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Abstract

Malaria and the so-called neglected tropical diseases (NTDs) such as leishmaniasis, Chagas
disease, and schistosomiasis remain a major public health problem that disproportionately
affects the most vulnerable populations in low-income countries. These diseases cause a
substantial burden on affected communities, resulting in around 800,000 deaths per year, and
millions more suffering from long-term disabilities, and socioeconomic consequences. Current
chemotherapeutic agents to treat malaria and NTDs, face challenges related to safety,
efficacy, and drug resistance. As a result, there is an urgent need for novel anti-infective drugs
with new mechanisms of action.

A promising approach is targeting the major enzymes glucose 6-phosphate dehydrogenase
(G6PD) and 6-phosphogluconate dehydrogenase (6PGD) of the pentose phosphate pathway
(PPP) that produce NADPH, the primary electron source for antioxidant defense in intracellular
parasites. Previous studies have demonstrated the potential of these enzymes as drug targets
in Plasmodium falciparum (Pf). A high-throughput screening against PfG6PD, also called
GluPho, identified two promising compounds, ML276 and ML304, from the National Institutes
of Health collection. Further optimization of ML304 resulted in SBI-0797750 as the most
promising candidate in terms of potency and efficacy.

One aim of this work was to further characterize the mode of inhibition (MOI) and action of
SBI-0797750. Dose-response studies revealed an approximately 25-fold more potent
compound with low nanomolar activity against recombinant PfGluPho, Plasmodium (P.) vivax
G6PD, and asexual blood stage parasites. SBI-0797750 is highly selective over the human
counterpart and, like ML304, competes with G6P for its binding site. The mode of action is
related to a disruption of the cytosolic glutathione-dependent redox potential, as well as the
cytosolic and mitochondrial H202 homeostasis of P. falciparum blood stages. In addition, the
studies have shown that SBI-0797750 does not affect the integrity of erythrocytes from either
G6PD-normal or G6PD-deficient patients, whose erythrocytes are also highly dependent on
NADPH production by their own G6PD.

Based on the results from Plasmodium, this work aimed to transfer the concept to G6PDs and
6PGDs from NTD-causing pathogens, such as Leishmania and Schistosoma. To this end, the
respective enzymes were first recombinantly produced and their oligomerization behavior
and kinetic properties were determined. The next step was to determine their three-
dimensional structure and identify novel inhibitors.

In this work, the first three-dimensional crystal structure of Leishmania donovani G6PD
(LdG6PD), both native and complexed with one or both substrates, was solved. In contrast to
previous kinetoplastid G6PD structures, the unique N-terminal domain is fully visible. The N-
domain is not essential for enzyme activity, but this study indicates that it is involved in
tetramerization, albeit quite different to the previously observed tetramer of Trypansoma
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cruzi G6PD, which lacks the N-terminal domain. Structural and kinetic studies of the substrate
binding mode further indicated G6P-dependent domain motions involving the N-domains.

This work also led to the solution of the first crystal structure of Leishmania donovani 6PGD
(Ld6PGD). Most interestingly, a previously unknown conformation of NADPH was observed in
the respective structure. In addition, auranofin, and most likely gold(l)-containing compounds
in general, were identified as an interesting class of compounds against Leishmania 6PGDs.
Although previous studies have shown that auranofin, which was used over decades against
rheumatoid arthritis, is also highly effective against parasites, trypanothione reductase and its
orthologues were previously thought to be the sole target of auranofin. Interestingly,
Leishmania and Plasmodium 6PGD were also inhibited in the low micromolar range, while the
human 6PGD remained fully active. MOI studies revealed that the gold(l) moiety of auranofin
is responsible for the observed inhibition, competing with 6-phosphogluconate for its binding
site, followed by a rapid irreversible inhibition.

The findings of this thesis contribute to the understanding of parasitic G6PDs and 6PGDs and
their potential as drug targets. The novel structural and biochemical insights into
Kinetoplastida G6PDs and 6PGDs, exhibiting major differences to the human enzymes, will
provide an excellent basis for further structure-based inhibitor studies and increase the
prospects of developing selective G6PD / 6PGD inhibitors.



Zusammenfassung

Malaria und die sog. vernachlassigten Tropenkrankheiten (neglected tropical diseases, NTDs)
wie Leishmaniose, die Chagas-Krankheit und Bilharziose stellen nach wie vor eine grof3e Biirde
fur die offentliche Gesundheit dar. Am starksten gefahrdet sind dabei Bevolkerungsgruppen
in Landern mit sehr niedrigem Einkommen. Diese Krankheiten sind eine gravierende Belastung
fur die betroffenen Gemeinschaften und fihren jahrlich zu ca. 800.000 Todesfallen. Bei
Millionen weiterer Menschen fiihren sie zu langfristigen korperlichen Behinderungen und den
damit verbundenen negativen sozio6konomischen Folgen. Da die derzeitigen
medikamentdsen Behandlungsstrategien gegen Malaria und NTDs zudem vor grofien
Herausforderungen in Bezug auf Sicherheit, Wirksamkeit und Arzneimittelresistenz stehen,
besteht aktuell ein dringender Bedarf an neuartigen Antiinfektiva mit neuen
Wirkmechanismen.

Spezielle Enzyme des Pentosephosphatweges (PPP) (Glucose-6-Phosphat-Dehydrogenase
(G6PD) und 6-Phosphogluconat-Dehydrogenase (6PGD)) stellen ein vielversprechendes
Wirkstoffziel dar, da sie NADPH als primare Elektronenquelle fiir die antioxidative Abwehr in
intrazelluldren Parasiten produzieren. Bereits in fritheren Studien an Plasmodium falciparum
(Pf) konnte gezeigt werden, dass diese Enzyme ein grolRes Potential als zukinftige
Wirkstoffziele aufweisen. Durch den Einsatz eines Hochdurchsatz-Screening gegen PfG6PD,
auch GluPho genannt, konnten bereits zwei vielversprechende antiplasmodiale
Verbindungen, ML276 und ML304, aus der Sammlung des ,National Institutes of Health”
identifiziert werden. Die weitere Optimierung von ML304 ergab die Verbindung SBI-0797750
als den am vielversprechendsten Kandidaten in Bezug auf Potenz und Wirksamkeit.

Ein Ziel dieser Arbeit war es, den Hemm-Mechanismus und die Wirkungsweise von SBI-
0797750 weiter zu charakterisieren. Die durchgefiihrten Dosis-Wirkungs-Studien ergaben
dabei einen etwa 25-fach wirksameren Inhibitor mit niedriger nanomolarer Aktivitdt gegen
rekombinante PfGluPho, Plasmodium (P.) vivax G6PD und gegen asexuelle Parasiten im
Blutstadium. SBI-0797750 zeigte sich hochselektiv gegenliber dem menschlichen Enzym und
konkurriert, wie ML304, mit G6P um dessen Bindungsstelle. Die Wirkungsweise von SBI-
0797750 steht im Zusammenhang mit einer Stoérung des cytosolischen Glutathion-abhdngigen
Redoxpotentials sowie der cytosolischen und mitochondrialen H,0;-Homoostase von P.
falciparum-Blutstadien. Darliber hinaus konnte gezeigt werden, dass SBI-0797750 die
Integritat von Erythrozyten sowohl von G6PD-normalen als auch von G6PD-defizienten
Patienten nicht beeintrachtigt, obwohl deren Erythrozyten ebenfalls in hohem Mal3e von der
NADPH-Produktion durch ihre eigene G6PD abhéangig sind.

Ausgehend von den Ergebnissen aus Plasmodium sollte das Konzept anschlieBend auf G6PDs
und 6PGDs aus Pathogenen wie Leishmania und Schistosoma (NTDs) Ubertragen werden. Dazu
wurden die entsprechenden Enzyme zundchst rekombinant hergestellt und sowohl ihr
Oligomerisierungsverhalten als auch ihre kinetischen Eigenschaften bestimmt. In einem



nachsten Schritt sollte die dreidimensionale Struktur der Enzyme entschlisselt und neue
Inhibitoren identifiziert werden.

Im Rahmen dieser Arbeit, konnte die erste dreidimensionale Kristallstruktur von Leishmania
donovani G6PD (LdG6PD) gelést werden, sowohl in nativer Form als auch im Komplex mit
einem oder beiden Substraten. Im Gegensatz zu friiheren kinetoplastiden G6PD-Strukturen ist
die einzigartige N-terminale Domane vollstandig sichtbar. Die N-Domane ist zwar nicht
essentiell fir die Enzymaktivitat, aber diese Studie deutet darauf hin, dass sie an der
Tetramerisierung beteiligt ist, allerdings mit groRem Unterschied zum zuvor beobachteten
Tetramer der Trypansoma cruzi G6PD ohne N-terminale Domane. Strukturelle und kinetische
Untersuchungen des Substratbindemechanismus wiesen aulRerdem auf eine G6P-abhangige
Domanenbewegung hin, an denen die N-Domanen ebenfalls beteiligt sind.

Die vorliegende Arbeit flihrte ebenfalls zur Losung der ersten Kristallstruktur von Leishmania
donovani 6PGD (Ld6PGD). Besonders interessant ist hierbei, dass in der vorliegenden Struktur
eine bisher unbekannte Konformation von NADPH zu sehen ist. Darliber hinaus wurden
Auranofin und potentiell Gold(l)-haltige Verbindungen im Allgemeinen als eine interessante
Klasse von Inhibitoren gegen Leishmania 6PGDs identifiziert. Obwohl friihere Studien gezeigt
haben, dass Auranofin, das jahrzehntelang gegen rheumatoide Arthritis eingesetzt wurde,
auch antiparasitdre Eigenschaften besitzt, wurde bisher angenommen, dass die
Trypanothionreduktase und ihre Orthologe die einzigen Ziele dieser Verbindung sind.
Interessanterweise wurden jedoch auch Leishmania und Plasmodium 6PGD im niedrigen
mikromolaren Bereich gehemmt, wobei die humane 6PGD ihre volle Aktivitat behielt. Die
durchgefihrten Studien zum Hemm-Mechanismus ergaben, dass die im Auranofin enthaltene
Gold(l)-Einheit fir die beobachtete Hemmung verantwortlich ist, indem diese mit 6-
Phosphogluconat um dessen Bindungsstelle konkurriert, gefolgt von einer schnellen
irreversiblen Hemmung.

Die Ergebnisse dieser Arbeit tragen zum Verstandnis der parasitaren G6PDs und 6PGDs bei
und verdeutlichen ihr Potenzial als Wirkstoffziele. Die neuen strukturellen und biochemischen
Erkenntnisse liber die G6PDs und 6PGDs von Kinetoplastida, die sich erheblich von den
menschlichen Enzymen unterscheiden, bilden eine hervorragende Grundlage fiir weitere
strukturbasierte Hemmstoffstudien und erhdhen die Chancen auf die Entwicklung selektiver
G6PD / 6PGD-Inhibitoren.
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INTRODUCTION

1. INTRODUCTION

Malaria and neglected tropical diseases (NTDs), a diverse group of 20 diseases, including
Chagas disease, leishmaniasis, schistosomiasis, dengue and trachoma among others, remain
a major public health problem. Mainly prevalent in tropical and subtropical areas, they
disproportionately affect the most vulnerable populations in low-income countries!. Despite
their global impact, NTDs in particular have received limited attention and resources
compared to the so-called “big three” — malaria, human immunodeficiency virus (HIV) and
tuberculosis'?. According to the latest estimates from the Global Burden of Disease Study,
together malaria and NTDs caused 747,000 deaths in 20193, and millions more are suffering
from long-term disabilities. This results in a devastating human, social, and economic burden
in affected areas?.

1.1. Malaria

Malaria is a vector-borne infectious disease that has been a major global health problem of
humans through history and is a leading cause of death and disease in many tropical and
subtropical countries*>. Compared to the beginning of the millennium, significant progress
has been made in the fight against malaria, with a global decrease in incidence and mortality
of approximately 30% due to the increased use of insecticide-treated bed nets, indoor residual
spraying, and slightly improved access to appropriate diagnosis and treatment. However, the
high level of global involvement makes it still to one of the most important infectious diseases.
In 2021, malaria was endemic in 84 countries, with an estimated 247 million cases and 619,000
deaths worldwide. Over the two peak years of the COVID-19 pandemic (2020-2021), COVID-
19-related disruption to essential malaria services led to about 13 million more malaria cases
and 63,000 more malaria deaths compared to the years before. The World Health
Organization (WHO) African Region continues to carry a disproportionately high share of the
global malaria burden, with 95% of all malaria cases and 92% of all malaria associated deaths.
Children under the age of five are particularly vulnerable and account for about 80% of all
malaria deaths in the Region®.

The protozoan parasite Plasmodium, belonging to the group of Apicomplexa, is transmitted to
humans by the bite of the female Anopheles mosquito®’. Plasmodium (P.) vivax, P. ovale, P.
malariae, P. knowlesi and P. falciparum are the five human-pathogenic species of Plasmodium
and cause different types of malaria with different pathogenesis (malaria tertiana, malaria
quartana, and malaria tropica). Most cases of malaria are caused by P. falciparum and P. vivax.
Malaria and the associated symptoms are typically divided into uncomplicated and severe
malaria. Symptoms of uncomplicated malaria are very unspecific and can include fever, chills,
fatigue, body-aches, headaches, cough and diarrhea®. P. falciparum, mainly found in sub-
Saharan Africa, causes the most severe form of malaria, malaria tropica, and is responsible for
almost all malaria-related deaths>®. Most common manifestations of severe malaria are
cerebral malaria, acute lung injury that can progress to acute respiratory distress syndrome,
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acute kidney injury and acidosis. Severe anemia, without major organ dysfunction, is a
common presentation in children®.

P. vivax, the causative agent of malaria tertiana, is responsible for 2% of all malaria cases but
is the dominant parasite in most countries outside sub-Saharan Africa®>. Compared to
P. falciparum, P. vivax was considered a relatively benign parasite due to its mild course of
infection and low incidence of deaths. However, recent studies reported that rates of severe
disease and death due to falciparum or vivax malaria are comparable*®. P. vivax parasites
form liver stages (hypnozoites) and are responsible for a significant number of relapse
infections that can occur months or even years after infection, particularly affecting the
development of infants*8°.

1.1.1. Life Cycle of Plasmodium
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Figure 1. Life cycle of Plasmodium falciparum in the human host and the Anopheles mosquito.

The Plasmodium life cycle consists of three stages: The liver stage and the blood stage in the human host and the
mosquito stage in Anopheles. Further details are described in the text below. Modified according to CDC* and
White et al.’, created with BioRender.

The complex life cycle of all human pathogenic Plasmodium subspecies (ssp.), depicted in
Figure 1, is very similar and can be divided into a sexual phase within the Anopheles mosquito,
and an asexual phase, within the human host*. The infective stages, the sporozoites, are first
transmitted to the human host through the bite of an infected female Anopheles
mosquito (D). The sporozoites then mature into schizonts (2) during the exoerythrocytic liver
stage, which typically lasts for 1-2 weeks, and release merozoites when they burst into the
bloodstream (3)81°. In the case of P. vivax, hypnozoites, the dormant stage of the parasite,
can persist in the liver and cause relapses by entering the bloodstream weeks or years later”.
Once the merozoites have invaded red blood cells (RBCs) (3), the parasite undergoes serial
cycles of asexual replication in the erythrocyte (blood stage), during which the merozoites
develop into a ring form and later into trophozoites and mature schizonts. After schizont
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rupture, more merozoites are released into the bloodstream, which can then infect more
RBCs. The intraerythrocytic cycle takes approximately 48 h for P. falciparum and P. vivax,
while it takes 72 h for P. knowlesi or P. malariae. This asexual intraerythrocytic cycle, in
particular the rupture of the erythrocytes at the end of each stage, causes the typical fever
attacks and other malaria symptoms, which first appear when the parasitemia exceeds 100
parasites per uL of blood. A subpopulation of intraerythrocytic parasites produces female and
male gametocytes, the sexual stages of the parasite (5), which transmit malaria to the
mosquito via a blood meal. Inside the mosquito midgut, gametocytes form exflagellated male
and female gametes (6), which fuse to form zygotes (7). The zygotes are then transformed
into mobile ookinetes that pass through the gut wall and develop into oocysts (9). When
the oocysts rupture (0), sporozoites are released and migrate to the salivary glands of the
mosquito, ready to be transmitted to the human host with the next mosquito bite”/#19,

P. falciparum virulence is primarily based on its ability to evade the human immune system by
modifying infected RBCs. Key players in this process are proteins of the P. falciparum
erythrocyte membrane protein (PfEMP1) family. These adhesive proteins are expressed by
the parasite and exported to the surface of infected RBCs, where they mediate the adhesion
of infected RBCs to the vascular endothelium**1. This allows the parasite to avoid clearance
by the spleen and causes endothelial cell injury as well as microvascular obstruction®. These
polymorphic proteins are encoded by a multi-copy gene family known as var. As the immune
system produces antibodies against the currently expressed PfEMP1, a subset of parasites
switch expression to antigen distinct isoforms of PfEMP1, allowing them to evade immune
destruction and reestablish infection®1%,

1.1.2. Treatment of Malaria

Current malaria control strategies rely on preventive measures, such as vector control with
long-lasting insecticide-treated bed nets, chemoprophylaxis in pregnant women and young
children, and case management, consisting of early diagnosis and artemisinin-based
combination therapies'>!3, With these measures two billion malaria cases and 11.7 million
malaria deaths were averted in the period from 2000-2021°. Chemotherapy is currently the
only accessible strategy to treat and control malaria infection4. To prevent a severe
progression of the disease, the primary goal of malaria treatment is a rapid and complete
clearance of the malaria parasite from the patient’s bloodstream. Effective treatment reduces
transmission of the parasite to other individuals and also prevents the emergence and spread
of antimalarial drug resistance>16, which is the major reason for the high mortality rates
caused by malarial’. Due to the emergence of resistant parasites to several effective
antimalarial drugs, the WHO recommends an artemisinin-based combination therapy (ACT)
for uncomplicated malaria¥#*>. ACT combines an artemisinin derivative that rapidly reduces
parasitemia with a partner drug that removes residual parasites over a longer period. The
leading ACTs recommended by the WHO are artemether-lumefantrine, artesunate-
amodiaquine, artesunate-mefloquine, dihydroartemisinin-piperaquine, artesunate +



INTRODUCTION

sulfadoxine-pyrimethamine and artesunate-pyronaridine®>. Some of these currently used
antimalarials are briefly described in the following section.

