a 72-hour growth inhibition assay
with parasite DNA detection by SYBR Green I as previously described*” *®. These isolates were
collected in June and July 2018, from patients living in the Tororo and Busia Districts, Uganda,
who were newly diagnosed with P. falciparum malaria before antimalarial treatment was
administered. The studies were approved by the Uganda National Council of Science and
Technology, the Makerere University Research and Ethics Committee (SBS-REC 341), and the

University of California San Francisco Committee on Human Research (16-19084).
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CHAPTER 3

DISRUPTING HEMOGLOBIN UPTAKE: PRC1584’s MECHANISM OF ACTION AND
IMPLICATIONS FOR OVERCOMING ARTEMISININ RESITANCE

Haney, R.S., Mccord, H.T., Carlier, P.R., Cassera, M.B. To be submitted to a peer-reviewed

journal.
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Abstract

Our prior results demonstrated that PRC1584 exhibited greater potency in the PfKelch13-C580Y
lines compared to the wild type following brief exposure periods. Because Kelch13 localizes to
the cytostomal collar that mediates host-cytosol uptake, we have investigated the digestive
vesicle formation and function as a potential mechanism of action of PRC1584. To address this
hypothesis, we used the hemoglobin fractionation assay that separates hemoglobin, free heme,
and hemozoin crystals, and transmission electron microscopy (TEM) to assess the cytostome-
derived digestive vesicles and hemozoin content, in addition to a stepwise chemoproteomic
probe strategy to identify possible molecular targets. In parasites in late ring-early trophozoite
subjected to a 5 hours pulse, PRC1584 lowered the free heme:hemozoin ratio and reduced the
total heme (free heme + hemozoin) content, consistent with reduced cargo delivery to the
digestive vacuole rather than blocking hemozoin formation. By contrast, chloroquine increased
the free heme:hemozoin ratio while leaving the total-heme unchanged compared to control,
aligning with inhibition at hemozoin formation. Strikingly, parasites treated under the same
conditions with PRC1584 also displayed defective cytostomes, fewer cytostome-derived
digestive vesicles, and a marked loss of hemozoin crystals, including a higher fraction of
parasites completely lacking vesicles/crystals as assessed by TEM. Altogether, these findings
further support the biochemical observations and suggest that this class may disrupt hemoglobin

uptake and metabolism as part of, or as a consequence of its MOA. Furthermore, to enable

molecular target identification, we first developed a linker-only intermediate (PRC1859) to
verify that a modification was tolerated that showed modest potency loss and preserved genotype
selectivity, followed by the introduction of a diazirine—azide (PRC1860) which maintained the

the collateral drug sensitivity in the PfK13-C580Y mutant. The probe also showed specific
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labeling by western blot, establishing a quantitative engagement assay for downstream
enrichment and mass spectrometry analysis for future studies to identify molecular target(s)

candidate for target deconvolution.
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Introduction

Malaria remains one of the most devastating infectious diseases, causing over 600,000
deaths annually, predominantly due to Plasmodium falciparum'. Artemisinin-based combination
therapies (ACTs) have been the cornerstone of global malaria control, yet the emergence and
spread of artemisinin partial resistance and partner-drug resistance are eroding their effectiveness
2.3, Sustained progress in malaria control will depend on the discovery and development of novel
compounds with new mechanisms of action (MOA). Importantly, defining MOA early in the
drug discovery process improves target product profile (TPP) alignment, resistance-risk
prediction, and rational combination design® °. A persistent challenge in antimalarial discovery is
that phenotypic screens yield potent hits without direct insight into molecular targets. Parasite
responses to drug pressure often vary by developmental stage, complicating mechanistic
interpretation®. For example, compounds that induce quiescence or growth arrest in ring stages
may act through distinct biochemical pathways. This underscores the need to resolve MOA not
only at the molecular level but also at the cellular process level to assess the relevance of this
mechanism at each developmental stage.

Hemoglobin metabolism is a central process in P. falciparum to obtain amino acids and a
validated druggable target. Once merozoites invade erythrocytes, parasites ingest large quantities
of hemoglobin through a non-selective endocytic process that involves the invagination of both
the parasitophorous vacuole membrane and parasite plasma membrane, leading to the creation of
a cytostome. The collar at the cytostome is a specialized pore-like structure at the interface of the
parasite plasma and parasitophorous vacuolar membranes, required to constrict and pinch off the
invagination containing hemoglobin to form digestive vesicles. During the ring stage,

hemoglobin digestion begins at these digestive vesicles that will merge at the trophozoite stage to
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form a central digestive vacuole (DV)’. However, how the cytostome contents are transported to
the parasite’s DV remains to be experimentally confirmed®. In addition, free heme released
during proteolysis is detoxified by crystallization into hemozoin (Figure 3.1)*!'. The importance
of hemoglobin digestion for parasite growth was first demonstrated by Rosenthal and colleagues
in the 1990s, who identified key proteases mediating hemoglobin degradation'2. More recently,
Tutor and colleagues presented compelling evidence indicating that the Kelch13 protein (K13) is
localized at the collar of the cytostome and plays a direct role in hemoglobin uptake. Their
findings revealed that alterations in K13 protein levels lead to abnormal cytostomes and a
decrease in hemoglobin catabolism'®. These changes while impairing the parasite’s ability to
properly process and utilize essential nutrients from its host, also allow it to survive artemisinin
treatment since hematin is required for drug activation. As a result, the cytostome serves as a
pivotal mediator linking nutrient acquisition with both parasite survival and tolerance to

artemisinin.
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Figure 3.1 Hemoglobin Digestion and Artemisinin Activation. Schematic of hemoglobin uptake and digestion in
Plasmodium falciparum. Host hemoglobin is internalized via cytostomal endocytosis and trafficked to the parasite
food vacuole, where it undergoes proteolytic degradation by multiple parasite proteases. This process releases free
heme, which is rapidly oxidized to hematin. Artemisinin and related endoperoxides require hematin (or ferrous heme)
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for drug activation, linking hemoglobin catabolism directly to drug efficacy. To avoid heme toxicity, the parasite
detoxifies hematin by crystallizing it into inert hemozoin. Mutations in the K13 protein disrupt hemoglobin uptake,
thereby reducing hematin availability for artemisinin activation and contributing to partial drug resistance.

The K13 protein has emerged as one of the most consequential factors in modern malaria
biology. Identified in 2014 as the molecular marker underlying delayed clearance of artemisinin-
treated infections in Southeast Asia'#, K13 propeller mutations such as C580Y, R539T, and
Y493H are now used globally by the World Health Organization as surveillance markers for
artemisinin resistance® . The importance of K13 is thus twofold: it is not only a clinically
validated marker of drug resistance but also a protein essential for parasite survival'>. Although
its precise molecular functions were unclear at the time of its discovery, subsequent work
established that K13 localizes to endocytic structures at the parasite plasma membrane !> 1617,
Birnbaum and colleagues demonstrated that K13 defines a specialized endocytosis pathway,
directly linking the protein to hemoglobin uptake and vesicle trafficking!”. When K13 is mutated
or depleted, parasites display malformed cytostomes, reduced hemoglobin ingestion, and altered
flux of host material to the digestive vacuole'® !, These defects not only compromise
hemoglobin catabolism but also rewire parasite stress responses, particularly in early ring stages,
enabling survival after short artemisinin exposures®® 2!,

The centrality of K13 therefore extends beyond artemisinin resistance. It represents a
gatekeeper of hemoglobin endocytosis and a nexus between nutrient acquisition and drug
susceptibility. This dual role makes K13 both a global health surveillance marker and a
mechanistic clue for novel drug discovery. The collateral sensitivity we observed in PRC1584
treated P. falciparum C580Y mutants highlights this duality: mutations that reduces artemisinin
potency simultaneously increase the PRC1584 in vitro potency, suggesting that PRC1584 may

exploit vulnerabilities in the cellular pathways that K13 governs. As reported in Chapter 2,