Artemisinin and derivatives

Artemisinin (ART) is a sesquiterpene lactone compound originally derived from the sweet
wormwood plant Artemisia annua. Derivatives of ART used as antimalarials are
dihydroartemisinin, artesunate and artemether, which have improved bioavailability and
efficacy. The exact mechanism of action (MOA) of ART is not yet fully understood. Drug
activation is thought to involve iron-catalyzed reductive cleavage of the endoperoxide bond
of the drug, generating free radicals that react with susceptible groups in parasite proteins as
well as with unsaturated membrane lipids and heme itself'8. Among others, ART has also been
shown to inhibit phosphoinositide 3-kinase, whose activity plays also a role in hemoglobin
endocytosis to the digestive vacuole of the parasite!®?°. ART is exceptionally fast-acting
against intraerythrocytic blood stage parasites, and already effective against very early
asexual ring stage parasites'®.

4-aminoquinolines

This group of antimalarials includes chloroquine (CQ) and amodiaquine. CQ accumulation in
the parasite’s digestive vacuole prevents the formation of hemozoin crystals, which are
necessary for the parasite to digest hemoglobin and detoxify heme?%22, CQ has been used to
treat severe malaria for nearly eight decades and was also the most successful single drug for
malaria treatment and prophylaxis*?1. CQ is a safe and affordable drug but resistant malaria
strains to CQ have developed very early and spread over almost the entire malaria regions
where P. falciparum is endemic'?>2%, However, CQ is still used for uncomplicated malaria
caused by P. vivax, P. ovale or P. malariae’®.

Arylaminoalcohols

Arylaminoalcohols include antimalarials such as quinine, mefloquine and lumefantrine. Similar
to 4-aminoquinolines, this class of compounds may also partially interfere with hemozoin
formation and detoxification of hemoglobin degradation by-products. However, the MOA is
not fully understood?>22. Quinine was the first successful antimalarial drug and already used
in the 17% century. Although resistant strains have already developed and quinine has many
serious side effects, it is still one of the most important drugs for uncomplicated malaria and
also important for severe malaria as intravenous applications are available'??!. Mefloquine is
widely used to treat multidrug-resistant P. falciparum malaria and as prophylaxis in travellers,
but it is also associated with neuropsychiatric side effects*?%,

8-aminoquinoline

Primaquine (PQ) is currently the only antimalarial of this compound class and different from
other antimalarials as it is active against liver and sexual stages, but also dormant hypnozoites,
which are responsible for relapses caused by P. vivax and P. ovale'*?'. PQ is metabolized to

4
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5-hydroxyprimaquine, which generates reactive oxygen species (ROS) in erythrocytes leading
to cytoskeletal and membrane lipid peroxidation and hemolysis. In addition, the rapid
glutathione (GSH) depletion in erythrocytes as a consequence of ROS production can cause
severe hemolysis in individuals with glucose 6-phosphate dehydrogenase (G6PD) deficiency
and is therefore contraindicated (see 1.3.5). Therefore, in countries with a high incidence of

G6PD deficiency, testing for G6PD deficiency is recommended prior to treatment with
PQ7’14’21’23.

Vaccines

The development of malaria vaccines has taken a lot of time, effort and money. The
RTS,S/AS01 vaccine is the first and currently the only malaria vaccine that is recommended for
use by the WHO?'® and based on the circumsporozoite protein on the surface of pre-
erythrocytic P. falciparum stages’. Since October 2021, WHO recommends broad use of the
RTS,S/AS01 vaccine among children living in regions with moderate to high P. falciparum
malaria transmission. Although the vaccine is non-inferior to seasonal malaria
chemoprevention, and should be used in combination, the vaccine has been shown to
significantly reduce malaria, and deadly severe malaria, among young children>%>. Vaccine
efficacy and cases averted were highest in the site with the lowest malaria transmission,
reaching up to 75% during 48 months of follow-up?*.

Two more vaccine candidates are currently approaching late-stage clinical evaluation. The
R21/Matrix-M vaccine targeting also the circumsporozoite protein'>?°, and the attenuated
whole sporozoites vaccine PfSPZ*>. New technologies such as DNA- and mRNA-based vaccines
and the ongoing development of adjuvants and delivery platforms are being explored for use
in malaria vaccines!>?4,

In summary, effective preventive measures and drugs are currently available to treat and
eliminate P. falciparum and P. vivax. However, current chemotherapeutic agents for malaria,
including ACTs, face challenges related to safety, efficacy, and the emergence of drug-resistant
parasites due to the complex life cycle and mutation rate of the malaria parasite, which can
appear more quickly under the influence of drugs. As a result, there is an urgent need for
novel, cost-effective, non-toxic and efficacious antimalarial drugs with low propensity to
develop drug resistance and new mechanisms of action®12141>21,

1.2. Leishmaniasis

The vector-borne infectious disease leishmaniasis is classified by the WHO as one of the 20
poverty-related NTDs. Leishmaniasis is caused by the protozoan parasite of the genus
Leishmania, belonging to the Trypanosomatidae family, and transmitted through the bite of
female sandflies of the genus Phlebotomus in Old World leishmaniasis or Lutzomyia in the
Americas (New World). Only a small fraction of those infected with Leishmania will develop
the disease, which is why the term leishmaniasis refers to the condition of becoming sick due
to a Leishmania infection, rather than being generally infected with Leishmania parasites.
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Depending on the species and the caused symptoms, the WHO classifies three main clinical
forms of leishmaniasis: cutaneous, mucocutaneous, and visceral leishmaniasis, also known as
kala-azar or black fever?627,

Visceral leishmaniasis (VL) is the most severe form of the disease. Typical symptoms of VL
include irregular episodes of fever, splenomegaly, hepatomegaly, weight loss and anemia
(Figure 2A)%%. Due to secondary bacterial infection or severe anemia the disease is in over 95%
of cases fatal within two years if left untreated?%?’. An estimated 50,000 to 90,000 new cases
of VL occur annually, most of them in Brazil, East Africa and India, although only 25-45% are
reported to the WHO. As a sequel of VL, 5-10% of the patients develop post-kala-azar dermal
leishmaniasis (PKDL). PKDL is usually characterized by asymptomatic macular, papular or
nodular rash on face, upper arms and other parts of the body (Figure 2B)%®. The underlying
mechanism is not completely known, but an altered immune response due to treatment or
self-healing is presumed. Since diagnosis is difficult in the field, it is often made clinically?.

Figure 2. Symptoms of different leishmaniasis forms.
A. A child with hepatosplenomegaly caused by
visceral leishmaniasis (VL). B. A child with
erythematous maculopapular rash caused by post-
kala-azar dermal leishmaniasis (PKDL), which can
occur after recovered VL. C. Skin lesions of a male
patient infected with cutaneous leishmaniasis (CL). D.
A male patient with severe oronasal lesions caused by
mucocutaneous leishmaniasis (MCL). The images

were taken from Burza et al.?” and the Pan American
Health Organization?.

Cutaneous leishmaniasis (CL) is the most common form of the disease. It causes skin lesions,
mainly ulcers, on exposed parts of the body (Figure 2C). Although most of the lesions will self-
heal within the first two years, the disease leaves life-long disfiguring scars, serious disability
and / or stigma?®?’. An estimated 600,000 to one million new cases occur worldwide annually,
95% of the disease in America, the Mediterranean Basin, the Middle East and Central AsiaZ®.

Mucocutaneous leishmaniasis (MCL) is a severe form of CL and leads to partial or total
destruction of mucous membranes of the nose, mouth and throat (Figure 2D)%¢. Due to the
late stage destruction of the oronasopharyngeal mucosa and cartilage, leading occasionally to
aspiration pneumonia, MCL is potentially life-threatening?’. More than 90% of the MCL cases
occur in Bolivia, Brazil, Ethiopia and Peru?®.



INTRODUCTION

The different clinical manifestations of a Leishmania infection depend on the type of the
infecting species and the host’s immune response. More than 20 Leishmania species are
infectious to humans, some seem to be more adapted to target the skin and others to invade
visceral organs. VL is typically caused by Leishmania (L.) donovani and L. infantum, whereas
the latter can also cause CL. L. major, L. tropica, L. aethiopica, L. mexicana, L. braziliensis, and
L. guyanensis are typical strains causing CL, with the latter two having the potential to develop
MCL27’30.

1.2.1. Life Cycle of Leishmania
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Figure 3. Life cycle of the Leishmania parasite in the human host and in the sandfly.

The Leishmania life cycle consists of two stages with a flagellated promastigote form in the sandfly and a
nonflagellated amastigote form in the human host. Further details are described in the text below. Modified
according to CDC3! and Burza et al.?’, created with BioRender.

The life cycle of human pathogenic Leishmania ssp. is diphasic and can be divided into the
flagellated promastigote form in the sandfly vector and the nonflagellated amastigote form in
the human host (Figure 3). With the bite of a female sandfly, infectious metacyclic
promastigotes are injected into the human host (1) and quickly phagocytosed by several cell
types of the host, such as macrophages and other mononuclear phagocytic cells (2)31-33, The
metacyclic promastigotes are then transformed into intracellular nonflagellated
amastigotes (3), which undergo replication by simple division in a parasitophorous vacuole in
the host cell (4) (asexual reproduction)32. After cell rupture local phagocytes are reinfected
with amastigotes (5)34. Depending on the host and parasite factors, the parasite infects
phagocytes at the site of cutaneous infection (CL) or in organs rich in macrophages like
secondary lymphoid organs, bone marrow and liver (VL)3%35. The transmission cycle is
completed when infected phagocytes are taken up by another sandfly with a blood
meal (6)+(), either with an active skin lesion in CL or MCL or with parasitemia in VL.
Amastigotes then convert into procyclic promastigotes in the sandfly midgut and
reproduce to high numbers in 4-14 days (9)3%34. After migrating to the salivary glands of the
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sandfly they transform into non-dividing metacyclic promastigotes, ready to be injected into
a new host with the next blood meal**. Leishmania parasites possess unique and complex
virulence mechanisms to evade the host immune system and are able to persist within the
host cells to establish long-term chronic infection3%3°, Pathogenesis and macrophage-
Leishmania interactions vary significantly depending on the infecting Leishmania species3®.
After promastigotes are injected into the human host, polymorphonuclear neutrophil
granulocytes (PMNs) are rapidly recruited to the site of infection under the guidance of
chemokines®’. The parasites survive inside the PMNs by inhibiting the phagosome
acidification, but do not transform into amastigotes or proliferate3238, Recruited by the PMNs,
the second wave of macrophages enters the site of infection two to three days later. Like a
“Trojan Horse” the PMNs help to transfer the promastigotes safely inside macrophages by
forming apoptotic bodies3*. Macrophages are the final host cells of Leishmania, in which the
parasites begin to differentiate into amastigotes and multiply. It is during this phase that the
first symptoms appear in the host®’.

1.2.2. Treatment of Leishmaniasis

Despite many attempts, an effective human vaccine to combat leishmaniasis does not yet
exist3®. Therefore, current leishmaniasis control strategies rely upon case management, vector
control and drug treatment.

The first line treatment for visceral and cutaneous leishmaniasis are pentavalent antimonials
(Sb>*), with sodium stibogluconate and meglumine antimoniate as compounds of this family.
For antileishmanial activity these prodrugs need to be reduced to trivalent antimonials (Sb3*),
which can occur either in the host cell or directly in the parasite*>*1, For this purpose, thiols
like GSH from host macrophages or the equivalent trypanothione from Leishmania parasites
may serve as possible reducing agents*®42. Although the MOA of these antimonials is not yet
fully understood, an Sb3'-induced GSH and trypanothione efflux in promastigotes and
amastigotes, as well as the trypanothione reductase as potential target of Sb3*, suggest an
involvement of the parasite’s redox system?143:44,

In addition, amphotericin B deoxycholate (AmB-D) is used for leishmaniasis treatment. It
targets ergosterol on the surface membranes of Leishmania parasites, leading to increased
permeability and thus disruption of the parasite membrane®#. Its intravenous
administration, high toxicity, and adverse effects are major disadvantages. Liposomal
formulations (LAmB) reduced these side effects, but high costs and the need of medical
supervision make the use of these drugs still impractical*>*¢. However, LAMB has a high
efficiency with a cure rate of >95%, which is why it is also considered as a first line drug for
VL47_49.

The only registered oral drug for leishmaniasis treatment is miltefosine. Several MOA have
been identified. Miltefosine inhibits phosphatidylcholine synthesis®, but also cytochrome C
oxidase, disrupting the overall mitochondrial function®l. Other studies showed that
miltefosine is able to activate the Ca%* channels in the parasite’s plasma membrane, inducing
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an alkalinisation of the Leishmania acidocalcisomes®?. An induced apoptosis-like cell death is
also discussed as MOA of miltefosine®3*. Despite its gastrointestinal toxicity and its
teratogenicity, high efficiency and the ease of use, made miltefosine the first-choice treatment
in many countries. However, commercialization and lack of control resulted in suboptimal use
and subsequently drug resistance, which is why other antileishmanials like LAmB are still
preferred>>°8,

In summary, there are only a few drugs available to treat leishmaniasis, which are mainly
based on chemotherapeutic agents, often high in costs, toxic and with severe side effects. In
addition, these drugs are highly divergent in terms of effectiveness across subspecies in
different regions of the world, problematic in co-infected patients such as HIV/Leishmania and
after decades of usage already emerged resistant strains*°%>’, Therefore, new drug targets
and anti-infective agents with new MOA are urgently required.

1.3. The Pentose Phosphate Pathway

The pentose phosphate pathway (PPP) is a metabolic pathway that plays a central role in
cellular metabolism. The PPP provides precursors for nucleotide and amino acid biosynthesis,
reducing molecules for antioxidant defense and anabolism, and is important to maintain
carbon homeostasis. As an alternative pathway to oxidize glucose, the PPP is tightly connected
to glycolysis as the major consumer of glucose. The intermediate glucose 6-phosphate can
either enter the PPP or continue through glycolysis®®>°,

1.3.1. Redox Metabolism in Protozoan Parasites

ROS and reactive nitrogen species (RNS) are reactive radical and non-radical derivatives of
oxygen and nitrogen, respectively that are commonly generated within cells. The negative
effects of these species on cellular functions are countered by antioxidant defense
mechanisms. An imbalance between ROS/RNS production and antioxidant defense
mechanisms induces oxidative stress, which is associated with oxidative damage to DNA, lipids
and proteins®%6?,

For parasites, generation of oxidative stress is particularly critical, which is why antioxidant
defense mechanisms of the parasites are considered promising anti-parasitic drug targets. The
sources of ROS and RNS that act on the parasite during its life cycle are manifold. They
originate from the host’s immune response, but also from the parasite itself, for example
through increased metabolism during reproduction and growth. Depending on the parasite
and its stage in the life cycle, more ROS/RNS sources act on the parasite. Plasmodium
parasites, for example, are exposed to increased oxidative stress during the intraerythrocytic
blood stage (Figure 1) due to hemoglobin degradation®. The same is true for the intracellular
stages of Leishmania parasites that live in mammalian macrophages (Figure 3), where
oxidative stress is induced by enzymes such as nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase or nitric oxide (NO) synthase®3%>. To counteract these extreme oxidative
stress conditions, the parasites have a number of antioxidant defense mechanisms (Figure 4).
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Like most other eukaryotic organisms, the antioxidative system of Plasmodium consists of
superoxide dismutases (SODs) and the glutathione and thioredoxin systems®%66-%8 which are
located in different subcellular compartments®. The glutathione system includes glutathione
reductase (GR), glutathione (GSH), glutaredoxins (Grx) and glutaredoxin-like proteins,
glutathione S-transferase (GST) and glyoxalases®?®78 A lack of GR in P. berghei results in
arrest of parasite development in the mosquito’®’*. Disruption of enzymes of the glutathione
system in P. falciparum has so far been unsuccessful, suggesting an essential role in parasite
development’?.

The thioredoxin system consists of thioredoxin reductase (TrxR), thioredoxin (Trx) and
thioredoxin-like proteins, peroxiredoxins (Prx) and plasmoredoxin (Plrx), which is unique for
Plasmodium®%%%68 TrxR has been shown to be essential for the survival of intraerythrocytic P.
falciparum parasites’3.
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Figure 4. Antioxidant defense mechanisms of Plasmodium and Leishmania parasites.

Enzymes that are only present in Plasmodium are outlined in green, those that are only present in Leishmania
are outlined in yellow and enzymes that are present in both species are outlined in blue. 6PG =
6-phosphogluconate, 6PGL= 6-phosphogluconolactone, 6PGD = 6-phosphogluconate dehydrogenase, G6P =
glucose 6-phosphate, G6PD = glucose 6-phosphate dehydrogenase, GluPho = glucose 6-phosphate
dehydrogenase 6-phosphogluconolactonase, GR = glutathione reductase, Grx = glutaredoxin, GSH = reduced
glutathione, GST = glutathione S-transferase, GSSG = oxidized glutathione, Plrx = plasmoredoxin (reduced and
oxidized), Prx = peroxiredoxin (reduced and oxidized), Ru5P = ribulose 5-phosphate, SOD = superoxide dismutase,
TR = trypanothione reductase, TxnP = tryparedoxin peroxidases (reduced and oxidized), Txn = tryparedoxin
(reduced and oxidized), TrxR = thioredoxin reductase, Trx(SH): = reduced thioredoxin, TrxS2 = oxidized
thioredoxin, T(SH)2 = reduced trypanothione, TSz = oxidized trypanothione. Modified according to Jortzik and
Becker et al.®8, Krauth-Siegel et al.’* and Irigoin et al.”®, created with BioRender.

In contrast to Plasmodium and their hosts, Kinetoplastida parasites lack GR and TrxR. Instead,
they possess a trypanothione system, which is based on trypanothione (T(SH)2), consisting of
two GSH molecules covalently linked to spermidine, trypanothione reductase (TR),
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tryparedoxin (Txn) and tryparedoxin peroxidases (TxnP)’#7>. TR has been shown to be
essential for Trypanosoma (T.) brucei’® and L. donovani’” viability. Unlike their hosts, both
Kinetoplastida’ and Plasmodium®® parasites lack a catalase and selenocysteine-containing
glutathione peroxidase.

These antioxidant defense systems of both Plasmodium and Kinetoplastida parasites highly
depend on NADPH as their primary electron source (Figure 4)%% 74, In most parasites the main
source of NADPH is the PPP, which is why enzymes of this key metabolic pathway are
considered promising drug targets for the control of protozoan parasites such as Leishmania,
Trypanosoma*-’87? and Plasmodium®3!,

1.3.2. Phases of the Pentose Phosphate Pathway
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‘\r RUPE RPI | dehydrogenase 6-phosphoglucono-
/ \ lactonase  (GluPho) is shown for
; Xylulose 5P Ribose 5P Plasmodium. The non-oxidative branch,
: I shown in red, comprises the enzymes
A ribulose 5-phosphate epimerase (RuPE),

A/ . .
Glyceraldehyde 3P <Ll o (TKT) (TAL) <3 octulose 8P ribose  5-phosphate isomerase (RPI),
) +-2C) | +/-3C transketolase (TKT) and transaldolase (TAL).
: TKT and TAL are able to shuffle two (+/- 2C)
' Nonulose 9P or three (+/- 3C) carbon units between a
: range of different intermediates. Phosphate
: AYHIESEAR Sedoheptulose 7P is abbreviated as P. Modified according to
v L Erythrulose ) Kovéfové and Barrett et al.®, created with

Pyruvate Non-oxidative PPP BioRender.

The PPP is divided into two branches — the oxidative and non-oxidative PPP (Figure 5). The
main function of the oxidative PPP is the production of NADPH. NADPH is an essential reducing
agent for several cellular processes, such as antioxidant defense, fatty acid synthesis and other
anabolic processes. In the unidirectional oxidative PPP, glucose 6-phosphate (G6P) from
glycolysis is converted to ribulose 5-phosphate (Ru5P) by three irreversible enzymatic
reactions that produce two molecules of NADPH per mole of consumed G6P. The first reaction
is catalyzed by glucose 6-phosphate dehydrogenase (G6PD), which oxidizes G6P to 6-
phosphoglucono-6-lactone, resulting in one molecule of NADPH. The second reaction is
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catalyzed by 6-phosphogluconolactonase (6PGL), which hydrolyses 6-phosphoglucono-6-
lactone to 6-phosphogluconate (6PG)>%°°. In Plasmodium the first and the second enzyme of
the PPP are bifunctionally fused to one enzyme, called glucose 6-phosphate dehydrogenase
6-phosphogluconolactonase (GluPho)®.The final reaction of the oxidative PPP is catalyzed by
6-phosphogluconate dehydrogenase (6PGD), which decarboxylates 6PG to Ru5P, generating
a second molecule NADPH and C0,%%°,

In the bidirectional non-oxidative phase, Ru5P from the oxidative branch is converted to a
variety of three- to seven-carbon species that are used for nucleotide and amino acid synthesis
and as glycolytic intermediates (Figure 5). Ru5P is either subsequently transformed into ribose
5-phosphate (R5P) by ribose 5-phosphate isomerase (RPI) or into xylulose 5-phosphate (X5P)
by ribulose 5-phosphate epimerase (RuPE). Depending on the cellular need, these pentoses
can be further converted to other intermediates, such as erythrose 4-phosphate and
sedoheptulose 7-phosphate via the enzymes transketolase (TKL) and transaldolase (TAL)%%>°,
However, the cellular need of NADPH often exceeds that of R5P and X5P for nucleotide
biosynthesis, which is why the interconversion reactions of TKL and TAL are also used to
connect the non-oxidative PPP to glycolysis and with that to regulate the NADPH/NADP*
ratio®®’8: By catalyzing the transfer of two- and three-carbon units, TKL and TAL produce
glyceraldehyde 3-phosphate and fructose 6-phosphate, which can then enter glycolysis and
consequently via glucose 6-phosphate isomerase, which converts fructose 6-phosphate to
G6P, enter again the PPP to produce more NADPH. As these reactions are reversible, the
products of glycolysis can conversely enter the non-oxidative PPP when more precursors are
needed for nucleotide or amino acid synthesis®®>%78, The interconversion reactions catalyzed
by TKL and TAL are much more complex and are better considered as a sum of half-reactions,
where both enzymes can use and combine multiple substrate and product pairs8?.

1.3.3. Localization in Protozoan Parasites

The protozoan parasites, Leishmania and Plasmodium, which were studied in this work,
possess a complete PPP as described above. Like in Plasmodium and the human host, the PPP
of most organisms is located in the cytosol®%3*. However, there are some exceptions. The PPP
can also be located between the cytosol and other organelles. This is true for the PPP of
Leishmania and other trypanosomatid parasites. Although the cytosol is still the primary
location of the PPP in trypanosomatids, the PPP as well as other enzymes of important
metabolic pathways are also localized in peroxisome related and trypanosomatid specific
glycosomes®2®. |t is assumed that the compartmentalization of these crucial pathways in
glycosomes enables a fast metabolic adaption to environmental changes and prevents

accumulation of toxic metabolites®#7.

1.3.4. Alternative Sources of NADPH

Membranes are considered impermeable for NADPH, which is why NADPH recycling and de
novo biosynthesis are compartment-specific>>®8, In most organisms, the PPP is the major
contributor to the cytosolic NADPH pool. However, there are several other enzymes that can
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generate NADPH, e.g., the cytosolic isoforms isocitrate dehydrogenase, glutamate
dehydrogenase, methylenetetrahydrofolate dehydrogenase, aldehyde dehydrogenase and
malate dehydrogenase®989-°1,

Mammalian RBCs lack a nucleus or mitochondria, making the PPP the assumed primary source
of NADPH>®8492_ Plasmodium parasites also seem to lack alternative cytosolic NADPH sources
besides the PPP. While the role of mitochondrial isocitrate dehydrogenase is still unclear,
cytosolic glutamate dehydrogenase has been shown to be dispensable for the parasite®->,
Additionally, NADPH-dependent malate dehydrogenase (“malic enzyme”), which significantly
contributes to the NADPH pool in other organisms, seems to be absent in Plasmodium®®. The
absence of relevant alternative NADPH sources, combined with reliance of the host cells
(erythrocytes) on the PPP as their primary NADPH source, emphasizes the crucial role of the
PPP, specifically G6PD and 6PGD, in Plasmodium parasites®.

Similar to Plasmodium, trypanosomatid parasites possess NADPH-producing enzymes, such as
mitochondrial isocitrate dehydrogenase, glutamate dehydrogenase and methylenetetra-
hydrofolate dehydrogenase®’ 1%, However, the contribution to the NADPH pool is thought to
be negligible®?1°1, Unlike Plasmodium, trypanosomatid parasites possess a malic enzyme that
uses malate to produce pyruvate and NADPH1%%103 T, prucei and T. cruzi possess a cytosolic
and mitochondrial malic enzyme. Recent studies suggest that this is also true for
Leishmania*®®'%, The mitochondrial malic enzyme was found to be essential for precyclic
T. brucei parasites, whereas the cytosolic enzyme is dispensable. Interestingly, simultaneous
depletion of cytosolic malic enzyme and G6PD is lethal to the parasite, indicating a synergistic
contribution of the PPP and malic enzyme to the NADPH pool?®.

1.3.5. Human G6PD Deficiency and Malaria

G6PD deficiency is the most common enzyme deficiency, affecting over 500 million people
worldwide. The X-linked gene encoding for G6PD is highly polymorphic. Around 400 different
G6PD variants have been identified so far, which correspond to 230 mutations?’. These
mutations cause quantitative and qualitative changes in the enzyme, resulting in varying
enzyme activities, which is why the WHO has grouped the G6PD variant into classes%810%,

Table 1. Proposed WHO classification of G6PD genetic variants in homozygous and hemizygous
individuals.

Class Median of G6PD activity Hemolysis

Class A <20% Chronic (CNSHA)

Class B <45% Acute, triggered

Class C 60—150% No hemolysis

Class U Any Uncertain clinical significance

CNSHA = chronic non-spherocytic hemolytic anemia. The table is adapted from the WHO,

The WHO Malaria Policy Advisory Group recently revised the current classes and
recommended a classification of the G6PD variations based on the median residual enzyme
activity expressed as a percentage of normal activity, which is shown in Table 1. There is a gap
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between the proposed Classes B and C, as no variants have been identified in homozygous
deficient females or hemizygous deficient males that have residual G6PD activity between
45% and 60%. New variants falling in this range should be included in class U until solid
evidence is found that they induce acute hemolytic anemia (Class B) or do not pose a
hemolytic risk (Class C)06,

As RBCs do not possess a nucleus or organelles such as mitochondria, there are no alternative
sources of NADPH other than the PPP (see 1.3.4). For the same reasons these cells do not need
NADPH for the biosynthetic pathways discussed above (see 1.3.2), which is why the central
role of G6PD in RBCs is to produce NADPH for antioxidant defense. In fact, RBCs in particular
are constantly exposed to endogenous oxidative stress, because their central role in loading,
carrying and unloading the hemoglobin-bound oxygen can generate superoxide radicals via
the Fenton reaction (see Figure 4, chapter 1.3.1), making the supply of NADPH critical for
RBCs198110 For these reasons, it is clear why RBCs are more susceptible to the consequences
of G6PD deficiency than other cells.

In normal RBCs, G6PD activity is only about 1% of its maximum due to the suppression of
NADPH and ATP under physiological “steady state” conditions. Under oxidative stress, NADPH
is consumed and G6PD is highly activated. In contrast, in G6PD-deficient RBCs, the
NADPH/NADP* ratio is low, so the enzyme activity is already at its maximum under
physiological conditions (depending on the variant) and cannot be up-regulated under
oxidative stress, or only to a small extent®. The problem is exacerbated by the fact that
mature RBCs can no longer carry out protein synthesis, so G6PD activity continues to decline
as the cells age!'!. For this reason, most people with G6PD deficiency remain asymptomatic
throughout their lives, unless they are exposed to oxidative stress. Possible oxidative stressors
include the consumption of fava beans, infections (e.g. hepatitis, cytomegalovirus, COVID-19)
and various drugs such as some antimalarials or antibiotics®>1%7.19° The lack of NADPH and
consequently of GSH in G6PD-deficient RBCs exposed to oxidative stress, results in oxidized
disulfide and sulfoxide groups on hemoglobin, leading to the precipitation of denatured
hemoglobin as Heinz bodies and the formation of hemichromes. Together with ROS, this
irreversibly damages the RBC membrane, leading to erythrocyte hemolysis, which can occur
both intracellularly, resulting in hemoglobinuria, and extracellularly, with an increase in
bilirubin. Less damaged RBCs are degraded by macrophages!?. Besides acute hemolysis and
non-spherocytic hemolytic anemia (CNSHA), other symptoms may include neonatal jaundice,
fatigue and back pain®»197.112,

The prevalence of G6PD deficiency correlates with the geographical distribution of malaria. It
is therefore not surprising that G6PD deficiency has been shown to protect against malaria
infection, or at least against a severe course of the disease. The degree of protection depends
on many factors, including the G6PD variant, the gene carrier and the parasite strain®%107.113-
117 The underlying mechanism of malaria protection is still not fully understood. Most likely a
difference in host immune response is involved, where G6PD-deficient RBCs infected with
Plasmodium are phagocytosed more intensively than normal infected cells'!®. In the early
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intraerythrocytic ring stage, parasite G6PD activity is very low compared to host G6PD,
probably leading to a lack of antioxidant protection and therefore to an increased
phagocytosis with reduced parasitemia in G6PD-deficient RBCs. In the later trophozoite stage,
the G6PD activity of the parasite exceeds that of the G6PD-deficient host, but it is thought that
by this time the cell membrane of G6PD-deficient RBCs has already significantly changed so
that they are also easily phagocytosed, independent of G6PD activity!®. The hypothesized
mechanism behind this phagocytosis potentially involves the recognition and binding of
band 3 aggregates by naturally occurring antibodies. During parasite growth, hemoglobin is
increasingly oxidized, resulting in the formation of hemichromes. The hemichromes in turn
bind preferentially to the cytoplasmic domain of band 3, causing them to form clusters that
are recognized by antibodies that trigger phagocytosis of infected RBCs''®. In addition,
proteomic studies revealed that specific host proteins are selectively oxidized in infected
G6PD-deficient RBCs. These proteins are involved in the oxidative stress defense and
response, as well as in the transport and assembly of exported parasite proteins in the
erythrocyte cytoskeleton®. Courtin et al. observed a lower increase in immunoglobulin 1gG3
levels against a group of P. falciparum merozoite surface proteins in infected G6PD-deficient
carriers, possibly leading to a weaker stimulation of specific antibody responses compared to
non-carriers. The protective mechanism may involve cell-mediated immune activity'?. It is
likely that many other factors are involved in the protective mechanism.

As mentioned above, some antimalarials such as PQ and analogues are known for their
hemolytic risk in GEPD-deficient patients (see 1.1.2) 107.121-124 Dye to the increased prevalence
of G6PD deficiency in malaria endemic areas, understanding the mechanisms behind this is
critical to maintain RBC integrity in G6PD-deficient carriers when considering new targets and
drugs?®. As the first crucial step in hemolysis is a decrease in NADPH and consequently GSH*!?,
this becomes even more important when Plasmodium G6PD, the main supplier of NADPH, is
used as a drug target against malaria (see Publication I8%).

1.4. Glucose 6-Phoshate Dehydrogenase as a Drug Target in Protozoan
Parasites

The NADP*-dependent oxidoreductase G6PD is the first enzyme of the PPP and oxidizes G6P
to 6-phosphoglucono-6-lactone, while producing the first molecule of NADPH (see 1.3.2). As
the first enzyme of the unidirectional oxidative PPP, it is also considered to be the key
regulatory enzyme of the PPP, meaning that any factor that alters the activity, expression
levels or localization of G6PD will also determine the activity and flux of the PPP >°126,

1.4.1. Glucose 6-Phosphate  Dehydrogenase  6-Phosphogluconolactonase  of
Plasmodium

The gene for G6PD from P. falciparum (PfGluPho) is encoded on chromosome 14 and consists
of 2,733 bp resulting in a product of 910 amino acids (UniProtKB acc. no Q8IKU0)?. In
accordance with the generally high adenine + thymine (AT) content (80.6%) of the plasmodial
genome'?®, the AT content of PfGluPho is 77.5%'%’. The presence of G6PD activity in
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Plasmodium was first demonstrated in 1981 in cell extracts from P. falciparum-infected RBCs,
which showed an additional band of G6PD activity on a polyacrylamide gel compared to
uninfected RBCs'??, Initial experiments on PfGluPho demonstrated quickly that the plasmodial
enzyme is different from the human G6PD (HsG6PD). PfGluPho, purified from infected RBCs,
showed a higher affinity to its substrates and the enzyme was rather large compared to human
and other G6PDs*?7130, Unique to Plasmodium and some other Apicomplexa ssp.*3!, PfGluPho
exists as a bifunctional enzyme — it combines the activities of the first two enzymes of the PPP
that are isofunctional in most other species — explaining why the enzyme is much larger than
G6PDs of other species. The C-terminal part of PfGluPho (amino acids 311-910) is homologous
to other G6PDs, whereas the N-terminal part of PfGluPho (amino acids 1-310) encodes for
6PGL. This is why the enzyme is called glucose 6-phosphate dehydrogenase 6-
phosphogluconolactonase (GluPho)®332, The schematic structure of PfGluPho compared to
its human homologue is shown in Figure 6. The C-terminal G6PD domain of PfGluPho
comprises a unique insertion sequence that has been shown to be crucial for G6PD activity in
P. berghei33. Interestingly, the activity of the enzyme was maintained when the P. berghei
GluPho insertion was replaced by the P. falciparum GluPho insertion. However, this insertion
varies in size and sequence between Plasmodium species. For example, the insertion in P.
berghei GluPho, with 113 amino acids, is almost twice as large as in the homologous enzyme
in P. falciparum, with 62 amino acids, which could explain the different consequences of its
deletion!33. However, the exact function of this insertion still needs to be clarified.

6PGL G6PD

aa 1 310 451 513 910

' e ——
I —

P. falciparum GluPho

6PGL
aa 1 258
[I—
Human 6PGL
G6PD
aa 1 514
| |
Human G6PD

Figure 6. Scheme of bifunctional P. falciparum GluPho and the human counterparts 6PGL and G6PD.

In P. falciparum, the first two steps of the oxidative PPP are catalyzed by the bifunctional enzyme GluPho, which
combines the G6PD and 6PGL reactions. In humans, this reaction is catalyzed by two separate enzymes, G6PD
and 6PGL. The insertion (amino acids (aa) 451-513) in the G6PD part of PfGluPho is specific for Plasmodium.
Modified according to Preuss et al.®.