PRC1584 demonstrated potent inhibition of asexual blood-stage P. falciparum parasites, with
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low nanomolar ECso values in the 72-h growth inhibition assays. In side-by-side comparisons,
the C580Y mutant line displayed lower ECso values than its wild-type counterpart, indicating
increased susceptibility under continuous exposure (Figure 3.2). We next evaluated the effect of
short drug exposures using a 8-h washout assay. PRC1584 retained strong activity under this
format, consistent with a rapid onset of action. In these assays, the PfK13-C580Y line again
showed heightened susceptibility relative to wild type, with significantly reduced parasite
survival following drug removal (Figure 3.2). RSAs further confirmed this trend, as well as the
quiescence survival assays (QSAs): while both strains exhibited a growth-arrest phenotype
following drug exposure, recrudescence occurred more slowly and less frequently in the C580Y
background and prevented recrudescence of DHA-induced dormant parasites (Chapter 2).
Importantly, this collateral sensitivity effect was specific to the PfK13-C580Y mutation. When
PRC1584 was tested against parasites carrying the R539T mutation in K13, no significant
difference in susceptibility was observed compared to wild type (Chapter 2). This indicates that
collateral sensitivity is not a universal feature of K13 mutations, but rather a mutation-specific
phenomenon associated with PfK13-C580Y. The uniqueness of this phenotype elevates its
significance: while C580Y is the most globally prevalent K13 mutation associated with

artemisinin resistance, it simultaneously creates a weakness that PRC1584 can exploit.
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Figure 3.2 Comparison of short- and long-exposure activity of PRC1584 and DHA.
Mean ECso £ SEM for 8 h pulse (washout) and 72 h continuous exposure. Under the 8 h pulse, PRC1584 was
significantly more potent in the NF54 K13-C580Y line than NF54 wild-type, consistent with collateral sensitivity;
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DHA showed high potency although decreased activity in the NF54 K13-C580Y line was not observed after 8 hours
exposure. Data are n = 2 biological replicates; ECso values compared by extra-sum-of-squares F-test (Holm—Sidak—
corrected).

PRC1584 is a B-carboline scaffold compound with low nanomolar potency across multiple P.
falciparum strains, and oral efficacy in rodent malaria models®%. Our previous work
demonstrated that PRC1584 exerts its strongest effects during the late ring to early trophozoite
stages, coinciding with peak hemoglobin metabolism, and induces a morphological
quiescent/pyknotic phenotype reminiscent of DHA exposure (Chapter 2). As mentioned above,
parasites carrying the K13-C580Y mutation, which typically confer resistance to DHA, exhibit
collateral sensitivity to PRC1584. This inverse relationship suggests that PRC1584’s MOA may
intersect with K13 cellular functions. Based on these observations, we hypothesize that PRC1584
disrupts hemoglobin uptake by perturbing cytostome formation or function, potentially through
interactions with K13 or its protein partners. This chapter integrates multiple lines of evidence
obtained through hemoglobin fractionation assays and electron microscopy with the previous
stage-specific survival analyses, to evaluate this hypothesis. In doing so, we aimed to establish
whether PRC1584 represents a novel class of antimalarials acting through the cytostome—

hemoglobin uptake cellular system.
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Results and Discussion

Reduced K13 protein levels in C580Y mutants

To investigate whether differences in PRC1584 susceptibility correlated with changes in K13
protein abundance, we compared K13 protein levels between NF54 wild-type and NF54 C580Y
parasites. Lysates were prepared from late ring/early trophozoite stage cultures, the window in
which PRC1584 shows peak stage-specific activity and analyzed by Western blot using an anti-
K13 antibody (E9 mAb)?!. K13 protein was readily detected in NF54 wild-type parasites (Figure
3.3). In contrast, K13 signal intensity was markedly reduced in NF54 C580Y mutant, consistent
with prior reports that this mutation destabilizes the protein'® 2!:23, Quantification of normalized
band intensities confirmed a statistically significant reduction in K13 abundance in the C580Y
background relative to wild type (p < 0.004) (Figure 3.3). These findings establish that the

C580Y mutation decreases steady-state K13 protein levels in the NF54 C580Y strain.
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Figure 3.3 K13 protein levels are reduced in NF54 C580Y parasites. Western blot analysis of K13 protein levels
in NF54 wild-type (WT) and C580Y mutant parasites. (A) Representative Western blot showing K13 (~85 kDa) and
BiP (~70 kDa) as a loading/parasite marker. (B) Corresponding Ponceau S staining of the same membrane, used for
total protein normalization (TPN). (C) Quantification of K13 band intensity normalized to total lane protein (Ponceau
S) and reported as relative to the wild-type level (set as 1.0). The bar represent mean + SEM from » = 5 independent
biological replicates; points represent individual experiments. (**) p < 0.004 calculated using an unpaired two-tailed
t-test on TPN-normalized K13 levels.
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PRC1584 Disrupts Hemoglobin Uptake and Catabolism

K13 localizes at the cytostomal collar that mediates host-cytosol uptake and while C580Y
parasites retain K13 at this site, the K13 protein abundance and the overall endocytic flux of
hemoglobin can be reduced'®?* 2, In addition, experimental mislocalization/depletion of K13
disrupts uptake and arrests development, highlighting the collar’s functional role'*>. PRC1584
exhibited C580Y-specific collateral sensitivity, thus, we hypothesize that this endocytic
reduction makes hemoglobin uptake and metabolism more susceptible to inhibition by PRC1584.

To quantify the effect of PRC1584 on hemoglobin digestion, we performed a hemoglobin
fractionation assay that separates intact hemoglobin, free heme, and crystalline hemozoin?®?’.
Synchronized late ring/early trophozoite parasites were exposed to either 5 uM of PRC1584 or 1
uM of chloroquine (CQ) for 5 h before fractionation. Because free heme and hemozoin are two
forms of the same hemoglobin-derived heme (free heme is soluble and toxic; hemozoin is the
crystalline, sequestered form), we defined ‘total heme’ as equal to free heme + hemozoin. We
computed the within-sample free heme:hemozoin ratio (free heme + hemozoin) and expressed
treatment effects as ratioeated = ratiopmso (reported as ‘x the DMSO level’). PRC1584 reduced
the free:hemozoin ratio to 0.18x DMSO (95% CI 0.06—0.52; one-sample test on log-folds vs 1;
Holm-Sidak—corrected p = 0.021), whereas CQ was 2.7x DMSO (95% CI 0.30-24; p = 0.358).
We also reported the Foldbudget, defined as the fold-change in total heme (free heme +
hemozoin) relative to DMSO; it indicates whether the overall heme content increased, decreased,
or remained the same compared to the control. PRC1584 yielded a FoldBudget <1 (total heme
decreased), whereas the CQ FoldBudget was ~1 (no net change) over the 5 h drug pulse (Figure

3.4).
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Together, these data indicate that PRC1584 impairs hemoglobin uptake/vesicular
delivery upstream of hemozoin formation, whereas CQ acts at hemozoin crystal formation.
Although hemoglobin digestion in early rings is slow, digestion occurs in the parasite’s acidic
digestive vesicles; within a 5-h pulse, PRC1584 reduced both free heme and hemozoin,
consistent with an upstream block in hemoglobin uptake or vesicle formation, where hemoglobin
is degraded and heme is crystallized into hemozoin'® ?®. By contrast, CQ, whose readout depends
on ongoing heme release, did not show a detectable rise in free-heme under the same early-ring
conditions, consistent with slow hemoglobin digestion at this stage and the assay’s detection
limit over a 5-h pulse (small effects may fall below the observable range).

By reducing the hemoglobin flux from the host RBC cytosol through the cytostomal
collar into endocytic vesicles and onward, PRC1584 phenocopies the metabolic defects reported
for K13-deficient parasites'®. This biochemical disruption aligns with PfK13-C580Y collateral
sensitivity and with the ultrastructural evidence of cytostome disruption presented below,
providing a mechanistic link between cytostome integrity, endocytic flux, and the heme

detoxification landscape observed here.
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Figure 3.4 PRC1584 reduces the total heme pool without increasing the free-heme:hemozoin ratio. Synchronized
late ring/early trophozoite—stage parasites were treated for 5 h with PRC1584 (5 uM), chloroquine (1 pM), or DMSO.
Total heme pool (Free heme + Hemozoin) and the free heme:hemozoin ratio were quantified by fractionation and
normalized to the matched DMSO control from each experiment (DMSO = 1). The free heme:hemozoin ratios were
calculated as (Free heme + Hemozoin)ircatea + (Free heme + Hemozoin)pwso, yielding a fold change relative to DMSO.
Points represent individual biological replicates (n = 4); bars show mean + SEM. Fold changes were analyzed on the
logio scale using two-tailed one-sample t-tests versus 0, with Holm—Sidak correction for multiple comparisons; results
are plotted on the linear (fold-change) scale.

PRC1584 Disrupts Cytostome Formation, Digestive Vesicle Formation, and Hemozoin
Crystallization.

To directly quantify the impact of PRC1584 on parasite endocytosis and hemoglobin
digestion, we systematically scored digestive vesicles and hemozoin crystals from transmission
electron micrographs (TEM) of synchronized late ring/early trophozoites exposed to 5 uM
PRC1584 or DMSO as control for Sh. We selected this stage, duration, and concentration to (1)
match the peak PRC1584 activity window from our stage-specificity assay and (ii) remain
directly comparable to our fractionation assays, enabling cross-modal interpretations of uptake

and DV phenotypes. In the DMSO-treated controls, parasites typically contained one to three
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distinct cytostome-derived digestive vesicles within the cytoplasm (Figure 3.5B), consistent with
active hemoglobin uptake. Correspondingly, well-defined cytostome structures could be
visualized at the parasite periphery, with characteristic invaginations of the plasma and
parasitophorous vacuolar membrane that give rise to endocytic vesicles (Figure 3.5A). In
contrast, PRC1584-treated parasites frequently lacked cytostomes altogether, and those that
remained appeared malformed or incomplete, with irregular membrane curvature and aborted
vesicle formation (Figure 3.5A). When digestive vesicles were present, they appeared fewer in
number and smaller in size compared to controls. Quantitative analysis confirmed a significant
reduction in the mean number of vesicles per parasite in PRC1584-treated samples (Figure 3.6A)
(Control: 1.48 £0.13, n=112; PRC1584: 0.575 + 0.776, n = 120; Welch’s #-test, p = 0.0001;
Mann—Whitney, p = 0.0001.). A similar pattern was observed when assessing hemozoin
biocrystallization. In controls, parasites displayed readily identifiable hemozoin crystals within
digestive vesicles (Figure 3.6A), consistent with robust hemoglobin digestion. These crystals
varied in size but were consistently present. By contrast, PRC1584-treated parasites contained
markedly fewer crystals, with many digestive vesicles appearing empty or containing only faint
electron-dense material. Some parasites displayed malformed DVs in which the expected
crystalline structures were entirely absent. Quantification revealed a sharp reduction in the mean
number of hemozoin crystals per parasite under PRC1584 treatment (Figure 3.6A) (Control: 1.2
+0.221,n=112; PRC1584: 0.101 + 0.048, n = 120; Welch’s ¢-test, p = 0.0001; Mann—Whitney,

p=0.001).
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Figure 3.5. PRC1584 disrupts cytostomal endocytosis at ring stage and prevents vesicle and hemozoin formation in early trophozoites.

(A) Transmission EM of ring-stage parasites treated with DMSO (left) or PRC1584 (right). DMSO controls show intact cytostomes with a defined cytostomal
collar. PRC1584-treated rings exhibit malformed cytostomes with little to no associated endocytic vesicles, consistent with impaired hemoglobin uptake. (B) Serial
cross sections of early trophozoites treated with DMSO as control and PRC1584. Controls display clear endocytic digestive vesicles containing characteristic
hemozoin crystals. PRC1584-treated trophozoites lack endocytic vesicles across consecutive sections and do not exhibit hemozoin crystals, indicating disrupted
hemoglobin metabolism. All images are shown at matched magnification; scale bars, 500 nm.

97



To capture the presence/absence aspect of the phenotype, we also calculated the
proportion of parasites completely lacking vesicles or crystals. Only a minority of control
parasites were vesicle-negative (28%), whereas 54% of PRC1584-treated parasites contained no
digestive vesicles at all (Figure 3.6B). This difference was statistically significant (Fisher’s exact
test, p = 0.0001). A similar trend was observed for hemozoin crystals: only 65% of control
parasites lacked crystals, compared to 95% of PRC1584-treated parasites (Fisher’s exact test, p =

0.0001) (Figure 3.6B).
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Figure 3.6 PRC1584 reduces the number of digestive vesicles and displays a marked reduction in hemozoin
crystal formation.
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(A) Quantification of cytostome vesicles and hemozoin crystals from transmission electron micrographs of DMSO-
treated control parasites and PRC1584-treated parasites. PRC1584 treatment resulted in a significant reduction in
vesicle counts compared to controls (Welch’s t-test, p = 0.0001), with results consistent using a nonparametric Mann—
Whitney test (p =0.0001). (n =112 Control, n =120 PRC1584). Bars indicate mean + SEM. Hemozoin crystal counts
were significantly lower in PRC1584-treated parasites relative to controls (Welch’s t-test, p = 0.0001; Mann—Whitney,
p = 0.0001). (B) Percentage of parasites lacking vesicles or parasites lacking hemozoin crystals. Bars show the
proportion of parasites that contain visible vesicles parasites or hemozoin crystals. PRC1584 significantly increased
the fraction of parasites without vesicles (Fisher’s exact test, p=0.0001) as well as significantly increased the fraction
of parasites without crystals (Fisher’s exact test, p = 0.0001).

Vesicle quantification supports a model in which PRC1584 disrupts hemoglobin uptake
and catabolism, ultimately impairing hemozoin biocrystallization. This interpretation is
reinforced by the biochemical fractionation assays described above, which showed decreased
accumulation of both heme and hemozoin in PRC1584-treated samples. Together, these data
indicate that this compound class perturbs hemoglobin uptake and metabolism as a key

component or consequence of its mechanism of action.

Elucidating PRC1584°s Molecular Target(s): A Chemoproteomics Approach

While EM and fractionation assays suggest the cytostome and hemoglobin metabolism as
part of the MOA, these phenotypes do not specify the molecular target(s) of PRC1584. Since the
observed phenotypes link PRC1584’s effect to hemoglobin uptake and early vesicle formation,
we focused on a chemoproteomic approach to identify potential molecular targets for further
target selection and validation. This work laid the groundwork for ongoing chemoproteomics

studies.
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Probe Design and Functional Validation
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Figure 3.7. PRC1860 synthesis and 72 h ECso values. Bars show mean ECso £ SEM across biological replicates.
Differences in the ECso values (NF54-WT vs NF54-K13-C580Y) were tested by extra-sum-of-squares F-test from a
global 4-parameter logistic fit (Top/Bottom/Hill shared; logIC50 separate): **** P<0.0001 for all compounds. Bracket
labels indicate fold change (K13-C580Y/K13-WT).

We used a stepwise probe design to minimize artifactual readouts. First, we synthesized
PRC1859, a minimally perturbed linker-only intermediate that installs the attachment scaffold at
the chosen position on the B-carboline core but omits the photo/click functionality. PRC1859
serves three purposes: (1) it tests site tolerance, verifying that modification at this position
preserves on-pathway pharmacology (< 2—4x ECsg shift, parent-like morphology); (ii) it isolates
linker effects from photochemistry and copper-click chemistry, ensuring that any loss of activity
is not due to the appended tether itself; and (iii) it provides a clean competition control matched
in core structure and permeability to the probe. Only after PRC1859 satisfied these checks, the

qualified diazirine-azide (QDA) probe was synthetized (PRC1860), enabling UV-triggered
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capture and CuAAC click reaction for protein enrichment while retaining the validated activity
profile.

Continuous exposure to all three compounds yielded dose-dependent growth inhibition,
with 72 h ECso values for NF54 WT and C580Y shown in Figure 3.7. As reported before in
chapter 2, The parent B-carboline, PRC1584, showed collateral sensitivity in NF54 K13-C580Y
versus NF54 WT with ECsoWT = 52 + 8 nM and EC50C580Y =37 £ 8 nM, (C580Y/WT =
0.71x; ~1.41-fold lower). A global 4-parameter logistic fit with Top/Bottom/Hill shared across
genotypes indicated the ECso values were statistically different (extra-sum-of-squares F-test, p <
0.0001). The intermediate scatfold PRC1859 retained this pattern with intermediate potency:
ECsoWT =83 + 10 nM, EC50C580Y =61 +4 nM (C580Y/WT = 0.73x; ~1.37-fold lower and the
ECso values were statistically different by extra-sum-of-squares F-test (p < 0.0001). PRC1859
was modestly less potent than PRC1584 (1.6-fold and 1.65-fold higher ECso in WT and K13-
C580Y, respectively) but maintained the same genotype selectivity, with lower ECsos in K13-
C580Y than WT. The analog PRC1860 containing the diazirine—azide modification likewise
preserved both overall potency and genotype selectivity: ECsoWT =376 + 2 nM, EC50C580Y =
258 =3 nM (C580Y/WT = 0.69x%; ~1.45-fold lower; ECso values were statistically different by
sum-of-squares F-test (p < 0.0001). Relative to PRC1584, PRC1860 was substantially less
potent, with ECso values increased by 7.23-fold in WT and 6.97-fold in K13-C580Y parasites
(approximately sevenfold in both lines). Despite this decrease in potency, PRC1860 preserved
the PRC1584 selectivity pattern, with lower ECso values in K13-C580Y than in WT, which we
considered an acceptable trade-off for a functional photoaffinity probe. Together, these data

show that while the addition of the diazirine—azide handle reduces potency, it does not alter the
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key biological signature of greater potency in K13-C580Y mutant line supporting that the

PRC1860 probe retains a similar mode of action.