The biochemical characterization of recombinant PfGluPho by Jortzik et al. confirmed initial
results from infected RBCs®3. The enzyme is active as a tetramer (443 kDa) with a calculated
molecular mass of 107 kDa per monomer. In contrast to the human enzyme, the tetramer
formation is independent from substrates, product inhibitors, pH, or reducing agents. It was
also confirmed that the affinity of PfGluPho to its substrates G6P and NADP* is higher

compared to most other G6PDs. It was further suggested, that PfGluPho follows a rapid

16



INTRODUCTION

equilibrium random Bi-Bi-substrate binding mode in which both substrates must bind before
product formation can occur. In addition, a sequential order of substrate binding was
determined for PfGluPho, but without a leading substrate®. The GluPho homologue in P. vivax
(PvGluPho), to which PfGluPho shares 71% sequence identity and 80% similarity, was also
biochemically characterized'®*. However, only the C-terminal part, the G6PD activity
(PvG6PD), was studied, revealing different oligomerization and kinetics. The PvG6PD
oligomerized as a hexamer and the catalytic efficiency of the enzyme was lower compared to
PfGluPho, which is why it was suggested that PfGluPho has advantages when competing with
the human host G6PD for substrates. However, the catalytic efficiency of the isolated PfG6PD
enzyme was also lower, although not as low as for PvG6PD, which might be explained by
structural advantages of the full-length GluPho enzyme?83134,

Target validation

The fact that human G6PD deficiency, the most common human enzyme deficiency
worldwide, protects to a certain extent against malaria infection, highlights the importance of
GluPho for Plasmodium parasites (see 1.3.5)%7,

Interestingly, infected erythrocytes exhibited a 78-fold higher activity of the oxidative PPP
than uninfected erythrocytes, with Plasmodium parasites responsible for 82% of this
activity®®. This underscores the potential of Plasmodium GluPho as a drug target, and is
further supported by the detailed biochemical characterization of the bifunctional
enzyme®¥134, The identified structural and mechanistic differences between Plasmodium
GluPho and its human homologous enzyme increase the likelihood of selective inhibition of
the plasmodial enzyme. To prove conclusively that PfGluPho is essential for the parasites,
genetic target validation is required. Initial attempts were made using RNA interference
(RNAi)-mediated gene silencing of PfGluPho, which resulted in arrested parasite growth at the
trophozoite stage, increased gametocyte formation and enhanced TrxR transcription®3®.
However, the significance of these result is not clear, as Plasmodium parasites seem to lack a
RNAi machinery®’. Allen et al., performed a double crossover knockout approach in asexual
blood stage parasites, which was lethal for the parasites®. As the authors showed that they
were able to target the PfGluPho locus, these findings either indicate that PfGluPho is essential
for blood stage parasites, or that loss of this enzyme is highly deleterious for the parasite®°.
The use of a rescue plasmid or an inducible knockout system, such as is currently used in
combination with the CRISPR-Cas9 knockout system, would be required to provide definitive
evidence®38139,

It has been suggested that PfGIuPho is regulated in response to oxidative stress. However, the
presence of H,0; or pro-oxidant drugs such as artemisinin9, chloroquine'*! and methylene
blue!#*? did not increase the expression levels of PfGluPho, indicating that the enzyme is not
upregulated in response to these pro-oxidative conditions®. Although it has been suggested
that PfGluPho activity may be redox-regulated via post-translational modifications®3, as has
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been shown for glycolytic enzymes such as glyceraldehyde 3-phosphate dehydrogenase!*? or
pyruvate kinase!*4, there is currently no consistent data to support this hypothesis!34.

The polyphenol plant extract ellagic acid has already been used in traditional medicine in
Africa to treat malaria (Figure 7)%°. Ellagic acid inhibits P. falciparum parasites with a median
effective concentration (ECso) between 105 and 330 nM and acts synergistically with other
antimalarial drugs, such as chloroquine, mefloquine and artesunate!*. Among others, ellagic
acid has been shown to target PfGluPho with an median inhibitory concentration (ICso) of
77 £24nM®, and the corresponding enzyme in P. vivax (PvG6PD) with an ICso of
32.5 + 13.4 nM*34, While it also inhibits enzymes of the GSH metabolism, such as GR, GST, and
TrxR4, ellagic acid is three orders of magnitude more potent against Plasmodium GluPho
than against these redox enzymes8%14¢, Therefore, the observed GSH depletion in Plasmodium
after treatment with ellagic acid is more likely associated with PfGluPho inhibition, resulting
in NADPH depletion and therefore less efficient GSSG reduction®. However, this inhibition is
not selective for Plasmodium as HsG6PD is inhibited in a similar range8%134,

Based on a chemical compound screening and following structure activity relationship (SAR)
studies, a set of novel Plasmodium GluPho inhibitors was synthesized and assessed by
Haeussler et al.®3*. Two compounds of this series, vz1732 and vz0527 (Figure 7), exhibited
nanomolar activity with I1Csp values of 0.9 + 0.2 uM against PfGluPho and 0.2 uM for PvG6PD,
and 1.7+0.3 uM for PfGuPho and 0.2+0.1uM for PvG6PD, respectively!3*. However,
selectivity over the HsG6PD is rather low, as vz1732 and vz0527 inhibit the HsG6PD with ICsgs
of 34.7 £ 21 uM and 8.3 £ 2.7 uM. Kinetic investigations of the most potent compound vz1732
indicated a non-competitive binding mechanism towards both G6P and NADP*13*, Whether
these inhibitors are also active in vitro against the malaria parasite remains to be investigated.

Br ﬁ' NO, Cl
N\ CN \‘/S = mN / S
| Ay s/ PN
Cl O;N én'

Ellagic acid vz1732 vz0527

Figure 7. Plasmodium GluPho inhibitors.

Shown are the Plasmodium GluPho inhibitors ellagic acid from plant extract®®!3*, and vz1732 and vz0527 newly
synthesized by Dieter Kaufmann and Viktor Zapol'skii from Clausthal University of Technology®3“.

Further attempts to find a selective PfGluPho inhibitor were made by Preuss et al., who
screened approximately 400,000 compounds in a high-throughput format from various
compound libraries including Library of Pharmacologically Active Compounds (LOPAC®280),
Spectrum, DIVERSet and the Molecular Libraries Small Molecule Repository (MLSMR)
collection of the National Institutes of Health (NIH) against the recombinant PfGluPho'#’. Two
dibenzothiazepine-derived compounds from the NIH MLSMR collection, ML276 ((R,Z)-N-((1-
ethylpyrrolidin-2-yl)methyl)-2-(2-fluorobenzylidene)-3-oxo-3,4-dihydro-2H-benzo[b][1,4]-
thiazine-6-carboxamide)'®14° and ML304 ((R)-N-((1-ethylpyrrolidin-2-yl)methyl)-4-methyl-
11-ox0-10,11-dihydrodibenzo[b,f]-[1,4]thiazepine-8-car-boxamide)**°, were finally identified,
inhibiting PfGluPho with 1Cso values of 0.89 uM and 0.19 uM, respectively. ML304 was also
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found to inhibit PvG6PD with an ICsp of 2.6 + 0.8 uM*34. ML276 and ML304 inhibit the
plasmodial enzyme selectively over the human enzyme, as HsG6PD was not inhibited up to a
concentration of 80 uM (ICso > 80 uM)14%10, On P. falciparum blood stage parasites, ML276
and ML304 showed ECsp values of 2.3 £ 0.2 uM and 0.5 uM for the chloroquine sensitive 3D7
strain, respectively#®, Kinetic investigations revealed that both compounds act as competitive
inhibitors against G6P and as a mixed type — indicated by parameters between a competitive
and non-competitive inhibition — against NADP* 134148 |nitial MOA studies with ML304 using
redox probes indicated that its lethal effect on asexual Plasmodium parasites is linked to a
disruption of the cytosolic glutathione-dependent redox potential34.

Interestingly, ML304 has been shown to act synergistically to methylene blue in gametocytes,
the sexual stage of Plasmodium. The MOA of methylene blue is linked to a NADPH depletion
due to its redox-cycling activity. This NADPH depletion is most likely augmented by the
concomitant inhibition of PfGluPho-dependent NADPH production by ML304, explaining the
observed synergy of methylene blue and ML304. Therefore, ML304 and methylene blue could
also be used as a transmission blocking agent®°?,

To further evaluate compound ML276 and ML304 as a potential antimalarial drug, both
compounds were studied in a detailed in vitro pharmacology screen and revealed reasonable
ADME/T (absorption, distribution, metabolism, excretion, toxicity) properties!*®1°0, These
include excellent solubility and no toxicity towards Fa2N-4 immortalized human hepatocyte
cell lines in the tested range (LDso>50 uM). Consistent with their high solubility, the
compounds exhibit high permeability in a standard parallel artificial membrane permeability
assay (PAMPA) as well as when incubated with an artificial membrane that models the blood-
brain barrier. ML276 and ML304 have a good plasma stability and were highly plasma protein
bound which may contribute to its high plasma stability. Therefore the compounds would
remain in the plasma and are hardly distributed to organs or tissues, increasing the exposure
of the compound to the blood-borne malaria parasite'*®1>0, To address the pharmacologic
guestion of how long the compounds will remain circulating in plasma within the body, a
microsomal stability assay was performed. ML276 exhibited moderate stability in human and
modest stability in mouse liver homogenates'#®4°, Unfortunately, ML304 is almost
completely metabolized in these cells within one hour!*°,

To optimize the potency and ADME/T properties of ML276 and ML304, SAR studies were
performed. The most promising candidate in terms of efficacy was SBI-0797750, a derivative
of ML304. The medicinal chemistry optimization led to an approximately 25-fold more active
compound SBI-0797750 with an ICsp of 6.7 £ 1.8 nM and 31.0 + 3.1 nM against recombinant
PfGluPho and PvG6PD, respectively and an ECsp of 22.5 + 2.2 nM against asexual blood stage
parasites. Optimization to SBI-0797750 did not change selectivity over the human enzyme or
the mode of inhibition and action. In addition, SBI-0797750 was shown to have no effect on
the integrity of RBCs from either G6PD-normal or G6PD-deficient individuals, whose
erythrocytes are also highly dependent on NADPH production by their own G6PD. The detailed
characterization of this lead compound is described in Publication 15,
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1.4.2. Glucose 6-Phosphate Dehydrogenase of Leishmania

As mentioned before, PPP enzymes in Kinetoplastida are mainly localized in the cytosol, but
also in the glycosomes (see 1.3.3). Interestingly, G6PD has a higher glycosomal proportion
than other PPP enzymes. For Trypanosoma, for example, 40-50% of the G6PD activity was
measured in glycosomes!>2153,

The number of genes encoding for G6PD differs among trypanosomatids. While T. brucei and
Leishmania have one copy of the G6PD gene per haploid genome2®'3, T. cruzi harbors five
putative sequences, two of which are pseudogenes'>*. Trypanosomatid G6PDs share about
50% sequence identity on amino acid level with HsG6PD’8. Within the Trypanosomatidae
family, sequence identity is higher. T. cruzi and T. brucei share 64% and 66% sequence identity
with Leishmania parasites, respectively. Within the Leishmania family the sequence identity
of G6PD is almost identical with >95%.

Compared to other G6PDs, trypanosomatid G6PDs have a unique N-terminal domain. This
domain is extended by 37 amino acids in T. brucei and T. cruzi and by 40 amino acids in
Leishmania parasites. The sequence of Trypanosoma G6PDs has two possible start codons,
allowing the expression of the typical long form in Kinetoplastida with the 37 amino acid
extension, or the expression of a short form corresponding to the length of most other G6PDs
outside the Kinetoplastida family. Although it has been shown that T. cruzi predominantly
expresses the long form in all four life-cycle stages, the physiological relevance of the
expression of a long and a short form has not yet been elucidated. Since Leishmania parasites
lack a second start codon in the G6PD sequence, they produce only the long form of the
enzyme®?, Structural comparison between the elongated N-termini of Kinetoplastida G6PDs
reveals only 50% identity and 62% similarity between T. cruzi and T. brucei, and 24% identity
and 44% similarity between T. cruzi and L. donovani G6PD. In contrast to Leishmania and most
other G6PDs, T. cruzi G6PD was shown to be redox-regulated, as the activity was strongly
affected by the addition of dithiothreitol and glutathione. This was observed only for the long
form, but not for the short form of the enzyme. Based on kinetic studies and site-directed
mutagenesis, it was suggested that two cysteines, C8 and C34, which are absent in T. brucei
and Leishmania G6PDs, are responsible for this phenomenon by stabilizing intra-dimer
disulfide bridges that modulate enzymatic activity'®*'>>. However, truncation of the N-
terminal extension of TcG6PD did not affect the overall kinetic efficiency, indicating that the
elongation is not essential for enzyme activity®®>.

Among Kinetoplastida G6PDs, only TcG6PD has been crystallized so far. Moreover, TcG6PD
has only been crystallized in a truncated form, and thus without the N-terminal
extension>>1°¢, To our knowledge, we were the first who crystallized wild-type LdG6PD with
the complete N-terminal domain (Publication 11*>7). Solving this three-dimensional structure
is an important contribution to understanding the so far enigmatic function of the elongated
N-terminal domain. In accordance with previous studies, the N-terminal domain of LdG6PD is
not essential for enzyme activity, but our investigations indicate that the N-domain of LdG6PD
is involved in tetramerization, completely different to the previous observed tetramer of
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TcG6PD, which lacks the N-terminal domain. Structural and kinetic studies also indicated G6P-
dependent domain motions involving the N-domains. These new structural and biochemical
insights into a Kinetoplastida G6PD, which also shows major differences to other G6PDs, in
particular HsG6PD, will provide an excellent basis for further structure-based inhibitor studies
and increase the chances of developing a selective LdG6PD inhibitor.

Target validation

G6PD has been shown to be crucial for redox balance in kinetoplastids. The expression of
TcG6PD, for example, is regulated in a stage-specific and redox-dependent manner. While
epimastigotes, which are naturally not exposed to oxidative stress, repressed G6PD expression
and activity after peroxide treatment, expression levels of G6PD in metacyclic
trypomastigotes, which are naturally exposed to ROS during cell invasion, were upregulated
and the enzyme activity increased when the parasites were treated with peroxides. In
addition, these parasites were more resistant to peroxides than epimastigotes'>*. The same
was observed for Leishmania parasites, which increased G6PD expression levels not only
during differentiation from promastigotes to amastigotes, but also under oxidative stress,
which could not be explained by increased glucose uptake® '8, Leishmania parasites are able
to shift the metabolic glucose flux from glycolysis towards the PPP as a mode of defense
against redox stress. The redox homeostasis of Leishmania parasites highly depends on a
balanced NADPH/NADP* ratio and therefore on the NADPH-producing enzymes of the PPP,
which was also shown in Leishmania cell lines overexpressing episomal LdG6PD. This cell line
was less susceptible to oxidative stress, being able to maintain a balanced NADPH/NADP* ratio
and thiol content compared to the wild-type®>. The MOA of commonly used antileishmanials

160 and miltefosine®! is thought to be

such as amphotericin B'*°, sodium antimony gluconate
related to ROS-mediated killing of the parasites, and resistance to these drugs to an
upregulation of the PPP. This was confirmed by Leishmania cell lines overexpressing LdG6PD,

making the parasites resistant to these drugs®.

RNAi-mediated depletion of G6PD in T. brucei bloodstream cells caused a reduction in growth
rate followed by culture death after 48 h, indicating that ThG6PD is essential for the blood
stage parasite and that alternative sources of NADPH produced by other enzymes than G6PD
are not sufficient for the parasite to deal with oxidative stress2.

Intermediates of human steroids, such as epiandrosterone (EA) and dehydropeiandrosterone
(DHEA), are potent inhibitors of mammalian and Trypanosoma G6PDs6%163, By optimizing
derivatives of EA and DHEA, the selectivity of the steroids for the pathogen over the host
enzyme was even increased 28—130-fold'%4. The steroids killed both blood stage parasites and
epimastigotes of T. cruzi in vitro and reduced parasite levels in infected mice, confirming the
efficacy of these drugs against TcG6PD%%163, Direct evidence that these steroids target
Trypanosoma G6PDs was provided by Ortiz et al., who showed that the specific G6PD activity
in cell extracts of T. cruzi epimastigotes as well as the fluorescence signal for G6PD activity in
situ decreased in a dose-dependent manner with respect to EA®4. In addition, using redox
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probes, Ortiz et al. detected a disruption of the thiol-redox homeostasis in T. cruzi
bloodstream parasites after TcG6PD inhibition by steroids, highlighting the key role of G6PD
in NADPH homeostasis and the lack of complementary and efficient back-up systems in these
parasites'®®. The molecular mechanism by which the steroids inhibit human and Trypanosoma
G6PD is not yet known. Kinetic studies have shown that they inhibit the enzyme
uncompetitively'®2, Further in silico studies on TcG6PD suggest that the steroids may bind in
a pocket below the G6P binding site and close to the dimerization domain'®. In any case, the
binding pocket must be significantly different from the Leishmania G6PD binding pocket, as
the steroids neither inhibit Leishmania G6PD nor affect the parasite in vitro®?. This shows that
it is possible to selectively inhibit Leishmania G6PDs despite high sequence identity with other
G6PDs. The high resolution structure and the biochemical insights of LdG6PD from this work
may contribute to this (Publication II).

1.5. 6-Phosphogluconate Dehydrogenase as a Drug Target in Leishmania

6-phosphogluconate dehydrogenase (6PGD) catalyzes the last step of the oxidative PPP by
oxidizing and decarboxylating 6PG to Ru5P while one molecule NADPH is produced (see 1.3.2).
Therefore, it contributes equally to the NADPH pool as G6PD*%82,

Like the other two enzymes of the oxidative PPP, trypanosomatid 6PGDs are localized in the
cytosol and the glycosomes (see 1.3.3), although the glycosomal fraction is much smaller at
around 15%1°%165166  |ejshmania 6PGDs have a high sequence identity with other
Kinetoplastida 6PGDs. They share >90% within Leishmania ssp. and >70% with Trypanosoma
ssp. With the human enzyme they share only about 35% sequence identity!®’. Although the
active site residues are highly conserved among 6PGDs, making it challenging to find selective
6PGD inhibitors, there are still remarkable differences. The human 6PGDs and 6PGDs from
other multicellular eukaryotes'®®170 have an elongated C-terminal domain of about 10-15
residues in contrast to prokaryotic and unicellular eukaryotic 6PGDs, such as from
Trypanosomatidae or Plasmodium*®7:171-173,

The 6PGD gene from T. brucei (Tb6PGD) was the first identified 6PGD from a trypanosomatid

167 and L. donovanil’®

species'’4. To date, 6PGDs from T. brucei'”>™1"7 , T. cruzi*’8, L. mexicana
have been biochemically characterized, but only T. brucei 6PGD has been crystallized with a
resolution of 2.8 A172. To our knowledge, we are the first who have successfully crystallized a
Leishmania 6PGD (Publication I11)18°. All previously available Leishmania 6PGD structures are
based on homology modelling and therefore computer-derived. Interestingly, our novel
structure shows a previously unknown conformation of NADP(H). The 6PGD crystal structures
available so far indicate that all 6PGDs are active as dimers®7-173181 Consistent with the
conserved active sites described above, the kinetic properties of the characterized 6PGDs are
also similart67.173,175,178,182,183 \While kinetic studies on 6PGD clearly show a sequential binding
mechanism, there is no consistent data on whether substrate binding and product release is
random or ordered!’9173.175184-186 | addition, studies on 6PGDs from human, sheep, yeast

and T. brucei suggest half-side reactivity for 6PGDs, associated with an asymmetric
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conformation of the enzyme. Accordingly, in the presence of the substrate 6PG, the
cosubstrate NADP* can only bind to one subunit of the 6PGD dimer during the formation of
the ternary complex. In the absence of 6PG, NADP* can bind to both subunits. The fact that
the 6PG binding site is formed by residues from both subunits and is thought to be significantly
involved in the conversion of the open to the closed conformation of the enzyme, is seen as a
possible explanation for the half-side reactivity of the enzyme!87-1%0,

Target validation

Although G6PD is the rate-limiting enzyme of the PPP, the activity of 6PGD has been shown to
be equally crucial for the survival of trypanosomatid parasites. As already described in detail
for Leishmania G6PD (see 1.4.2), oxidative stress has been shown to shift glucose flux from
glycolysis to PPP%>1%8 |n line with this, the expression levels of Leishmania 6PGD have also
been shown to be upregulated under redox stress®.

RNAi knockdown of T. brucei 6PGD was lethal for blood stage parasites'®®. It was initially
thought that the toxic accumulation of the substrate 6PG alone is lethal to the parasite,
because 6PG is an inhibitor of the glycolytic enzyme glucose 6-phosphate isomerase, resulting
in inhibition of the glycolytic pathway via a positive feedback loop#!:166:191.192  As neither
fructose nor ribose addition prevented cell death of the parasite knockdown line, it was
suggested that the loss of the oxidative branch, and therefore the loss of NADPH, is lethal to
the parasite, rather than the toxic accumulation of 6PG¢®,

Several attempts have been made to identify inhibitors against 6PGD from Trypanosomatidae
—all are based on screenings or designs against T. brucei 6PGD. First inhibitors were identified
using substrate-based approaches to inhibitor design and also included intermediate and
transition state analogues. Among them several phosphorylated carbohydrates inhibited the
enzyme in the micro- to submicromolar range!’>176192-1%4  The most potent inhibitor was
4-phospho-D-erythronohydroxamate with an inhibition constant Ki of 10 nM against
recombinant Th6PGD and a 250-fold selectivity over the sheep enzyme. The compound
competitively inhibits the oxidation of 6PG and probably mimics the 1,2-enediol transition
state of the 6PGD reaction. However, these compounds were either toxic or inactive in vitro
against T. brucei, T. cruzi, Leishmania and Plasmodium, presumably because phosphorylation
of the compounds prevents or reduces cellular permeation®’®. Further attempts to optimize
the compounds by masking the charged phosphate moiety resulted in a series of
arylphosphoramide derivatives®>'%, The most promising candidate (derivative of 2,3-O-
isopropylidene erythronocarboxamate) exhibited ECso values of 8 nM against T. brucei
parasites. Unfortunately, these compounds showed a very short half-life in mouse blood,
probably due to the presence of esterases in the serum that unmask the prodrugs in the blood,
making further optimization necessary!®®. A virtual fragment screening identified a new set of
compounds, whose functional groups resemble the phosphate moiety of 6PG. Three of the
scaffolds inhibited the recombinant Tb6PGD in the low micromolar range and appear to have
promising physicochemical and pharmacological properties’®. Though, how these
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compounds perform in vitro and in vivo remains to be determined. In summary, there is
currently no promising class of compounds that efficiently and selectively inhibit
trypanosomatid 6PGDs and also have the potential to kill the parasite in vitro and in vivo.
Similar approaches for Leishmania 6PGDs are lacking.

Within this study auranofin, and most likely gold(l)-containing compounds in general, were
identified as an interesting class of compounds against Leishmania 6PGDs (Publication 111)&°,
In contrast to previous approaches, gold(l)-containing compounds have been extensively
studied in the past and the Food and Drug Administration (FDA) approved drug auranofin has
been used for decades against rheumatoid arthritis!¥2%, Together with the three-
dimensional crystal structure of Ld6PGD, this provides a valid basis for further structure-based
studies on gold(l)-containing compounds against trypanosomatid parasites.
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1.6. Objectives of this Study

As already mentioned, intracellular parasites highly depend on NADPH as the primary electron
source for antioxidant defense, the main NADPH-producing enzymes G6PD and 6PGD of the
PPP are considered promising antiparasitic drug targets*-68748082 There potential as drug
targets was already proven in previous work on Plasmodium falciparum G6PD / GluPho and
6PGD2083134173 " Through a high-throughput screening of the NIH collection against
PfGluPho!47-150 followed by SAR studies and lead optimization, the highly potent and selective
PfGluPho inhibitor SBI-0797750 was identified.

The present study was conducted within the LOEWE Center DRUID (Novel Drug Targets against
Poverty-Related and Neglected Tropical Infectious Diseases). Therefore, based on previous
results from Plasmodium G6PD and 6PGD, the aim of this project was to address the following
topics:
1. Characterization of PfGluPho inhibitor SBI-0797750 in terms of mode of inhibition and
action.
2. Transfer of the concept from Plasmodium to other G6PDs and 6PGDs from pathogens
within the DRUID consortium, such as those from Leishmania and Schistosoma.
a. Recombinant production, purification and characterization of the enzymes.
b. Crystallization of the enzymes to solve the three-dimensional structures.
c. Identification and characterization of potential inhibitors using structure-based
drug design or high-throughput screening against the recombinant enzymes for
which corresponding assays need to be established.

This cumulative work contains only published data on the Leishmania and Plasmodium
species. The doctoral thesis was further enriched by a high-throughput screening and surface
plasmon resonance (SPR) studies against recombinant G6PD and 6PGD from Leishmania and
Schistosoma, carried out at the FastLAB of the Novartis Institutes for BioMedical Research
(NIBR, Cambridge, USA). Using a structure-based drug design approach, carried out in
collaboration with the lab from Peter Kolb (Philipps University Marburg) further inhibitors
against LdG6PD were identified and tested against the recombinant protein and the parasite.
Another collaboration with the Novartis FastDEL team (Basel, Switzerland) led to the
identification of additional LdG6PD inhibitors, which will be investigated in more detail in the
future.
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ABSTRACT In Plasmodium, the first two and rate-limiting enzymes of the pentose
phosphate pathway, glucose 6-phosphate dehydrogenase (G6PD) and the 6-phospho-
gluconolactonase, are bifunctionally fused to a unique enzyme named GluPho, differing
structurally and mechanistically from the respective human orthologs. Consistent with
the enzyme’s essentiality for malaria parasite proliferation and propagation, human
G6PD deficiency has immense impact on protection against severe malaria, making
PfGluPho an attractive antimalarial drug target. Herein we report on the optimized lead
compound N-(((2R4S)-1-cyclobutyl-4-hydroxypyrrolidin-2-yl)methyl)-6-fluoro-4-methyl-11-
oxo-10,11-dihydrodibenzo[b,fl[1,4]thiazepine-8-carboxamide (SBI-0797750), a potent and
fully selective PfGluPho inhibitor with robust nanomolar activity against recombinant
PfGluPho, PvG6PD, and P. falciparum blood-stage parasites. Mode-of-action studies have
confirmed that SBI-0797750 disturbs the cytosolic glutathione-dependent redox poten-
tial, as well as the cytosolic and mitochondrial H,0, homeostasis of P. falciparum blood
stages, at low nanomolar concentrations. Moreover, SBI-0797750 does not harm red
blood cell (RBC) integrity and phagocytosis and thus does not promote anemia. SBI-
0797750 is therefore a very promising antimalarial lead compound.

KEYWORDS G6PDH, inhibitors, malaria, Plasmodium, Plasmodium falciparum,
Plasmodium vivax

alaria is one of the world’s most devastating infectious diseases, transmitted to Copyright © 2022 American Society for
the human host by female Anopheles mosquitoes. In 2019, an estimated 229 mil- Microbiology. All Rights Reserved.
lion cases of malaria resulting in 409,000 deaths occurred worldwide (1). Plasmodium

falciparum is responsible for 90% of all malaria-related deaths and is therefore the

Address correspondence to Anthony B.
Pinkerton, apinkerton@SBPdiscovery.org.

The authors declare no conflict of interest.

most important Plasmodium species; however, infections with Plasmodium vivax can Received 31 October 2021

also manifest as severe malaria and thereby threaten the health and welfare of people Returned for modification 29 November
. . L . 2021

in countries where the organism is endemic (2, 3). Currently, WHO recommends an
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artemisinin-based combination therapy (ACT) for treating uncomplicated falciparum Published 10 March 2022

malaria and chloroquine or an ACT to treat uncomplicated vivax malaria (4). However,
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FIG 1 Previously described PfGluPho inhibitors ML276 and ML304 and optimized lead compound SBI-0797750.

increasing resistance of both P. falciparum and P. vivax against these commonly used
drugs is hampering the fight against the disease (4-6). Therefore, ambitious efforts to
develop new antimalarial drugs are needed.

Naturally occurring evidence for a connection of the pentose phosphate pathway
(PPP) and malaria is demonstrated by the fact that deficiency of the enzyme glucose 6-
phosphate dehydrogenase in humans (Homo sapiens G6PD [HsG6PD]) leads to partial
resistance to the disease. The very similar distribution patterns of malaria and HsG6PD
deficiency further underscore this correlation (7, 8). Currently, around 400 million peo-
ple are affected by G6PD deficiency, which can be caused by over 200 known muta-
tions in the HsG6PD-encoding gene (8). The mild and most common mutations result
in reduced G6PD activity. It is assumed that their protective effect against malaria is
the result of increased phagocytosis of parasitized G6PD-deficient erythrocytes (9-11).

Plasmodium parasites have a complex life cycle with changing environments in the
Anopheles mosquito vector and the human host (12). During their life, Plasmodium par-
asites are continuously exposed to reactive oxygen species (ROS) and reactive nitrogen
species (RNS) of different sources, mainly detoxified by the thioredoxin and glutathi-
one systems. These systems are highly dependent on the supply of NADPH as a reduc-
ing equivalent (13), underscoring the importance of the oxidative PPP as the major
source of NADPH for the parasites (14). A noticeable structural difference between the
plasmodial and human PPP is that in Plasmodium the first two enzymes, G6PD and 6-
phosphogluconolactonase, are fused to form a unique bifunctional enzyme named
GluPho, which differs structurally and functionally from the human orthologs (15).
Using double-crossover disruption, we were able to show that PfGluPho is essential for
the growth of asexual blood-stage parasites, validating this enzyme as an excellent tar-
get for the development of new, specific antimalarial drugs (16). To follow up on this
hypothesis, we performed a high-throughput screen of 348,911 compounds in the
NIH’s Molecular Libraries Small Molecule Repository (MLSMR) collection (17) and identi-
fied two promising compounds with selective inhibition of PfGluPho in the nanomolar
range, ML276 (18) and ML304 (19). In this study, we now present the characterization
of an optimized lead from the dibenzothiazepine-derived second probe ML304 (19),
SBI-0797750 (Fig. 1), with low nanomolar activity against recombinant PfGluPho,
PvG6PD, and P. falciparum blood-stage parasites and negligible effects on host red
blood cell (RBC) integrity and phagocytosis.

RESULTS

SBI-0797750 inhibits PfGluPho and PvG6PD in a highly selective manner at low
nanomolar concentrations. The 50% inhibitory concentration (ICs,) of SBI-0797750
was first determined using the diaphorase-coupled assay and confirmed with the or-
thogonal assay without diaphorase. We determined an IC;, of 6.7 £ 1.8 nM for
PfGluPho and of 31.0 = 3.1 nM for PvG6PD. The human homologue HsG6PD was tested
up to 99,000 nM with inhibition below 50% (20), indicating high selectivity of SBI-
0797750 for the plasmodial enzymes (Table 1).

Mode-of-inhibition studies indicated that SBI-0797750 competes with G6P for the
substrate binding site, which was evident by increasing K, for G6P and constant V,,,,
with increasing drug concentration (Fig. 2A and B). Similarly, the K, for NADP™*
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TABLE 1 Biochemical and cellular activities of ML304 and SBI-0797750¢

Antimicrobial Agents and Chemotherapy

1C5, (nM) for biochemical/recombinant protein

EC,, (nM) for cellular/in vitro P. falciparum

Compound PfGluPho PvG6PD HsG6PD 3D7, asexual NF54-attB, asexual NF54, sexual
ML304 190* 2,600 + 800** >79,000* 471 + 40T ND
SBI-0797750 6.7 *+1.8 31.0 £3.1 >99,000 22,5 +22,164.6 = 9.6 739 £ 22

aValues are means =+ SD from at least three independent determinations with different batches. 1, value determined with the *H incorporation assay; #, value determined

with the SYBR green assay; *, value taken from reference 19; **, value taken from reference 26. ND, not determined.

increased with increasing compound concentrations, but V,,,, decreased (Fig. 2C and
D), suggesting a mixed-type inhibition of SBI-0797750 against NADP+.

To test for reversibility of PfGluPho inhibition by SBI-0797750, the enzyme was first
incubated with a high compound concentration (1.65 wM), following dilution below the
IC5, (3.3 nM), and again incubated to allow compound dissociation. Activities were com-
pared to controls containing either no SBI-0797750 (CTL, 0 nM; 100% activity) or 3.3 nM
SBI-0797750 (CTL, 3.3 nM), which corresponds to the concentration after dilution. The
diluted sample (postdilution, 3.3 nM) showed a residual activity of 79.2% = 1.5%, almost
identical to the control with 77.2% = 1.6% (CTL, 3.3 nM). In contrast, incubation of the
enzyme with 1.65 wM SBI-0797750 (predilution, 1.65 ©M) revealed a residual activity of
2.4% =+ 0.3%, proving complete inhibition of the enzyme before dilution. Since the small
remaining activity could be due to the competition of SBI-0797750 with G6P at saturation
(Fig. 2A and B), we performed the same experiment under K, conditions, and indeed,
enzyme activity was reduced to 0.3% = 0.2%. Finally, the data clearly indicate a fully re-
versible inhibition of PfGIuPho by SBI-0797750 (Fig. 3).

Activity against P. falciparum 3D7 and NF54-attB asexual parasites and NF54
gametocytes in culture. Moreover, we tested the activity of SBI-0797750 against P. fal-
ciparum blood stages in vitro by using different assays, strains, and parasite stages
(Table 1). For asexual stages of 3D7 strains, 50% effective concentrations (ECs,s) of
22.5 = 2.2 nM were determined using the [3H]hypoxanthine incorporation assay, and
ECs,s of 64.6 = 9.6 nM were obtained using the SYBR green assay. For the NF54-attB
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FIG 2 Mechanism of inhibition of SBI-0797750 against PfGluPho. (A and B) Various compound concentrations
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FIG 3 Reversibility of the PfGluPho inhibition by SBI-0797750. Reversibility of PfGluPho inhibition by SBI-
0797750 (SBI-750) was determined by incubating the enzyme with a high compound concentration of
1.65 uM (predilution), followed by dilution to 3.3 nM (postdilution). The diluted sample had the same
activity as a control containing the same final compound concentration (CTL, 3.3 nM), while the
undiluted sample was completely inhibited. Treatment without SBI-750 was defined as 100% activity
(CTL, 0 nM). Values are means and SD from three independent determinations, each including two
measurements.

parasites, the SYBR green assay resulted in ECy,s of 83.8 = 17.3 nM. In addition, initial
experiments with P. falciparum NF54 gametocytes revealed comparable inhibitory
effects with ECsys of 73.9 nM = 22 nM.