PRC1860 Morphological Phenotyping

Having established that PRC1859 and PRC1860 preserve collateral drug sensitivity, with
consistently lower ECso values in NF54-K13-C580Y than NF54-WT, we next assessed whether
the morphologic consequence of PRC1584 exposure is likewise retained after QDA tagging. We
hypothesized that probe analogs would also phenocopy PRC1584-induced dormancy-like
phenotype described in chapter 2; any divergent phenotype would suggest off-target effects. To
test this, we collected samples from both NF54-C580Y and NF54-WT cultures that were treated
with PRC1584 (1 uM), PRC1859 (1 uM), and 1860 (5 uM). Giemsa-stained smears were
prepared from samples collected at 0, 24, 48, and 72 h during continuous drug exposure to assess
hallmark features of drug-induced quiescence: small pyknotic parasites with condensed nuclei

and reduced cytoplasm relative to DMSO controls.
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Figure 3.8 PRC1860 retains PRC1584-like Morphological Dormancy Phenotype. Representative Giemsa smears
collected at 24-h intervals during 72-h exposure show PRCI1584-like dormancy (pyknotic/quiescent forms) for
PRC1859 and PRC1860, while DMSO controls progress normally.

Across the 72-h continuous exposure window, Giemsa-stained smears obtained from
treated cultures showed that the intermediate scaffold (PRC1859) and the QDA-tagged
photoaffinity analog (PRC1860) recapitulated PRC1584-like morphologies consistent with drug-
induced dormancy-like morphological phenotype. Treated cultures displayed an enrichment of
pyknotic/quiescent forms, condensed nuclei with reduced cytoplasm, whereas DMSO controls
progressed normally through ring— trophozoite — schizont stages (Figure 3.8). The qualitative
phenotype tracked the potency ranking (PRC1584 > PRC1859 > PRC1860) and was more
apparent in K13-C580Y mutant than NF54 WT strain at matched concentrations, mirroring their
lower ECso values. The sustained PRC1584-like morphology across days indicates on-target
behavior for both analogs and makes it unlikely that QDA tagging introduced an off-target
cytological artifact. On this basis, PRC1860 is considered a suitable chemoproteomics probe for

downstream photoaffinity labeling and protein target capture.

Photoaffinity Labeling Optimization by Western Blot

To validate that the QDA-tagged probe is able to capture target(s) under in vivo (live
parasites), we established a labeling workflow (Figure 3.9). Cultures enriched with late ring/early
trophozoite stages were treated with PRC1860 or DMSO, followed by UV in vivo crosslinking to
the potential protein targets. Parasites were then freed from the host erythrocyte by saponin

treatment and lysed by snap-freeze/shear in NP-40 buffer with to release the protein content.

103



Chemoproteomics
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Figure 3.9 PRC1860 design, workflow, and results obtained by western blot. Initial blot detection of PRC1860
labeling in whole cell parasites. Streptavidin—LI-COR reveals probe-labeled bands in PRC1860-treated samples, with
no detectable bands in DMSO controls.

Protein lysates were subjected to copper-catalyzed azide—alkyne cycloaddition (CuAAC)
using azide-PEG3-biotin and a pre-mixed catalyst system added in a fixed order (biotin azide —
TCEP — TBTA — CuSO0s). Reaction mixtures were incubated for 1 h at room temperature. To
establish workable CuAAC conditions, we varied a small set of reaction parameters (protein
load, detergent strength, and blocking reagent) and monitored labeling qualitatively by Western
blot. Under selected conditions, PRC1860-treated samples displayed clear, probe-dependent
labeling, whereas DM SO controls showed no detectable signal. Increasing protein load produced
proportionally stronger bands and using a slightly higher non-ionic detergent concentration
improved signal clarity, consistent with better solubilization rather than nonspecific background.

These observations confirm that PRC1860—protein adducts can be captured by CuAAC
and visualized by Western blot in whole-parasite lysates. Although we did not perform a full

quantitative optimization series, the qualitative improvements in signal intensity and low
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background in DMSO controls provided a robust set of conditions for downstream probe

development and future mass spectrometry—based target identification workflows.

Discussion

Summary of findings.

Across short-pulse and continuous exposures, PRC1584 produced a coherent mechanistic
signature: (1) collateral sensitivity in NF54 K13-C580Y versus NF54 WT as evidenced by lower
ECso values in PfK13-C580Y mutant parasites across both 8 h and 72 h dose-dependent growth
inhibition assays (Figure 3.2), (i1) no increase in free-heme:hemozoin ratio despite a reduction in
total heme (Figure 3.4), and (iii) ultrastructural and cytological defects consistent with failure of
cytostomal endocytosis and hemoglobin metabolism, including fewer digestive vesicles and loss
of hemozoin crystals (Figures 3.5-3.6). TEM and fractionation assay sample sizes are modest, so
results should be considered alongside effect sizes and consistency among methods. Together,
these data favor a model in which PRC1584 impairs hemoglobin uptake and digestive vesicle
formation, starving the parasite of protein precursors rather than provoking a heme-burst toxicity.
In addition, the PRC1584-derivative probe (PRC1860) developed for future chemoproteomic
analysis conserved PRC1584’s biological fingerprint by inducing the dormant-like phenotype
when added in ring stage. The intermediate analog PRC1859 maintained genotype selectivity
with modest potency loss. The diazirine—azide probe PRC1860 also retained rank-order potency
in PfK13-C580Y when compared to the WT strain (Figure 3.7) and a probe-specific labeling
pattern was observed by western blot (Figure 3.9). However, it is important to mention that
photoaffinity techniques tend to favor proteins that are plentiful, easily accessible, and located

near membranes, whereas copper-click chemistry results may vary depending on the presence of
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matrix chelators and the type of detergent used. Thus, results must be validated through

orthogonal approaches including competition with its precursor, active and inactive analogs.

Proposed Mechanism of action of PRC1584.

Based on the results described above, we propose that PRC1584 acts potentially by affecting the
cytostome formation that ultimately prevents the formation of the DV in the malaria parasite. In
this model, drug engagement reduces the flux of host hemoglobin by limiting the formation of
digestive vesicles, thereby diminishing hemozoin formation by lowering the total heme pool
available for crystallization without increasing the free-heme:hemozoin ratio as supported by the
observation of empty digestive vesicles by electron microscopy. This substrate deprivation for
protein synthesis may cause the quiescent/pyknotic forms observed when parasites in ring stage
are exposed to PRC1584 or its analogs. The collateral sensitivity observed in the PfK13-C580Y
mutant further supports this hypothesis as PfK 13 localizes to the cytostomal collar and supports
endocytic uptake!”-?!. Moreover, PfK13-C580Y mutant parasites exhibited reduced K13 protein
levels (Figure 3.3) as described before** which has been linked to a reduced formation of
digestive vesicles?®. Therefore, PRC1584 further perturbs this already strained pathway,
producing greater apparent potency in the PfK13-C580Y mutant when compared to K13-WT
parasites.

It should be noted that PRC1584 exhibits a distinct mode of action compared to DHA.
Although the potency of PRC1584 increases during the late ring and early trophozoite stages—
coinciding with maximum hemoglobin uptake—and it shares a similar morphological phenotype
as outlined in Chapter 2, its mechanism remains differentiated. This distinction will matter when

comparing recrudescence and partner-drug hypotheses in Chapter 4.
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Alternative hypotheses of PRC1584 mode of action.

Three alternatives hypothesis deserve consideration. First, PRC1584 might primarily affect
vesicle release rather than cytostome formation per se; the EM evidence shows malformed
collars and paucity of vesicles but cannot by itself differentiate entry versus delivery of vesicles.
Second, decreased pigment could, in principle, reflect altered pH/protease activity in the
digestive vesicles rather than reduced cargo. The free-heme:hemozoin ratio argues against
catastrophic disruption of heme detoxification but does not exclude more modest alterations in
hemoglobin uptake, vesicle formation, or trafficking dynamics. Third, our probe might be
interacting with more than one protein, not due to unspecific interactions, but because the real
target sits in a tiny cluster of proteins that work shoulder-to-shoulder at the cytostome (the
collar/tether/fusion machinery). When we expose the diazirine to UV, it makes an ultra-short-
lived ‘sticky’ species that reaches only a few atoms’ distance. Meaning, if the probe is bound to
one protein, the UV step can weld it either to that protein or to an immediate neighbor that’s
touching it. In other words, a single true binding event can leave covalent footprints on several
members of the same physical complex. That’s why we may see multiple labeled bands even if

there is only one pharmacologic target.