Effects on the glutathione redox state of NF54-attBIhGrx1-roGFP2] harasites. The
oxidative effect of SBI-0797750 and ML304 on the glutathione redox system was deter-
mined using the cytosolic glutathione redox sensor hGrx1-roGFP2, stably integrated
into NF54-attB parasites. Mid- and long-term exposures were carried out via confocal
laser scanning microscopy (CLSM) as described in Materials and Methods. Control stud-
ies excluded a direct interaction of SBI-0797750, ML304, and the control drugs artesu-
nate (ATS) and chloroquine (CQ) with the recombinant hGrx1-roGFP2 probe at the con-
centrations used in this study. Four-hour incubations with 1x ECs, SBI-0797750 and
ML304 showed a highly significant increase in redox ratio (Fig. 4A) as well as in the
degree of oxidation (OxD), which was 75.6% =+ 1.6% for SBI-0797750 and 83.3% =
2.8% for ML304. Thus, the improved drug SBI-07977504 disrupts the redox homeosta-
sis to the same extent as ML304, even at lower concentrations. In contrast, the para-
sites could compensate for the oxidizing effect of 1x ECs, SBI-0797750 and ML304 af-
ter a long incubation period of 24 h (Fig. 4B), and no significant change in the redox
ratio could be measured. For comparison, we tested antimalarials such as ATS and CQ
on the redox sensors. However, in agreement with previous data (21), no effect was
observed after 4 h or 24 h, even at concentrations of 100x and 10x ECs,, respectively
(see Fig. S1 in the supplemental material).

Effects on H,0, homeostasis in NF54-attB*°GFP2-0rp11 and NF54-attB!Mito-roGFP2-Orp1]
parasites. To determine whether SBI-0797750 can directly affect H,0, levels in the
cytosol and mitochondrion of P. falciparum N54-attB parasites, mid- and long-term
experiments were carried out using NF54-attBlrocFP2-0rell and NF54-gttBMito-roGFP2-Orp1]
parasites via CLSM (22). Control studies excluded a direct interaction of SBI-0797750
with the recombinant H,O, probes. Studies using 4 h of incubation with approximately
1x ECso ML304 and SBI-0797750 increased significantly the 405/488-nm fluorescence
ratio (Fig. 5A). With a time delay, this increase could also be determined in the mito-
chondrion (Fig. 5B). In comparison, the control compound CQ increased the redox ratio
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FIG 4 Mid- and long-term effects of ML304 and its derivative SBI-0797750 on the redox ratio of P.
falciparum NF54-gttBMo™11oGFP2l parasites. In 4-h and 24-h experiments, P. falciparum NF54-attBihcr<1-10GFP2]
parasites were incubated with 1x EC, ML304 and SBI-0797750 (SBI-750). Via CLSM, a significant increase
of the 405/488-nm fluorescence ratio of the redox sensor could be observed in the 4-h-incubation
experiment (A). In the 24-h-incubation experiment, neither ML304 nor SBI-0797750 significantly changed
the redox ratio (B). Nontreated parasites served as controls. All experiments included fully oxidized (1 mM
DIA) and fully reduced (10 mM DTT) parasites. CLSM data were obtained from 10 to 20 trophozoites for
each experiment and each incubation time. Values are means and SD from three independent
experiments. A one-way ANOVA with 95% confidence intervals with the Dunnett's multiple-comparison
test was applied for statistical analysis of significance (***, P < 0.001; ****, P < 0.0001).

after 4 h (100x ECs) in the cytosol (Fig. S2). However, in contrast to our previous publi-
cation (22), this did not reach significance, likely due to biological variations. No increase
in redox ratio could be measured in the mitochondrion. Studies of 4 h and 24 h of incuba-
tion with the control compound ATS (100x and 10x ECs,) showed hardly any effect on
the 405/488-nm fluorescence ratio in the cytosol and the mitochondrion (Fig. S2).

Absence of SBI-0797750 adverse effects on RBCs from G6PD-normal subjects
and G6PD-deficient hemizygous males. Since a very good therapeutic index of SBI-
0797750 (Table 1) is a promising prerequisite for therapeutic application, we analyzed
potential adverse effects of the substance on the parasites’ host cells, the RBCs, whose
integrity depends on HsG6PD activity. The lack of effect of SBI-0797750 was tested in
RBCs from G6PD-normal and -deficient donors ex vivo.

First, the potential oxidative effect of the PfGluPho inhibitor SBI-0797750 on RBCs
was determined by measuring reduced glutathione (GSH). GSH levels of G6PD-normal
RBCs did not change during 1 h and 24 h of incubation with any of the tested inhibitor

w

A 4h 24h
54 - NF54_attB[roGFP2-Orp1] =] NF54_a“B[Mito—roGFP2-Orp1] 5 . NF54_attB[roGFP2-0rp1] =] NF54_attB[Mito-mGFP2-0rp‘
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FIG 5 Mid- and long-term effects of ML304 and its derivative SBI-0797750 on the redox ratio of P. falciparum NF54-attBlrocFP2-0rp1l
and NF54-gttBMito-roGFP2-0m1ltransfected parasites. Four and 24 h of incubation of NF54-attB°GFP2-O1l transfectants with 1x ECy,
SBI-0797750 (SBI-750) and ML304 significantly increased the fluorescence ratio of the cytosolic sensor, as determined using CLSM.
In NF54-qttBMito-roGFP2-0m1] transfectants, ML304 and SBI-0797750 increased the redox ratio after 4 h (A), both of which reached
significance after 24 h of incubation (B). Nontreated parasites served as controls. All experiments included fully oxidized (1 mM
DIA) and fully reduced (10 mM DTT) parasites. CLSM data comprised 10 to 20 trophozoites analyzed per experiment for each
incubation. Values are means and SD (error bars) for three independent experiments. A one-way ANOVA with 95% confidence
intervals with the Dunnett’s multiple-comparison test was applied for statistical analysis of significance (*, P < 0.05; **, P < 0.01;
*** P < 0.001; ****, P < 0.0001).
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concentrations up to 20 uM (4,000x ICs, against PfGluPho) (Table 1; Fig. 6A). The same
results were obtained for G6PD-deficient RBCs, with the exception of the highest inhib-
itor concentration (20 uM), which provoked a significant loss (—20%) of GSH (Fig. 6A)
after 24 h inhibitor exposure. Under these conditions, GSH dropped to approximately
1 mM within G6PD-deficient RBCs (which is half the normal GSH level in G6PD-normal
RBCs). In contrast, treating G6PD-deficient and G6PD-normal RBCs with the HsG6PD in-
hibitor CB83 (23) for 24 h resulted in a significant GSH decrease at concentrations of
0.8 uM (2% 1Cso against HsG6PD) (23) and 4 uM (10x 1Cs,), respectively (Fig. 6B). G6PD-
normal or -deficient RBCs pretreated with 2 uM (400x ICs,) of SBI-0797750 did not
potentiate the 70% GSH drop induced by the oxidative stress of diamide and did not
interfere with the GSH recovery rate after exposure (Fig. 6C). These findings confirm
the lack of HsG6PD inhibition by SBI-0797750 in intact RBCs at a biologically plausible
concentration for parasite growth inhibition.

Furthermore, SBI-0797750 was shown to have no major effect on RBC phagocytosis.
Oxidatively modified RBCs, vulnerable to phagocytosis, are recognized by spleen phag-
ocytes and removed from circulation in vivo, leading to anemia (24, 25). To exclude
adverse effects of the PfGluPho inhibitor leading to oxidation-induced phagocytosis of
RBCs, SBI-0797750 was tested in an in vitro phagocytosis assay. For this purpose, RBCs
were treated with increasing concentrations of SBI-0797750 for 1 h and 24 h and sub-
sequently exposed to human monocytic phagocytes.

Both parameters quantifying the phagocytosis of RBCs—the amount of phagocytes
that phagocytosed (Fig. 7A, C, E, and G) and the mean number of RBCs taken up by a
single phagocytosis-positive phagocyte (Fig. 7B, D, F, and H)—consistently show that
the PfGluPho inhibitor does not significantly increase the phagocytosis rate of RBCs in
G6PD-normal RBCs (up to 20 uM; 4,000x IC,) and G6PD-deficient RBCs (up to 2 uM;
400x ICs,) compared to nontreated controls. Only in G6PD-deficient RBCs treated with
20 uM SBI-0797750 was the basal phagocytosis rate (5%) increased (10 to 20%), but it
remained low compared to that of the positive control (IgG anti-D-opsonized RBCs),
where 30 to 40% phagocytosing THP-1 was detected (Fig. 7). The compound did not
harm RBCs during short- or long-term incubations at either low or high hematocrit.
These different incubation conditions were used to ensure cytosolic concentrations in
RBCs, which might be plausible for an in vivo supplementation of the substance.

In contrast, 10 uM (25x 1Cs) of the HsG6PD inhibitor CB83 significantly increased
phagocytosis in G6PD-deficient RBCs incubated at low hematocrit, allowing the sub-
stance to accumulate in the cytosol over time (Fig. 7). Here, the phagocytosis rate was
similar to that of the positive phagocytosis control, IgG anti-D-opsonized RBCs. The
highest concentration (125x 1C5,; 50 wM) of CB83 resulted in significantly increased
phagocytosis of G6PD-deficient RBCs, even at high hematocrit, and of G6PD-normal
RBCs at low hematocrit.

Finally, a loss of RBC integrity was quantified via hemoglobin release from RBCs,
which occurs when the membrane becomes damaged and leaky from the inhibitor,
and was expressed as the hemolysis rate. After 24 h of incubation with biologically rel-
evant concentrations of SBI-0797750 (up to 2 uM; 400x IC,), the inhibitor did not
induce significant hemolysis in either G6PD-normal or G6PD-deficient cells independ-
ent of hematocrit (Fig. 8). Only the highest concentration of the PfGluPho inhibitor
tested (20 uM; 4,000 IC,,) caused a moderate hemoglobin release. Thus, the basal he-
molysis rates in G6PD-normal RBCs, with 2% and 40% hematocrit, were increased by
30% and 80%, respectively, after 1 h of incubation and by 80% and 40% after 24 h.
Similarly, G6PD-deficient RBCs were not damaged by SBI-0797750, and only the high-
est concentration of 20 uM caused hemolysis after 1 h and 24 h of incubation (+80%
and +100%, respectively, at 2% hematocrit and +60% and +65% at 40% hematocrit
compared to untreated RBCs) (Fig. 8).

We also showed that the HsG6PD inhibitor CB83 is safe for RBCs up to a concentra-
tion of 10 uM (25x 1C,,) in G6PD-normal and -deficient cells, incubated at 2 or 40%
hematocrit. However, inhibitor concentrations of 50 uM (125x 1Cs,) resulted in
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FIG 6 Effect of SBI-0797750 and CB83 on steady-state concentration and recovery of GSH after
oxidative challenge in G6PD-normal and G6PD-deficient RBCs. G6PD-normal and -deficient RBCs were
incubated with SBI-0797750 (A) or CB83 (B) at indicated concentrations or kept under the same
conditions without inhibitor treatment (0 nM). GSH concentrations in RBCs were measured after 1
and 24 h of incubation as indicated. GSH concentrations were normalized by referring them to the
hemolysis of respective untreated RBCs (0 nM). Mean GSH concentrations and SE in untreated RBCs
(0 nM) were 286 *= 0.13 mM and 265 * 0.13 mM for G6PD-normal RBCs (n = 5) and
1.89 = 0.13 mM and 1.24 = 0.23 mM for G6PD-deficient ones (n = 8) after 1 and 24 h of incubation,
respectively. Normalized GSH concentrations in RBCs (relative [GSH]) of G6PD-normal (n = 5) and
G6PD-deficient (n = 8) donors are shown as means and SE. Significant differences relative to
untreated RBCs are indicated: *, P < 0.05; **, P < 0.01; ***, P < 0.001. (C) GSH was measured in RBCs
after preincubation with or without 2 uM SBI-0797750, and G6PD-normal and -deficient RBCs were
subsequently challenged with 0.5 and 1.0 mM DIA (final concentrations), respectively, at time zero.
RBC suspensions were incubated for 3 min at 4°C and afterward at 37°C. GSH values of RBCs
measured at 3, 30, 60, and 120 min after DIA supplementation were referred to the corresponding
starting GSH value (t = 0) of the same RBC suspension measured immediately before DIA
supplementation (relative [GSH]). Mean GSH concentrations and SE of G6PD-normal and -deficient
RBCs at time zero were 2.71 = 0.15 mM and 1.66 = 0.15 mM, respectively, without SBI-0797750 and
2.82 = 0.177 mM and 1.68 = 0.14 mM, respectively, with SBI-0797750. Relative GSH concentrations in
RBCs of G6PD-normal (n = 5) and G6PD-deficient (n = 8) donors are shown as means and SE.
Significant differences relative to respective values at 3 min (*, P < 0.05) and differences between
G6PD-normal and -deficient RBCs (§, P < 0.05) are indicated.
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FIG 7 Effect of SBI-0797750 and CB83 on the phagocytosis of G6PD-normal and G6PD-deficient RBCs by human
phagocytes. G6PD-normal and -deficient RBCs were incubated at a hematocrit of either 40% (A to D) or 2% (E to H)
with SBI-0797750 (SBI) or CB83 at the indicated concentrations for 1 h and 24 h or kept under the same conditions
without inhibitor treatment (0 nm). RBCs were fluorescence stained with carboxyfluorescein diacetate succinimidyl
ester (CFDA-SE). Erythrophagocytosis by THP-1 phagocytes expressed as a proportion of phagocytosis-positive
phagocytes (phTHP-1 [%]) and the number of RBCs phagocytosed per phagocyte (RBCs/phTHP-1) were assessed via
FACS. 1gG anti-D-opsonized RBCs were included as a positive phagocytosis control. For details, see Materials and
Methods. Columns represent means and SE of RBC phagocytosis from G6PD-normal (n = 5) and G6PD-deficient (n = 8)
donors. Significant differences compared to untreated RBCs are indicated: *, P < 0.05.
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FIG 8 Effect of SBI-0797750 and CB83 on hemolysis in G6PD-normal and -deficient RBCs. G6PD-
normal and -deficient RBCs were incubated at a hematocrit of either 40% (A and B) or 2% (C and D)
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significantly higher hemolysis rates than in all experiments with SBI-0797750. In G6PD-
normal and -deficient RBCs with 2% hematocrit, 2.0- and 3.7-fold-higher values were
measured after 1 h and 2.8- and 4.8-fold higher values after 24 h than in untreated
RBCs. During RBC incubation at 40% hematocrit with CB83, we observed a dark-brown-
ish discoloration of the RBC suspension (not shown) which is typical of methemoglobin
(MetHb) formation. Hemoglobin aggregation and Heinz body formation at the mem-
brane accompany MetHb formation, which might explain the lower hemoglobin
release (hemolysis rate) at high hematocrit than at 2% hematocrit (Fig. 8).

DISCUSSION

Bifunctional plasmodial GluPho, including the enzymes G6PD and 6PGL of the oxi-
dative PPP, is a promising target for developing new antimalarial drugs against P. fal-
ciparum, since the enzyme differs structurally and functionally from the human ortho-
logs and is essential for blood-stage parasites (15, 16). The enzyme shares high
sequence identity to its orthologs in other Plasmodium species such as P. vivax
(PvGluPho) (71.2% identity and 79.8% similarity at the amino acid level [26]), increasing
the probability that potential drugs may also inhibit the G6PD of other Plasmodium
species. Previously we identified two promising compounds, ML276 (18) and ML304
(19), which selectively inhibited PfGluPho in the nanomolar range via a high-through-
put screening of about 400,000 molecules (17). In this study, we present the optimiza-
tion of the dibenzothiazepine-derived second probe, ML304, to a single-digit-nanomo-
lar lead compound, SBI-0797750.

ML304 inhibits recombinant PfGluPho with an IC, of 190 nM (19) and P. falciparum
3D7 asexual blood stages with an EC;, of 471.3 = 39.5 nM (26). Medicinal chemistry
optimization around the ML304 scaffold led to SBI-0797750, which is approximately
25-fold more active against the recombinant enzyme (IC;, = 6.7 = 1.8 nM) and in vitro
(ECso = 22.5 £ 2.2 nM). Consistent with previous results on ML304 (EC, = 1.25 uM
[27]), initial experiments with SBI-0797750 showed that it is also active against sexual
P. falciparum gametocytes (ECs, = 73.9 £ 22 nM). These preliminary results suggest
that SBI-0797750 could potentially also be used as a transmission-blocking agent and
is currently being investigated in more detail.

Furthermore, the optimization did not change the nature of inhibition since we
confirmed a competition with the substrate G6P and a mixed type of inhibition against
NADP™ (Fig. 2). In line with that, we could also show that the inhibitor is fully reversible
on increasing the substrate to compound ratio (Fig. 3).

As shown for ML304 (20), SBI-0797750 also inhibits the corresponding enzyme of P.
vivax—PvG6PD—uwith an 1C,, of 31.0 = 3.1 nM which is comparable to the inhibitory
activity on the P. falciparum enzyme. This value is about 2 orders of magnitude lower
than ML304 (ICs, = 2.6 = 0.8 uM [26]). Since the G6P and NADP* binding sites are
highly conserved in Plasmodium, the higher IC;, of PvG6PD compared to the full-length
enzyme PfGluPho might be explained by the structural disadvantage of the truncated
enzyme, also showing higher K, values (26). Consequently, higher substrate concentra-

FIG 8 Legend (Continued)

with SBI-0797750 (SBI) (A and C) or CB83 (B and D) at indicated concentrations or kept under the
same conditions without inhibitor treatment (0 nM). The hemolysis rate was assessed in terms of
hemoglobin release from RBCs and was measured in the supernatant after 1 h and 24 h of
incubation. Supernatant hemoglobin was referred to total hemoglobin in the RBC suspension to
obtain the hemolysis rate. These rates were normalized by referring any measured value to the
hemolysis rate assessed in respective untreated RBCs (0 nM). Mean hemolysis rates and SE in untreated
RBCs (0 nM) incubated at a hematocrit of 40% were 0.9% * 0.09% and 147% = 0.16% for G6PD-
normal (n = 5) and 1.17% * 0.23% and 1.56% * 0.36% for G6PD-deficient RBCs (n = 8) after 1 h and
24 h of incubation, respectively (A and B). Mean hemolysis rates and SE in untreated RBCs (0 nM)
incubated at a hematocrit of 2% were 1.95% * 0.28% and 2.94% = 0.48% for G6PD-normal (n = 5)
and 240% * 0.26% and 3.56% = 0.59% for G6PD-deficient RBCs (n = 8) after 1 h and 24 h of
incubation, respectively (C and D). Normalized hemolysis rates of RBCs are shown as means and SE of
G6PD-normal (n = 5) and G6PD-deficient (n = 8) donors. Significant differences to untreated RBCs are
indicated: *, P < 0.05; **, P < 0.01; ***, P = 0.001.
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tions were used in the PvG6PD inhibition studies, providing another possible explana-
tion for the higher IC,, against PvG6PD, as SBI-0797750 competes with the G6P binding
pocket. Since the human enzyme was hardly inhibited up to a concentration of 99 uM,
SBI-0797750 represents a highly selective and robust inhibitor of plasmodial GluPhos
with in vitro activity comparable to those of FDA-approved antimalarials such as CQ
and ATS (28).

Investigations of SBI-0797750 and ML304 with the cytosolically expressed glutathi-
one redox sensor hGrx1-roGFP2 and with the cytosolically and mitochondrially
expressed H,0, biosensors roGFP2-Orp1 and Mito-roGFP2-Orp1, respectively, revealed
that the mode of action of these drugs is likely linked to a disruption of glutathione
and H,0, homeostasis. The cytosolic probes demonstrated that oxidative effects were
already occurring at 4 h of incubation with low nanomolar concentrations (1x ECs,) of
SBI-0797750, comparable to ML304. These effects were even increased in the cytosolic
roGFP2-Orp1 sensor after 24 h, at which time the oxidation of the mitochondrial
probes reached significance as well. In contrast, the clinically used drug CQ only
increased the 405/488-nm ratio of the cytosolic roGFP2-Orp1 sensor in the 4-h experi-
ment (100x EC,,), but not significantly. The antimalarial ATS hardly affected the 405/
488-nm ratio of all tested sensors and under all conditions. These results clearly indi-
cate that the mode of action of ML304 and SBI-0797750 in P. falciparum blood stages
is likely linked to GSH and H,0, homeostasis, which perfectly fits the role of G6PD as a
central and essential enzyme for redox balance.

Similarly to Plasmodium parasites, host RBCs are dependent on NADPH generation
by its own G6PD. It was therefore important to demonstrate that SBI-0797750 did not
harm RBCs from either G6PD-normal or G6PD-deficient individuals when the inhibitor
was supplemented to cells ex vivo. Both mechanisms of RBC damage in vivo, hemolysis
and phagocytosis, which result in anemia, were not increased by SBI-0797750 when
added in a relevant concentration.

In conclusion, with the optimization of ML304 to SBI-0797750, we have developed a
very potent and selective PfGluPho and PvG6PD inhibitor that gives robust inhibition
in P. falciparum cellular assays. The excellent selectivity of SBI-0797750 over the human
enzyme should result in a significant therapeutic window. Indeed, SBI-0797750 has
great promise as a first-in-class therapeutic, and in vivo studies on humanized mouse
models are under way to explore this utility. A cross-species effect of our G6PD inhibi-
tor against a range of other parasites will be investigated to determine if this com-
pound may have other applications.

MATERIALS AND METHODS

Drugs and chemicals. All chemicals used were of the highest available purity and were obtained
from Roth (Karlsruhe, Germany), Sigma-Aldrich (Steinheim, Germany), or Merck (Darmstadt, Germany).
RPMI 1640 medium was purchased from Gibco (Paisley, United Kingdom), chloroquine (CQ) and arte-
sunate (ATS) from Sigma-Aldrich (Steinheim, Germany), methylene blue (MB) and artemisinin (ART)
from Roth (Karlsruhe, Germany), and SYBR green | from Thermo Scientific (Schwerte, Germany). SBI-
0797750 was prepared in a fashion similar to that described for ML304 (19). Stock solutions of SBI-
0797750, MB, and ART were prepared in dimethyl sulfoxide (DMSO); CQ was dissolved in double-dis-
tilled water (ddH,0).

Production and purification of recombinant PfGluPho, PvG6PD, and HsG6PD. The recombinant
enzymes used for kinetic characterization of SBI-0797750 were produced as described by Jortzik et al.
(15). Since the recombinant production of full-length PvGluPho remained challenging, we used the iso-
lated PvG6PD domain, representing the C-terminal part of the bifunctional enzyme (26), to characterize
the inhibitory action of SBI-0797750.

Resazurin-/diaphorase-coupled assay. Dose-response curves of SBI-0797750 for PfGluPho,
PvG6PD, and HsG6PD were determined as described previously with slight modifications (18). Briefly,
various volumes of compound in 100% DMSO (highest final compound concentration of 4 uM for
PfGluPho and PvG6PD and 79 uM for HsG6PD) were transferred to 1,536-well plates using an Echo 550
(Labcyte) acoustic dispenser. One volume of enzyme mix (final concentrations, 50 mM Tris [pH 7.5],
0.005% Tween 20, 1 mg mL™" BSA, 0.075 ug mL™" PfGluPho/0.15 ug mL~' PvG6PD/0.15 ug mL™’
HsG6PD) was added to all wells using the Multidrop Combi reagent dispenser (Thermo Fisher). To start
the reaction, 1 volume substrate mix (final concentrations, 50 mM Tris [pH 7.5], 0.005% Tween 20, 1 mg
mL~" bovine serum albumin [BSA], 3.3 mM MgCl,, 1 U mL™" diaphorase, 25/60/140 M resazurin, 20/30/
125 uM G6P, 4/12/6 uM NADP™* for PfGluPho/PvG6PD/HsG6PD) was added to the wells. Substrate mix
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without G6P served as a positive control (100% inhibition), and a mix without compound but with addi-
tional DMSO served as a negative control (100% activity). The plates were centrifuged at 1,500 rpm for
1 min and incubated in the dark for 2 h. Increasing fluorescence of resorufin was measured at an excita-
tion wavelength of 530 nm and an emission wavelength of 580 nm (ex530/em580) using a ViewLux
(PerkinElmer) plate reader. The reaction rate was calculated by dividing the relative fluorescence units
(RFU) by time, and IC,, values were calculated using CBIS (Chemical and Biological Information Systems
[www.cheminnovation.com]).

Orthogonal assay. In order to exclude compounds that interfere with resazurin or diaphorase, IC,s
were determined using the orthogonal enzyme assay without coupled resazurin and diaphorase. Plates
were prepared as described above. For PfGluPho and PvG6PD, a 4 uM concentration of the highest com-
pound concentration was used; for HsG6PD, 99 uM was used. The enzyme mix contained 0.05 ug mL™’
PfGluPho, 0.025 g mL™" PvG6PD, and 0.0045 ng mL™" HsG6PD. The reaction was started by adding the
substrate mix described above but without resazurin and diaphorase. After centrifuging the plates,
NADPH production was monitored at ex350/em460 over 45 min with a PHERAstar multiwell plate
reader. IC,,s were calculated as described above.

Mechanism of inhibition. SBI-0797750 was mechanistically characterized as described previously
with slight modifications (17). Plates and PfGluPho concentrations were prepared as described above
using the orthogonal assay with substrate and enzyme mix. To determine the mode of inhibition, either
G6P or NADP* were titrated at various constant concentrations against different compound concentra-
tions, keeping the second substrate in saturation (200 wM). Measurement without adding substrate
served as a positive control. Increasing NADPH fluorescence was monitored as described for the orthog-
onal assay. The relationship between initial velocity (v,) and substrate concentrations ([S]) at various con-
stant compound concentrations was analyzed by replotting the data in a Lineweaver-Burk plot and cal-
culating 1/K,, and 1/V,._, values with the GraphPad Prism 8 software (GraphPad, San Diego, CA, USA) to
determine the compound mode of inhibition (competitive or mixed type).

Reversibility of the inhibition. The reversibility of the PfGluPho inhibition by SBI-0797750 was
tested by incubating the enzyme with high compound concentrations, followed by dilution to a com-
pound concentration below the IC;, and subsequent determination of the enzyme activity. In detail,
1.65 uM PfGluPho was incubated with 1.65 wM SBI-0797750 for 10 min at 22°C. Afterward, the enzyme-
inhibitor mixture was diluted to a compound concentration below IC;, (3.3 nM) and again incubated for
10 min at 22°C to allow dissociation. Afterward, NADP" and G6P were added to start the reaction, either
at substrate saturation (200 uM) or at concentrations close to the K, (6.5 uM NADP*, 19 uM G6P). For
comparison, controls containing either no inhibitor (100% activity) or inhibitor at the concentration
remaining after dilution were prepared. NADPH production was monitored at ex340 using the Tecan
Infinite M200 plate reader (Tecan, Maennedorf, Switzerland) in 96-well plates. Specific activities were cal-
culated from reaction rates. Inhibition was considered irreversible if the activity of the sample after dilu-
tion was significantly below the activity of the controls. Inhibition was considered reversible if the activ-
ity of the sample was equal to that of the controls.

Cloning and heterologous overexpression of the hGrx1-roGFP2, roGFP2-Orp1, and Mito-
roGFP2-Orp1 constructs. The genetically encoded ratiometric sensor of the intracellular redox poten-
tial, hGrx1-roGFP2, was previously genomically integrated and stably expressed in NF54-attB parasites
by using the pDC2-CAM-attP expression vector (21). Heterologous overexpression of hGrx1-roGFP2 to
evaluate the in vitro interactions of SBI-0797750 and antimalarial drugs with the recombinant redox
probe was performed according to Kasozi et al. (28). The genetically encoded ratiometric sensor of cyto-
solic H,0, metabolism roGFP2-Orp1 and the mitochondrion-targeted sensor Mito-roGFP2-Orp1 were
recently stably expressed in NF54-attB parasites by using the pDC2-CAM-attP expression vector (22).
Heterologous overexpression of roGFP2-Orp1 to evaluate the in vitro interactions of SBI-0797750 and
antimalarial drugs with the recombinant redox probe was performed according to Rahbari et al. (29).

Cultivation and transfection of P. falciparum. The CQ-sensitive P. falciparum 3D7 and NF54-attB
strains were cultivated and transfected according to Kasozi et al. (28) and Rahbari et al. (22), respectively.
Briefly, the strains were propagated in A+ RBCs in RPMI 1640 medium supplemented with 0.5% (wt/vol)
Albumax, 9 mM glucose, 0.2 mM hypoxanthine, 2.1 mM t-glutamine, 25 mM HEPES, and 22 ug mL™'
gentamicin at 3.3% hematocrit and 37°C in a gaseous mixture consisting of 3% O,, 3% CO,, and 94% N,
Deviating from that, NF54 parasites for the gametocyte assays were cultured in O+ RBCs at 10% hemat-
ocrit with 10% human serum instead of Albumax. Plasmodium falciparum parasites were synchronized
with sorbitol and Percoll treatment (30, 31). To generate pure gametocyte cultures, prior to induction of
sexual commitment, highly synchronous asexual parasites were seeded into multiple T75 flasks at a
starting parasitemia of 0.06%, followed by daily medium changes of half the culture volume. Sexual
commitment was induced on day 5 postsetup by doubling the medium volume (32, 33). Subsequently,
medium was changed daily, with fresh medium containing 50 mM N-acetyl-b-glucosamine (GIuNAc) to
prevent asexual parasite development (34). The cultures were maintained for 8 to 10 days until pure
gametocyte cultures were observed and were again enriched with Percoll for follow-up experiments. P.
falciparum trophozoites were enriched via magnetic separation (35). Cell lysates were obtained via sapo-
nin lysis (36). Parasitemia was counted on Giemsa-stained blood smears.

In vitro activity of SBI-0797750 against P. falciparum 3D7 and NF54-attB asexual parasites.
Parasite growth inhibition was studied, and the half maximal effective concentration (EC,,) of antimalar-
ial drugs or compounds against P. falciparum was calculated using either the [*H]hypoxanthine incorpo-
ration assay according to Kasozi et al. (28) or the SYBR green I-based fluorescence assay for parasite
nucleic acids according to Ekland et al. (37) in 96-well format with modifications. For the [*H]hypoxan-
thine assay, the DMSO-diluted compounds were serially double diluted in hypoxanthine-free medium in
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96-well microtiter plates. Synchronized ring-stage parasites in hypoxanthine-free complete medium
were added to each well (0.15% parasitemia, 1.25% final hematocrit) and incubated for 48 h under cell
culture conditions. Negative-control wells contained only RBCs, and positive-control wells contained
only infected RBCs (iRBCs). Afterward, [*H]hypoxanthine was added at a final concentration of 0.5 uCi/
well, and the plate further incubated for 24 h. Plates were then frozen at —80°C for at least 1 h and
thawed, and cells were harvested on glass fiber filters. After drying, the radioactivity in counts per mi-
nute from each well was measured and calculated proportional to the growth of P. falciparum in com-
parison to RBCs and iRBCs.

For SYBR green | assays, the DMSO-diluted compounds were serially double diluted in complete me-
dium in 96-well microtiter plates. Synchronized ring-stage parasites in complete medium were added to
each well (0.15% parasitemia, 1.25% final hematocrit) and incubated for 48 h (NF54-attB) or 44 h (3D7)
at 37°C. Then, 20 uL of 5x SYBR green (10,000x stock solution) in lysis buffer (20 mM Tris-HCI, 5 mM
EDTA, 0.16% [wt/vol] saponin, and 1.6% [vol/vol] Triton X-100) were added to each well and incubated
in the dark for 24 h at room temperature (RT). Fluorescence was measured in the Clariostar plate reader
at ex494/em530. For EC,, calculation, the percent growth inhibition was plotted against the log drug
concentration using GraphPad Prism 8 software (GraphPad, San Diego, CA, USA).

In vitro activity of SBI-0797750 against P. falciparum NF54 gametocytes. To test SBI-0797750 on
P. falciparum NF54 gametocytes, sexual commitment was first induced as described above. At 9 to
11 days after induction of sexual commitment, when pure gametocyte cultures were observed, similar
numbers of the mature stage V gametocytes were plated in 96-well plates. DMSO-diluted SBI-0797750
stock was serially double diluted in medium and added to each well. Each 96-well plate per experiment
contained at least four wells that were cultured without drugs (positive control), three wells of DMSO-
only controls, and a varying number of duplicate wells with decreasing concentrations of the inhibitor.
Upon addition of the inhibitor, the 96-well plate was left for 3 days without medium change.
Subsequently, smears of each well were prepared, Giemsa stained, and counted. The gametocyte num-
bers of the drug-cultured wells were related to the number of gametocytes observed in the positive con-
trol. GraphPad Prism 8 software was used to prepare graphs and calculate ECys.

In vitro characterization of SBI-0797750 using recombinant hGrx1-roGFP2 and roGFP2-Orp1.
SBI-0797750 was used at 10 nM to 1 mM in degassed standard reaction buffer (100 mM potassium phos-
phate, 1T mM EDTA; pH 7.0). The in vitro interaction of the pharmacologically used antimalarial drugs ATS
and CQ with the purified hGrx1-roGFP2 protein was previously determined and did not have an effect at
the concentrations used in this study (28). For roGFP2-Orp1, ATS and CQ did not affect the fluorescence
ratio of the probe either (29). ML304 was measured as described by Haeussler et al. (26). The in vitro
interactions of hGrx1-roGFP2 and roGFP2-Orp1 with SBI-0797750 were characterized as described by
Schuh et al. (21) and Rahbari et al. (22), respectively.

Confocal imaging and image processing. A Leica confocal system TCS SP5 inverted microscope
equipped with the objective HCX PL APO 63.0x 1.30 GLYC 37°C UV connected to a 37°C temperature
chamber was used. The argon laser power was set to 20%; scanning was performed at a frequency of
400 Hz and a resolution of 512 by 512 pixels. The smart gain and smart offset were 950 V and —0.9%,
respectively. With a sequential scan, we excited the hGrx1-roGFP2 and roGFP2-Orp1/Mito-roGFP2-Orp1
probes at 405 nm and 488 nm and detected emission at 500 to 550 nm. Laser intensity was adjusted to
match the full dynamic range of the probe to the dynamic range of the detector (hGrx1-roGFP2:
405 nm, 10%; 488 nm, 4%; roGFP2-Orp1: 405 nm, 10%; 488 nm, 4%; Mito-roGFP2-Orp1: 405 nm, 10%;
488 nm, 5%). Autofluorescence images were simultaneously taken at ex405/em430 to 450 and were
individually defined together with the background for every image, but no fluorescence signal could be
detected. Leica LAS AF Lite software for fluorescence analysis was used. The 405/488-nm ratio was calcu-
lated. The graphs were plotted using GraphPad Prism 8 software (GraphPad, San Diego, CA, USA). For
imaging, only parasites showing fluorescent signals at both 405 and 488 nm excitation and an intact
host cell were chosen.