Conclusions

PRC1584 drives a convergent phenotype: malformed cytostomes, reduced digestive vesicle
formation, and absent pigment that is consistent with inhibition of the hemoglobin-uptake
pathway rather than direct disruption of heme detoxification, which is further supported by the

collateral drug sensitivity and reduced K13 protein levels observed in the PfK13-C580Y mutant.
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A stepwise probe strategy development produced a diazirine—azide probe (PRC1860) that retain
the parent’s biological fingerprint while enabling specific labeling for future chemoproteomic
mapping. While future work is guaranteed to identify PRC1584 molecular target(s), the
integrated data justify a target-neighborhood model centered on cytostome formation and vesicle

formation.

Methods
Chemicals. Dihydroartemisinin and chloroquine were obtained from Sigma-Aldrich (St. Louis,
MO). PRC1584 was synthesized and purified, as previously described?? ?°. All compounds were

reconstituted at 10 mM in DMSO, except for chloroquine which was reconstituted in water.

Plasmodium falciparum Cultures. The P. falciparum strain NF54 (MRA-1000) were obtained
from MR4 (ATCC, Manassas, VA; BEI Resources, NIAID, NIH). The P. falciparum NF54-
PfK13-C580Y strain were kindly supplied by David Fidock?'. All P. falciparum strains were
maintained in O positive human erythrocytes (Grifols, Memphis, TN, USA) at 5% hematocrit in
RPMI 1640 media (Thermo Fisher Scientific, Waltham, MA) containing 2 g/L glucose, 5.94 g/L
HEPES, 2.3 g/L sodium bicarbonate, 5 g/L. Albumax I, and 50 mg/L hypoxanthine. All reagents
were obtained from Sigma-Aldrich (St. Louis, MO). Media was supplemented with 20 mg/L of
gentamicin (Thermo Fisher Scientific, Waltham, MA). Parasite cultures were maintained at 37°C
under reduced oxygen conditions (5% CO2, 5% O2, and 90% N3) with shaking. Highly
synchronous ring stage cultures (>98%) were obtained through two consecutive 5% sorbitol

treatments (Sigma-Aldrich, St. Louis, MO) performed 6 h apart.
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P. falciparum Growth Inhibition Assay. Dose-dependent growth inhibition with the reported
compounds were evaluated using a 10-point dilution series and the in vitro SYBR Green I assay
as a readout. Synchronous ring-stage parasites (1% starting parasitemia, 1% hematocrit) were
cultured in 96-well half-area dark plates and continuously exposed to each compound for 72
hours at 37 °C under reduced oxygen conditions (5% COz, 5% O, and 90% N3). After 72 hours
of incubation, parasite growth was assessed by the SYBR Green I assay as previously
described®®. SYBR Green I was excited at 485 nm, and its emission was measured at 535 nm
using a Cytation5 plate reader. Parasite growth was normalized to untreated control parasites and
calculated as a percentage. Background was determined using uninfected red blood cells (RBCs).
Dose-dependent assays were performed in at least two biological replicates and two
technical replicates. Reported values represent the mean of biological replicates with standard
error of the mean (SEM). Initial concentrations were optimized after compound screening to
ensure the ECso fell within the tested range. DMSO concentrations were maintained <0.02% in
all assays. Data were fitted using a four-parameter logistic dose-response curve, and half-
maximal effective concentration (ECso) values were calculated using GraphPad Prism (GraphPad
Software, Inc.). Assays comparing ECso values across different parasite lines were performed
concurrently. 8-hour washout assays were performed as described above with modifications.
Parasites of the P. falciparum NF54 WT and C580Y strains were synchronized in the ring stage
48 h prior to the assay by two rounds of 5% sorbitol treatment (Sigma-Aldrich, St. Louis, MO)
with a 6 h interval between treatments. After parasites completed one lifecycle and reinvaded
RBCs, an additional sorbitol treatment was performed on the day of the assay to obtain highly
synchronous early rings. Synchronized infected RBCs were plated in 96-well plates and

sequentially exposed to compounds for 8-hours. After incubation, compounds were removed by
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three rounds of washing with pre-warmed RPMI to avoid growth delays, and infected RBCs
were transferred to a new plate. Plates were incubated under standard culture conditions, and
parasite growth was assessed 72 h after the start of the assay using the SYBR Green I assay as
described above. A 72-hour continuous exposure dose-response curve was included in parallel as
control. Dose-response data were fitted using a four-parameter logistic dose-response curve and
ECso values were calculated using GraphPad Prism (GraphPad Software, Inc.). Assays were
performed in at least two independent biological replicates, each with two to four technical

replicates.

Parasite extraction from red blood cells. Samples for western blots and fractionation assays
were prepared by growing synchronized ring-stage P. falciparum NF54 WT and NF54 C580Y to
15-20% parasitemia at 5% hematocrit (late ring/early trophozoite stages). Then, the parasites
were incubated for 5 hours with either 5 uM PRC1584, 1 uM CQ, or an equal amount of DMSO
for fractionation assays. For WBs, parasites were not treated with any conditions. After
incubation, cultures were spun down, and the remaining supernatant was aspirated off. Then,
cultures were treated with 0.1% saponin in 1X Phosphate buffered saline (PBS) to lyse RBCs.
Samples were then again spun down, creating a pellet of parasites. These parasite lysate pellets
were then washed three times with 1X PBS to remove remaining red blood cell debris and stored

at —80 °C until ready for use.

Western Blotting and PfK13 Protein Level Quantification. Equal amounts of NF54 WT or

NF54 C580Y parasite pellet, prepared as above, were loaded onto Mini-PROTEAN® TGX™

Precast Protein Gels (Bio-Rad Laboratories, Hercules, CA, USA). A total of 10 pl of Protein
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Plus Kaleidoscope Ladder (Thermo Scientific) were run alongside samples as the molecular
weight standard. Proteins were then separated in 1x TGS buffer (Thermo Scientific) for 25
minutes at 180 V. Bands were transferred onto a nitrocellulose membrane using iBlot®-2
Transfer System (Thermo Fisher Scientific, Waltham, MA, USA). Total protein was visualized
on the membrane by Ponceau-S to ensure equal sample loads>!. Pictures were transformed into
8-bit ImageJ??, and the total protein stain density was quantified by measuring the densitometry
of all the bands per lane. The membrane was destained in distilled water and blocked in LI-COR
Intercept Blocking Buffer (Thermo Scientific Chemicals). We used a monoclonal K13 antibody
(E9 clone; kindly provided by David Fidock) at a dilution of 1:1000 in Intercept Blocking Buffer
rocking overnight at 4°C. The membrane was rinsed in PBST, incubated in 1:20,000 dilution of
IRDye 800CW or IRDye 680RD secondary antibody (LI-COR Biotech) in Intercept Blocking
Buffer for 1 hour at room temperature and rinsed in PBST. Membranes were imaged using the
Odyssey Clx LI-COR infrared imaging system (LI-COR Biotech). Images were processed and
analyzed using ImageStudio (LI-COR Biosciences) and transformed into 8-bit pictures, and the
adjusted band density was calculated in ImagelJ by dividing the K13 band density by the total

protein stain density.

Isolation of Hemoglobin, Free Heme, and Hemozoin Fractions. The quantification of

hemoglobin, heme, and hemozoin was done using a modified method developed by Combrinck
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et al.”® but was later adjusted by Birrell et al“’. For a high throughput workflow, we used the
adjusted method for this experiment. Following the preparation of the samples, the parasite pellet
was resuspended in 50 pL of Milli-Q water and sonicated for 5 minutes. Post-sonication, 50 puL

of 0.2 M HEPES was added to the resuspended sample, and the mixture was then centrifuged at
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4000 rpm for 20 minutes. The resulting supernatant was carefully transferred to a new tube, and
50 pL of 4% SDS was added. This mixture was incubated at 95 °C for 5 minutes. Following
heating, 50 pL of 0.3 M NaCl and 50 pL of 25% pyridine in 0.2 M HEPES were added. The
entire mixture was vortexed and transferred to a 96-well UV-Vis imaging plate. This sample
constituted the hemoglobin fraction. Simultaneously, the pellet from the prior step underwent
further treatment. To the pellet, 50 pL of Milli-Q water and 50 pL of 4% SDS were added, and
the sample was resuspended via sonication for 5 minutes. The sample was then incubated at 95
°C for 5 minutes to solubilize the free heme. After the heating step, 50 uL of 0.2 M HEPES, 0.3
M NacCl, and 25% pyridine were added to the resuspended pellet. The mixture was then
centrifuged at 4000 rpm for 20 minutes. The resulting supernatant was transferred to a separate
well in the 96-well UV-Vis imaging plate, designating this sample as the free heme fraction. The
remaining pellet underwent further treatment. To the vial, 100 pL of Milli-Q water and 100 uL.
of 0.3 M NaOH were added and sonicated for 15 minutes. Finally, 100 uL of 0.2 M HEPES, 0.3
M HCIL, and 25% pyridine in HEPES was incorporated into the solution. The resulting mixture

was transferred to the 96-well plate. This sample contained the hemozoin fraction.

Absorbance Measurement and Statistical Analysis Free heme and hemozoin were quantified

using the UV—Vis absorbance method described by Combrinck et al*®

. After processing, each
sample was read at 405 nm on a UV—Vis spectrophotometer, and the raw absorbance values were
exported into Excel and organized by biological replicate, technical replicate, and treatment

condition. Technical replicates from the same biological replicate were averaged to give one

value per BioRep x Condition x Fraction (Free heme or Hemozoin). To correct for day-to-day
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variation, all measurements were normalized to the paired DMSO control from the same
biological replicate. Two metrics were calculated:

e FoldRatio = (Free heme + hemozoin) yreated = (Free heme + hemozoin) pmso

e FoldBudget = (Free heme + hemozoin) reated + (Free heme + Hemozoin) pmso
Because these fold changes are multiplicative, statistical testing was performed on the logio-
transformed values. Logio(FoldRatio) and logio(FoldBudget) were compared to zero using two-
tailed one-sample t-tests. When multiple treatments were evaluated within the same experiment
(e.g., PRC1584 and CQ), a Holm-Sidak correction was applied to control for multiple
comparisons. Nonparametric Wilcoxon signed-rank tests were also run as a robustness check.
For visualization, results are plotted on a linear axis as fold change relative to DMSO (mean +
SEM), while all hypothesis testing is performed on the logio-transformed values. Data processing

was carried out in Excel and statistical testing and graphing in GraphPad Prism.

Electron Microscopy. Samples were prepared by growing up synchronized ring-stage parasites
P. falciparum NF54 WT and NF54 C580Y to 20-30% parasitemia (late ring/early trophozoite) at
5% hematocrit. On the day of treatment, parasites were resynchronized, washed twice with
RPMI, and culture was then split in half. One sample was treated with 5 uM of PRC1584 and the
other received DMSO equivalent and was incubated for 5 hours before splitting samples in half
again. Newly aliquot samples were washed with 100 nM Cacodylate buffer and then pelleted
gently (~20 pl of sample). Cells were then fixed with 2% paraformaldehyde, 2.5%
glutaraldehyde, in a 100 mM Cacodylate solution for 2 hours at room temperature. After
incubations, samples were spun down, supernatant was removed, and cells were washed in

sodium cacodylate buffer for morphological analyses at the ultrastructural level, infected RBCs
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were fixed in 2% paraformaldehyde/2.5% glutaraldehyde (Ted Pella Inc., Redding, CA) in 100
mM cacodylate buffer, pH 7.2 for 2 h at room temperature. Samples were washed in cacodylate
buffer and postfixed in 1% osmium tetroxide (Ted Pella Inc.)/ 1.5% potassium ferricyanide
(Sigma, St. Louis, MO) for 1 hr. Samples were then rinsed extensively in dH>0 prior to en bloc
staining with 1% aqueous uranyl acetate (Ted Pella Inc.) for 1 hr. Following several rinses in
dH20, samples were dehydrated in a graded series of ethanol and embedded in Eponate 12 resin
(Ted Pella Inc.). Ultrathin sections of 95 nm were cut with a Leica Ultracut UCT ultramicrotome
(Leica Microsystems Inc., Bannockburn, IL), stained with uranyl acetate and lead citrate, and
viewed on a JEOL 1200 EX transmission electron microscope (JEOL USA Inc., Peabody, MA)
equipped with an AMT 8 megapixel digital camera and AMT Image Capture Engine V602

software (Advanced Microscopy Techniques, Woburn, MA).

Morphological Phenotyping. Giemsa phenotyping was performed in parallel with 72-h ECso
assays. Thin smears were prepared at 0, 24, 48, and 72 h during continuous exposure, methanol-
fixed, and stained with 10% Giemsa. Slides were examined at 1000% oil immersion and scored
qualitatively for pyknotic/quiescent morphology (nuclear condensation, reduced cytoplasmic

volume/intensity) relative to DMSO controls.

In vivo photo-crosslinking, CuAAC click reaction, and immunodetection. Parasites were
enriched for late rings/early trophozoites, treated with PRC1860 (or DMSO), followed by UV
activation performed at 365 nm for 15 min in a clear plate (pre-warmed lamp; energy recorded;
50 uL per sample). Following in vivo crosslinking, infected erythrocyte cultures were harvested,

and parasites were released from host cells by selective permeabilization with saponin. Cell
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pellets were resuspended in ice-cold 0.01% (w/v) saponin in PBS supplemented with a 1x
EDTA-free protease inhibitor cocktail and incubated at 37 °C for 5 min with gentle mixing,
followed by 5 min on ice. Parasites were collected by centrifugation (e.g., 2,500-3,000 x g, 5
min, 4 °C), the supernatant containing lysed host material was discarded, and the pellets were
washed 2-3 times with ice-cold PBS containing protease inhibitors to remove residual
hemoglobin and saponin. At this point, parasite pellets could be either processed immediately or
flash-frozen and stored at —80 °C. For detergent lysis, parasite pellets were resuspended in NP-
40 lysis buffer (PBS or Tris-based buffer containing 1% NP-40 and 1% protease inhibitor
cocktail) at a volume sufficient to fully disperse the pellet and incubated on ice for ~10 min.
Lysates were then subjected to three snap freeze—thaw cycles (liquid nitrogen — 37 °C water
bath) to enhance disruption, followed by mechanical shearing through a 29-gauge insulin syringe
(5-10 passes). Insoluble material was removed by centrifugation at 10,000 x g for 10 min at 4
°C, and the clarified supernatant (NP-40—soluble parasite lysate) was collected for downstream
CuAAC labeling and Western blot analysis. CuAAC used azide-PEG3-biotin with TCEP (fresh,
50 mM), TBTA (1.6 mM in 80% tert-butanol/20% DMSO), and CuSOa (50 mM), combined in
the order biotin azide — TCEP — TBTA — CuSOQs4; reactions proceeded 1 h at RT with
agitation. Total protein was normalized by BCA (duplicates; 200 uL WR/well; 30 min at 37 °C)

prior to SDS-PAGE and LI-COR streptavidin detection. DMSO served as a control.
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CHAPTER 4
CONCLUSIONS AND FUTURE DIRECTIONS
From phenotype to mechanism: PRC1584 as a tool and lead for disrupting hemoglobin uptake in
Plasmodium falciparum
Executive Summary of Dissertation
This dissertation characterized the novel B-carboline PRC1584 and converged on the cytostome-
mediated endocytic pathway as a central component of its mechanism of action. By integrating
stage-specific pharmacology, quantitative heme/hemozoin measurements, ultrastructural analysis
of cytostomes and vesicles, K13-linked collateral sensitivity and protein levels, and photoaffinity
probes derived from the parent scaffold (PRC1859/PRC1860), I developed a cytostome-focused
model that explains both the phenotypic and genotypic responses to PRC1584. Chapter 2 shows
that PRC1584 is active against ring stages, eliminates DHA-induced dormant rings, maintains
low-nanomolar potency in field isolates, and exhibits a high barrier to resistance. Chapter 3
dissects the underlying mechanism: total heme levels decline without an increase in the free-
heme:hemozoin ratio, consistent with curtailed hemoglobin uptake and metabolism rather than a
heme “burst” (in contrast to chloroquine, which increases the ratio without acutely depleting the
total heme pool). Electron microscopy reveals malformed cytostomes and fewer digestive
vesicles, and K13-C580Y parasites display collateral sensitivity and reduced K13 protein levels,
pointing toward perturbation of hemoglobin uptake, vesicle formation, or hemoglobin

metabolism rather than direct inhibition of hemozoin crystallization. Finally, the PRC1860 probe
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preserves the parent phenotype and supports UV-dependent labeling of candidate targets,
establishing conditions for enrichment and LC—MS/MS-based target nomination.
Mechanistically, PRC1584 appears to limit heme detoxification by restricting
hemoglobin flux into the digestive pathway. This mechanism (i) complements endoperoxides,
(1) rationalizes collateral sensitivity in K13-C580Y parasites, and (iii) selectively eliminates
DHA-induced dormant rings, addressing a key contributor to delayed clearance and
recrudescence. From a drug-discovery standpoint, heme/hemozoin measurements and vesicle
metrics provide mechanism-linked pharmacodynamic readouts that can guide analog triage and
schedule design (for example, DHA followed by PRC1584 during the dormancy window). The
failure to select resistant mutants in vitro, together with the K13 sensitivity profile, suggests that
PRC1584 acts on a complex, high-barrier target or pathway linked to hemoglobin uptake,
supporting its potential use in combination regimens with a low risk of resistance emergence.
Beyond PRC1584 itself, this work establishes a set of generalizable tools and standards:
short-pulse assays that resolve dynamics obscured by 72-h readouts; an integrated
fractionation/UV—Vis workflow that distinguishes substrate depletion from heme accumulation;
a structured EM and cytology rubric for cytostome and vesicle phenotypes; and a
chemoproteomic engagement assay with stringent specificity controls (UV-dependence and
optimized CuAAC conditions). Together, these methods provide a reproducible framework for
evaluating modulators of hemoglobin uptake and metabolism and for comparing analogs on the
basis of mechanism rather than potency alone. In summary, by following an initially intriguing
phenotype through multiple experimental lenses, this dissertation identifies a critical aspect of
parasite endocytic physiology and lays the groundwork for future studies in target identification,

probe refinement, and rational combination therapy design.
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Defining PRC1584’s biological profile, stage specificity, and time—kill/recovery behavior
In Chapter 2, I demonstrated that PRC1584 has strong activity at low nanomolar
concentrations against asexual blood stages, showing peak effectiveness during the late ring and

early trophozoite stages (see Fig. 2.3). Continuous 72-h drug exposure produced the classic
sigmoidal dose—response curves across different P. falciparum lines (Fig. 2.4, S2.3, S2.4, S2.5,
S2.6). Briefly, stage-specific pulses induced development arrest, subsequently leading to a
quiescent or pyknotic morphological state. This phenotype by PRC1584 shares similarities with
DHA but is distinguished by recovery kinetics (see Fig. 2.4, S2.4). Short-pulse washout assays (8
h during the late ring and early trophozoite stages, Figure S2.4), revealed that long incubations
such as 72 h can mask sharp early-stage potency: after matched short exposures and drug
removal, DHA controls recrudesced by day 3—5 (WT) and day 1-4 (K13-C580Y), whereas
PRC1584-treated cultures showed delayed or no recrudescence out to day 17-30 in both lines
(Fig. 2.6, S2.7). Thus, these results address killing based on recovery rather than steady-state
potency as detailed in the next section.

Consistent with this, DHA-induced dormant rings showed minimal recrudescence by day
14 when subsequently exposed to PRC1584, indicating sustained suppression of parasite
recovery under the assay conditions (Fig. 2.6, 2.7). Taken together, these data identify late rings
and early trophozoites as the principal window of vulnerability for PRC1584, rather than a
generalized late-stage cytotoxic effect.
PRC1584 eliminates ring stages and DHA-induced dormant forms.

PRC1584 is active against ring stages, with short, stage-resolved pulses showing
maximal effect during the late ring—to—early trophozoite transition, which anchors the staging

logic used throughout this work. In the same experimental framework, Chapter 2 shows that a
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brief DHA pulse drives a subset of rings into a quiescent state, yet these DHA-induced dormant
rings are eliminated when PRC1584 is applied in the post-DHA window, reducing survival and
delaying or abolishing recrudescence relative to DHA-only controls. A plausible explanation
supported by the broader dataset is that dormant rings, despite reduced metabolic activity,
continue to utilize cytostome-mediated hemoglobin uptake at minimal levels to sustain heme and
amino acid supply. By limiting this upstream process during the ring and early trophozoite
stages, when hemoglobin uptake ramps up, PRC1584 disrupts the program that sustains
dormancy, even under post-DHA conditions. Functionally, this positions PRC1584 as an
orthogonal antimalarial agent for DHA-tolerant rings, and it motivates the development of
schedule-based combination therapies in which a artemisinin derivative rapidly debulks parasites
and PRC1584 follows within the dormancy window to prevent rebound from the dormant

parasites.

PRC1584 potency is retained across different genetic backgrounds including field isolates.
Beyond NF54-derived lines, Chapter 2 described results showing robust ex vivo activity against
31 Tororo (Uganda) field isolates, yielding a mean ECso of 70 nM (range 26—177 nM). Although
responses varied by ~7-fold, as expected for polyclonal clinical samples, all values remained in
the low-nanomolar range, aligning with laboratory potencies (Fig. 2.2, Table S2.1). For context
in the same assay set, DHA averaged 1.8 nM (0.5—4.4 nM) and chloroquine 17.2 nM (6.9-27
nM). These data argue that PRC1584’s potent activity extends to circulating parasites, supporting

translational relevance.
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PRC1584 is refractory to in vitro resistance selection.

Multiple selection approaches failed to select for PRC1584 resistant parasites. In single-step
selections in the drug sensitive 3D7 strain using 5% ECso values for 14 days on a 10°-parasite
inoculum or 100 nM for 14 days on 107 parasites, all cultures were cleared within the first four
days and no recrudescence was observed during 60 days of post-pressure monitoring, yielding a
minimum inoculum of resistance (MIR) > 10° infected RBCs (Fig. S2.1, S2.2). In addition, a
separate attempt under constant drug pressure selection for 60 days in the Dd2-B2 strain using
3x ECog values, cultures similarly cleared by day 4 with no regrowth over 60 days, whereas the
control compound DSM265 (5% ECso run in parallel) produced recrudescence in 68/96 wells
(log10 = MIR 5.45), confirming assay PRC1584’s high barrier to resistance selection. Finally, in
a pulsed-exposure regimen (6 h at 8x 72 h ECso, repeated over four cycles) applied to both
highly synchronous rings and asynchronous cultures, parasites re-emerged between pulses, but
all cultures extinguished after the fourth cycle, preventing further assessment of shifted potency
(Fig. S2.1B). Across these protocols—single-step, constant pressure, and repeated pulses—no
resistant parasites were recovered, indicating a high barrier to resistance for PRC1584 under the
tested conditions. Taken together, these experiments indicate that, under the conditions tested,
recovery of PRC1584-resistant parasites was not achieved, consistent with a high experimental
barrier to resistance. The basis for this barrier remains unresolved; possibilities include
engagement of a target with low mutational tolerance and/or dependence on multiple
components of the endocytic/hemoglobin-uptake pathway, but these alternatives require direct
testing. From a development standpoint, the absence of readily selected resistance supports
pursuing combination regimens and schedule-based designs, while further resistance-risk

assessment should continue.
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Hemoglobin uptake and metabolism.

In the late ring and early trophozoite stages, PRC1584 reduces hemoglobin ingestion, yielding a
reduction of the total heme pool with a secondary decline in hemozoin formation without an
increase in free heme (Fig. 3.4). This was quantified by the fractionation/spectroscopic assays: a
short exposure to PRC1584 resulted in a decrease of the total heme levels while chloroquine
remained essentially unchanged, arguing against inhibiting hemozoin formation (Fig. 3.4).
Ultrastructure and cytology align with this biochemical signature showing defective cytostomes,
fewer digestive vesicles, and reduced hemozoin crystals (Figs. 3.5, 3.6), further supporting our
hypothesis that PRC1584 affects hemoglobin uptake. Mechanistically, the phenotype is
associated with K13 protein levels: western blot analysis demonstrated that the PfK13-C580Y
variant exhibits reduced K13 protein levels compared to the NF54 wild type (Fig. 3.3). This
reduction weakens cytostomal uptake and may account for the increased sensitivity of PfK13-
C580Y mutant parasites to PRC1584 observed in both 8-hour and 72-hour assays. Essentially,
tracking the heme/hemozoin levels provides a mechanistic approach to help select the best
analogues and improve timing strategies. In future work, the same stage-matched short-pulse
design used for the fractionation assays could be coupled to established cargo—reporter pulse—
chase methods, in which parasites are briefly exposed to fluorescent hemoglobin or 10-kDa
dextran, washed, and then chased to quantify cytostomal uptake under PRC1584 versus DMSO

treatment.

Proposed MOA-comparability Workflow for Future Analogs

Beyond its therapeutic potential, PRC1584 functions as a chemical probe that reproducibly

depresses hemoglobin ingestion at the cytostome during the late ring to early trophozoite
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transition. This consistent “ingestion-down” signature provides a practical way to assess if new
analogs share the same primary mechanism.

To determine whether new analogs share PRC1584’°s hemoglobin ingestion-centered mechanism,
a staged, mechanism-anchored workflow is proposed. First, determine if new analogs show their
greatest effect in late rings/early trophozoites. Second, assess ultrastructure for cytostome defects
with accompanying diminished hemozoin in early trophozoites. In the same window, run the
fractionation/spectroscopy, PRC1584 reduces the total heme pool with a secondary decline in
hemozoin, distinguishing upstream ingestion blockade from heme crystallization (e.g.,
chloroquine-like patterns). Third, use genetic sensitivity as an orthogonal check: maintenance of
PfK13-C580Y collateral drug sensitivity (greater susceptibility in PfK13-C580Y mutant
parasites than NF54 WT under short-pulse and continuous exposure) supports a shared
mechanism at the cytostome/uptake axis. Finally, connect chemistry to biology via
chemoproteomic competition: the photoreactive probe PRC1860 preserves the parent phenotype
and yields specific protein labeling; dose-dependent reduction of this signal by an unlabeled
analog indicates a shared binder neighborhood and on-pathway behavior. When all of these
stage-matched assessments—pharmacology, ultrastructure, heme/hemozoin levels, genetics, and
competition-labeling data—align, an analog can be classified as “PRC1584-like” regarding its
mechanism of action. If there are differences in these areas, it suggests a different or combined
mechanism and informs further profiling approaches.

Conversely, variants that show differences solely in potency would require additional profiling to
identify any possible pathway deviations or the coexistence of mixed mechanisms. In practice,

this methodology could guide structure—activity optimization to generate compounds that
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preserve their efficacy and consistently support the intended hemoglobin uptake-based

mechanism of action.

Development of chemoproteomic tools that preserve on-pathway performance

In Chapter 3, I advanced two chemical biology tools derived from PRC1584: an intermediate
scaffold (PRC1859) and a full photoaftinity probe bearing a diazirine—azide handle (PRC1860).
Both analogs preserved parent-like potency and reproduced the PRC1584 phenotype under 72-h
exposure while maintaining PfK13-C580Y collateral sensitivity, arguing that the photoreactive
tag and linker do not force an off-target effect (Figs. 3.7). Under the final CuAAC conditions
selected from preliminary tests (varying protein load, detergent, reaction time, and blocking
reagent; data not shown), PRC1860-treated samples displayed clear, probe-dependent labeling
with minimal background, while DMSO controls showed no detectable signal (Fig. 3.9).This
establishes a robust platform suitable for future proteome-wide mapping applications using new
optimized chemoprobes. While I did not perform proteomics analysis for target candidate
identification, the lack of labeled proteins in the DMSO control and the preservation of

phenotype collectively de-risk the chemoproteomic strategy.

An integrated working model

Across chapters, a consistent picture emerges: PRC1584 disrupts cytostome function—either
formation of the collar or formation of the hemoglobin-loaded vesicles. When uptake is
curtailed, total heme falls and hemozoin follows. Mechanistically, PRC1584 acts upstream of the
digestive or food vacuole, whereas chloroquine works within the DV on heme crystallization—

i.e., chloroquine is downstream of PRC1584’s primary effect. In PfK13-C580Y mutants with
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already inefficient collars, PRC1584 pushes ingestion below a viability threshold at lower drug
concentrations, yielding collateral sensitivity. PRC1584 also remains lethal in cultures with
DHA-induced dormant rings; whether this reflects residual dependence on endomembrane
trafficking/vesicle homeostasis or an alternative survival program (e.g., autophagy or stored-
nutrient use) is unresolved. Functionally, the result is the same: restricting hemoglobin uptake

and vesicle formation deprives susceptible and dormant populations of the source of amino acids.

Limitations and Future Directions

First, most biochemical and imaging readouts are time-window snapshots; finer kinetic
resolution of hemoglobin uptake would strengthen causality. Second, cytostomal defects could,
in principle, be a downstream stress response; time-resolved PRC1860 photo-labeling—UV
‘stamping’ at 1-15 minutes post-dose with parallel parent compound competition—will test for
early, specific target engagement before morphological change. Third, most experiments used
NF54-WT and NF54-K13 C580Y. Within the genotypes tested, collateral sensitivity was specific
to the PfK13-C580Y mutation as it was not observed in K13-R539T and the Pfcoronin-R100K-
E107V mutants. To define allele specificity and genetic modifiers, follow-up work should
expand to additional K13 alleles (e.g., RS61H, Y493H, M4761) and to non-K 13 backgrounds
linked to reduced artemisinin response, including reported chromosome-10 contributors (e.g.,
kelch10 variants/segmental copy-number changes) as well as UBP1, MDR2, ARPS10, and other
endocytosis/trafficking factors. A stratified clinical-isolate panel across these genotypes will
clarify whether the C580Y-linked collateral sensitivity generalizes or remains mutation-
restricted. Finally, to independently validate the fraction assay results, assessing live parasites

under real-time uptake assays using fluorescent larkers, and including additional controls (lower
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temperature, ATP depletion and inhibitors with unrelated mechanism of action) as well as pH-
sensitive dextran to assess changes in the pH of the digestive vesicles which is necessary to

activate the proteases for hemoglobin digestion.

Therapeutic implications

A druggable choke point upstream of the digestive vacuole.

By reducing hemoglobin ingestion at the cytostome, PRC1584 reduces the flux of heme into the
DV. This mechanism is upstream to quinoline-like inhibitors that block heme detoxification
inside the DV and to endoperoxides that require free heme to generate radicals. Targeting
ingestion provides an alternative way to control parasite metabolism by depriving the parasite of

nutrients.

PRC1584 class as potential irresistible antimalarials: Rational combinations and sequence
design.

PRC1584 showed activity against both proliferating ring stages and DHA-induced dormant
forms and therefore, it is a potential partner for novel artemisinin-based combination (ACTs)
therapies. Two potential scheduling concepts could be applied. A front-loaded “hit — starve”
combination with DHA administered first to rapidly reduced parasitemia, followed by PRC1584,
with the goal of steepening early clearance and stop recrudescence. Another option is a sustained
“starve — sweep” approach where PRC1584 is giving first to reduce parasitemia by targeting
rings stages, followed by a longer-half-life partner (e.g., lumefantrine) to kill parasites that may

scape treatment by a similar mechanism to DHA-induced dormancy. Potential antagonistic
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effects warrant consideration when combining a hemoglobin digestion blocker with DHA as it
may limit heme availability and consequently reduce endoperoxide activation.

It would be recommended to assess novel DHA combination using a 2X2 timing matrix
(PRC1584—DHA versus DHA—PRC1584) across physiologically relevant concentrations
equivalent to the in vivo maximum and minimum concentrations detected within 24 hours of
administration, evaluating endpoints including kill slope, recrudescence, and heme content. A
field isolate panel categorized by K13 genotype can help identify geographic applications and
the range of collateral sensitivities. Extending this framework to a panel of field isolates
stratified by K13 genotype would define the breadth of collateral sensitivity and highlight

geographic settings where PRC1584-based combinations may be most impactful.

Summary

PRC1584 shifts the therapeutic approach from "detoxifying heme" to "denying heme." When
used in combination therapy, PRC1584 functions as a stage-targeted starvation agent,
complementing rapid-acting partners and offering an alternative option in settings with K13-
C580Y circulating mutants. Development should prioritize schedule-aware PK/PD to ensure
exposure across the late ring and early trophozoite stage and to cover intervals when rings may
enter a paused state—whether naturally or drug-provoked—with the goal of minimizing survival
of these parasites. The findings presented in this work underscore the therapeutic potential of this
“irresistible” B-carboline class of antimalarials that may act through a novel mechanism of action
involving hemoglobin uptake and metabolization. The distinctive properties of this class provide

opportunities for the advancement of innovative new combinations, including potentially future
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ACTs, particularly in the setting of ART-R, by specifically targeting DHA-induced dormancy, a

critical survival strategy of P. falciparum.
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