Effect of SBI-0797750 and other antimalarials on glutathione and H,0, redox homeostasis. The
effect of ML304, its derivative SBI-0797750, and the antimalarial drugs ATS and CQ as reference drugs on P.
falciparum were investigated in 4 h and 24 h of incubation experiments. The EC,, of ATS (4.2 nM), CQ
(6.9 nM), and ML304 (1.7 uM) on NF54-attB parasites were determined previously (22). Trophozoite stage
parasites (26 to 30 h post invasion) of NF54-gttBe™1706FP2l NF54-qttBI°SFP2-0P1l and NF54-qttBMito-ToGFP2-0m1]
(6 to 8% parasitemia) were treated with different SBI-0797750, ML304, ATS, and CQ concentrations (1x to
100x EC,,) for 4 h. Subsequently, free thiol groups were blocked with 2 mM N-ethylmaleimide (NEM) for
15 min at 37°C. The parasites were magnetically enriched (Miltenyi Biotec, Germany) and returned to cell
culture for at least 1 h to recover. For 24 h experiments, a 5-mL culture (5% hematocrit, 6 to 8% parasitemia)
of ring-stage parasites (6 to 10 h postinvasion) was treated with different concentrations of SBI-0797750,
ML304, ATS, and CQ (1x to 100x EC,). Prior to enrichment, cysteines were blocked with 2 mM NEM for
15 min at 37°C. Enriched parasites were returned to cell culture to recover for at least 1 h. Thereafter, cells
were washed and resuspended in Ringer’s solution (122.5 mM NaCl, 54 mM KCl, 1.2 mM CacCl,, 0.8 mM
MgCl,, 11 mM p-glucose, 25 mM HEPES, 1 mM NaH,PO,; pH 7.4). Fifty microliters of cells were seeded onto
poly-L-lysine-coated w-slides with 18 wells (flat) (Ibidi, Martinsried, Germany) and measured using CLSM
(confocal laser scanning microscopy) with excitation wavelengths of 405 nm and 488 nm. All experiments
included nontreated parasites as controls and both fully reduced and fully oxidized parasites with 10 mM
dithiothreitol (DTT) and 1 mM diamide (DIA), respectively (2 min incubation), prior to blocking with NEM.
Each experiment was carried out three times. Between 10 and 20 microscopy images were taken each time,
resulting in at least 30 experimental values per concentration and incubation time. Means and errors (indi-
cated as standard deviations [SD]) are shown. A one-way analysis of variance (ANOVA) with 95% confidence
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intervals with Dunnett’'s multiple-comparison test (GraphPad Prism 8 software; GraphPad, San Diego, CA,
USA) was applied for statistical analysis of significance. OxD of the glutathione redox sensor was calculated
as follows:

OxD R— Ry

= T485,,
1485,

(Rox - R) + (R - Rred)

R represents the 405/488 nm fluorescence ratio, R4 and R,, are the 405/488-nm fluorescence ratios of
fully reduced or fully oxidized parasites, 1485, represents the fluorescence intensity (FI) at 488 nm for
fully oxidized parasites, and /485, is the Fl at 488 nm for fully reduced parasites.

Treatment of RBCs with PfGluPho inhibitor SBI-0797750 and HsG6PD inhibitor CB83. This study
was carried out in accordance with the Declaration of Helsinki and authorized by the local ethical com-
mittee. Blood samples were collected in heparin-containing vacutainers from G6PD-normal and -defi-
cient adult donors after confirmed consent. RBCs were washed three times with phosphate-buffered sa-
line containing 10 mM glucose (PBS-G) to deplete white blood cells and platelets. Cells were
sedimented at 1,200 x g for 5 min after each washing step. A final washing step was performed in incu-
bation buffer (50 mM HEPES, pH 7.4, supplemented with 110 mM NaCl, 5 mM KCI, 1 mM MgCl,, 1 mM
NaH,PO,, 20 mM glucose). RBCs were sedimented at 2,700 x g for 5 min. The cell pellet was resus-
pended in incubation buffer at a hematocrit of 40% and incubated in a humidified CO,-air incubator at
37°C for recovery. After 1 h, an aliquot of RBC suspension was further diluted with incubation buffer to
2% hematocrit. Cell suspensions of 2 and 40% hematocrit were aliquoted and incubated with increasing
concentrations of SBI-0797750 (between 5 nM and 20 uM; 1x to 4,000x IC, against PfGluPho) and
CB83 (between 400 nM and 50 uM; 1x to 125x IC,, against HsG6PD) (23). Inhibitor substances were first
dissolved in DMSO to obtain 10 mM stock solutions. Before addition to the RBC suspension, the inhibi-
tors were further diluted in PBS to obtain suitable working concentrations. Nontreated controls without
inhibitor (0 nM) were instead supplemented with equivalent amounts of DMSO. The incubation of RBC
suspension was performed under gentle movement in a CO,-air cell incubator at 37°C for 24 h. Aliquots
of incubated suspensions were taken at 1 and 24 h for analysis of GSH, hemolysis, and phagocytosis and
at 2 h for diamide challenge.

Effect of SBI-0797750 and the HsG6PD inhibitor CB83 on reduced GSH and recovery from
oxidative stress with diamide in RBCs. Aliquots were taken from RBCs suspended at a hematocrit of
40% and incubated with different inhibitor concentrations for 1 and 24 h to determine the effect of the
G6PD inhibitors on GSH oxidation. A colorimetric assay of GSH in RBCs was run with Ellman’s reagent af-
ter precipitation of high-molecular-weight thiols with metaphosphoric acid as described by Beutler (38).
Optical density (OD) was determined at 412 nm. GSH was measured in duplicate, and values were calcu-
lated as umol/mL packed RBCs. These values were normalized to the GSH concentration in RBCs of the
respective donor incubated in parallel without inhibitor supplementation (0 nM). Additionally, the effect
of SBI-0797750 on GSH recovery was tested in RBCs, which were oxidatively challenged with diamide.
For this, RBCs were preincubated with or without 2 uM SBI-0797750 (400x IC,, against PfGluPho) at
40% hematocrit in a CO,-air cell incubator at 37°C for 2 h. Thereafter, cells were placed on ice and sup-
plemented with 0.5 and 1 mM diamide (final concentrations in G6PD-deficient and G6PD-normal RBC
suspensions, respectively) at time zero (0 min). RBC suspensions were kept for 3 min on ice and then
transferred to 37°C for another 2 h to monitor the recovery of reduced glutathione. Aliquots of the sus-
pension were taken at 0, 3, 30, 60, and 120 min for GSH quantification. The values from RBCs of 5 G6PD-
normal and 8 G6PD-deficient donors are presented as means and standard errors (SE). Statistical signifi-
cance was calculated with a nonparametric Mann-Whitney test.

Effect of SBI-0797750 and the HsG6PD inhibitor CB83 on the hemolysis of nonparasitized
G6PD-deficient and G6PD-normal RBCs. Hemolysis was determined by measuring hemoglobin release
from incubated RBCs into the supernatant. For this, aliquots from RBC suspensions were taken at 1 and 24
h of incubation and centrifuged at 1,200 x g for 5 min. The collected supernatant was further centrifuged
at 16,000 x g for 15 s to sediment cell debris. Aliquots of the clear RBC-free supernatants and of the entire
RBC suspension were solubilized in duplicate with 0.1 M NaOH containing 3 mM EDTA and 0.05% (vol/vol).
Triton X-100, and hemoglobin content was quantified with heme-dependent luminol-enhanced lumines-
cence (39). The hemolysis rate was calculated by referring the heme content of the RBC-free supernatant to
that of respective RBC suspension. Statistical values and analysis were carried out as described above.

Effect of SBI-0797750 and HsG6PD inhibitor CB83 on the phagocytosis of nonparasitized
G6PD-deficient and G6PD-normal RBCs by human phagocytes. Treated or nontreated RBCs with
increasing concentrations of G6PD inhibitors were used in an in vitro phagocytosis assay with human
monocytes of the immortalized cell line THP-1 to verify potential damage to RBCs that leads to phago-
cytosis. Fluorescence-labeled and opsonized RBCs were added to suspend and preactivate THP-1 cells
as described by Gallo et al. (40). The occurrence of phagocytosis was assessed via flow cytometry
(FACSCalibur; BD Biosciences, Franklin Lakes, NJ, USA), quantifying fluorescence-positive THP-1 cells
and the intensity of fluorescence per phagocyte. Both parameters mirror the vulnerability of RBCs for
phagocytosis. To standardize the phagocyte activity between different experiments, IgG-anti-D-opson-
ized RBCs were included as a positive phagocytosis control, and phagocytosis values can be referred
to this internal cellular standard (40). Statistical values and analysis were carried out as described
above.
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Crystal structure of Leishmania donovani glucose
6-phosphate dehydrogenase reveals a unique
N-terminal domain
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Since unicellular parasites highly depend on NADPH as a source for reducing equivalents, the
pentose phosphate pathway, especially the first and rate-limiting NADPH-producing enzyme
glucose 6-phosphate dehydrogenase (G6PD), is considered an excellent antitrypanosomatid
drug target. Here we present the crystal structure of Leishmania donovani G6PD (LdG6PD)
elucidating the unique N-terminal domain of Kinetoplastida G6PDs. Our investigations on the
function of the N-domain suggest its involvement in the formation of a tetramer that is
completely different from related Trypanosoma G6PDs. Structural and functional investiga-
tions further provide interesting insights into the binding mode of LdG6PD, following an
ordered mechanism, which is confirmed by a G6P-induced domain shift and rotation of the
helical N-domain. Taken together, these insights into LdG6PD contribute to the under-
standing of G6PDs' molecular mechanisms and provide an excellent basis for further drug
discovery approaches.

TBiochemistry and Molecular Biology, Interdisciplinary Research Center, Justus Liebig University, Giessen, Germany. 2 Max Planck Institute for Medical
Research, Heidelberg, Germany. ®email: Karin.Fritz-Wolf@ernaehrung.uni-giessen.de

COMMUNICATIONS BIOLOGY | (2022)5:1353 | https://doi.org/10.1038/s42003-022-04307-7 | www.nature.com/commsbio 1


http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-022-04307-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-022-04307-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-022-04307-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42003-022-04307-7&domain=pdf
http://orcid.org/0000-0003-3280-7311
http://orcid.org/0000-0003-3280-7311
http://orcid.org/0000-0003-3280-7311
http://orcid.org/0000-0003-3280-7311
http://orcid.org/0000-0003-3280-7311
http://orcid.org/0000-0002-4422-6795
http://orcid.org/0000-0002-4422-6795
http://orcid.org/0000-0002-4422-6795
http://orcid.org/0000-0002-4422-6795
http://orcid.org/0000-0002-4422-6795
mailto:Karin.Fritz-Wolf@ernaehrung.uni-giessen.de
www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-04307-7

20 poverty-related, neglected tropical diseases. It is caused
by the protozoan parasite of the genus Leishmania,
belonging to the Trypanosomatidae family, and infects 0.7 to one
million people with 20,000 to 30,000 deaths annually in tropical,
subtropical, and southern European regions. The species Leish-
mania donovani causes the most severe form, often fatal if
untreated!2. Currently, there are only a few drugs available for
leishmaniasis treatment and after decades of use, resistant strains
have emerged3->. Therefore, new drug targets and anti-infective
agents with new mechanisms of action are urgently required.
The enzymes of the pentose phosphate pathway (PPP) are con-
sidered promising drug targets for controlling trypanosomatids®~”.
Throughout their life cycle, parasites must withstand the action of
reactive oxygen and nitrogen species (ROS/RNS) produced by the
host's immune system®. To counteract antioxidant defense
mechanisms such as the trypanothione-dependent thiol system,
which is crucial for redox balance in trypanosomatids, the parasites
highly depend on NADPH as the primary electron source®!0. The
PPP, which is divided into a unidirectional oxidative branch where
NADPH is produced, and a non-oxidative branch that ends with
ribose 5-phosphate, a crucial product for nucleotide biosynthesis,
greatly contributes to the total NADPH pool. The housekeeping
enzyme glucose 6-phosphate dehydrogenase (G6PD) (EC 1.1.1.49) is
the first and rate-limiting enzyme of the PPP. It catalyzes the oxi-
dation of glucose 6-phosphate (G6P) originating from glycolysis to 6-
phospho-D-glucono-1,5-lactone (6PL), whereby the cofactor NADP
T is reduced to NADPH. 6-phosphogluconate dehydrogenase (EC
1.1.1.44), the third enzyme of this oxidative branch generates a sec-
ond NADPH molecule!’. In trypanosomatids, the malic enzyme,
which uses malate to produce pyruvate and NADPH, provides a
second relevant source of NADPH!!12, However, RNAi down-
regulation of G6PD or 6-phosphogluconate dehydrogenase highly
reduces the growth of Trypanosoma brucei bloodstream parasites,
confirming the central role of these enzymes”>13. Additionally, some
human steroids (e.g, dehydroepiandrosterone, epiandrosterone),
have been shown to specifically inhibit Trypanosoma G6PDs,
resulting in reduced parasite growth and a destroyed redox
balance”13-15, Since Leishmania promastigotes entering mammalian
macrophages are exposed to enormous oxidative stress induced by
enzymes such as NADPH oxidase or NO-synthase!®~18, an adequate
NADPH pool is even more important for these parasites. Moreover,

The vector-borne infectious disease leishmaniasis is one of
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the mode of action of commonly used antileishmanial drugs such as
amphotericin B!, sodium antimony gluconate?’, and miltefosine?! is
thought to be related to increased ROS production, and resistance to
these drugs to an upregulation of the PPP!8. These results clearly
indicate a crucial role of the pentose phosphate pathway enzyme
G6PD for Leishmania parasite survival and therefore its excellent
suitability as a drug target, as previously shown for other unicellular
parasites such as Trypanosoma”13-1> and Plasmodium?2-2>.

In the present study, we describe the crystal structures of
Leishmania donovani G6PD (LdG6PD), both native and com-
plexed with one or both substrates. The N-terminal domain,
unique to Kinetoplastida G6PDs, is fully visible in our LdG6PD
wild-type (wt) crystal structures. Two LdG6PD mutants provide
interesting insights into the role of the additional N-terminal
domain, which seems to be essential for tetramerization. Struc-
tural and kinetic investigations further elucidated the substrate
binding mode of the enzyme, which seems to follow an ordered
mechanism and is also evident through a domain shift due to
G6P binding. The reported structural and functional character-
istics of LAG6PD provide an excellent basis for further structure-
based inhibitor studies and drug optimization.

Results

Oligomerization and kinetic characterization of LdG6PD wt,
LmG6PD wt, and mutants. G6PD of L. donovani (LAG6PD wt)
and L. major (LmG6PD), as well as two LdG6PD mutants
(LAG6PDCI38S, LAG6PDO0-562) were recombinantly produced
(Fig. S1). To investigate the oligomerization behavior of Leish-
mania G6PDs, we performed size exclusion chromatography
(SEC) under different conditions (see methods). The SEC profiles
of native LdAG6PD wt revealed two stable peaks with elution pat-
terns equivalent to tetrameric and dimeric forms of the enzyme,
with the dimer peak dominating approximately twofold over the
tetramer peak, independently of enzyme concentration
(12-300 uM) (Fig. 1). The same elution profile could be observed
for native LmG6PD wt. Dimer and tetramer fractions remained in
their original conformation when separately collected and reap-
plied to the SEC column (Fig. S2d). Steady-state kinetics revealed a
specific activity of the LAG6PD wt dimer of 200.0 + 14.1 Umg~],
with apparent Ky; values of 54.4 + 2.8 uM for the substrate G6P
and 15.9 + 1.1 uM for the cosubstrate NADP. Compared to other

350
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Fig. 1 SEC analysis of recombinant LdG6PD and LmG6PD wt and of LdG6PD mutants under native conditions. Full-length G6PD was gel-filtrated on a
HiLoad 16/60 Superdex 200 column pre-equilibrated in buffer A (500 mM NaCl, 50 mM Tris, pH 7.8). a The SEC profiles of LdG6PD wt (66.7 kDa) (black
dotted, retention volume (rv) 1. peak = 58 mL = 300 kDa, rv 2. peak = 68 mL =133 kDa) and LmG6PD wt (66.8 kDa) (gray, rv 1. peak = 59 mL = 276 kDa,
rv 2. peak = 68 mL = 133 kDa) display two peaks with elution patterns equivalent to a dimer and a tetramer and remained stable in the LdG6PDC1385
mutant (66.7 kDa) (blue, rv 1. peak = 59 mL = 276 kDa, rv 2. peak = 68 mL = 133 kDa). The SEC profile of the LdG6PD%0-562 mutant (60.3 kDa) displays
one peak with elution patterns equivalent to a dimer (red, rv = 69 mL = 112 kDa). b SEC profiles of LdG6PD wt under different enzyme concentrations,
300 uM (black, rv 1. peak = 56 mL = 341kDa, 2. Peak = 66 mL = 156 kDa), 80 uM (blue, rv 1. peak = 58 mL = 300 kDa, rv 2. peak = 68 mL = 133 kDa),
and 10 uM (red, rv 1. peak = 57 mL = 325 kDa, rv 2. peak = 67 mL = 144 kDa) display two peaks with stable elution patterns equivalent to a dimer and a
tetramer. Representative chromatograms (n > 2) are shown for each condition.
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Table 1 Comparative kinetic parameters of recombinant LdG6PD wt and mutants, LmG6PD, TcG6PD, PfGluPho, and HsG6PD.

G6P NADP+
Vmax - mg71) KM (NM) kcat (571) k:a'/KM Vmax - mg71) KM (MM) kcat (571) kcat/KM
@M-1.s1) uM-1.s 1)

LdG6PDDimer 200.0 £14.1 544+28 2225%157  41+0.2 204.7+13.3 15.9+1.1 2277148 145%16
LdGépDTetramer 189>+ 77 754+55  2081%5]1 28+0.2 185.1+12.9 142+09 203.6+13.6 149%3.0
LdG6PDC138S 2281+125 63.3+23 253.6+13.9 4001 224.7£13.8 14.6+1.6 2498+153 17.3+0.8
LdG6PD60-562 239.8+10.6 654+35 240.8%10.6 3.7%0.1 232.7+18.7 143+22 233.7+188 17.0%25
LmG6PD 187.0+2.8 579+46 20813 36+0.3 187.7+1.6 N4£15 208.8+1.8 17.9+35
TcG6PD293° 99.4+9.1 77 £20 62+3 0.81 99.4+9.1 16+3 52+2 33
PfGluPho24 59%10 203:56 10718 0.53 59+0.6 61+13 10.1£0.9 1.66
HsG6PD 13.8%6.7 701155 118970 1.7+023 105.8+7.2 229+28 1105%7.6 50%0.7

Values are expressed as mean + SD from at least three independent determinations with different enzyme batches; each including at least three measurements.

G6PDs characterized so far, the specific activity is remarkably
high, as is the overall catalytic efficiency (Table 1). In contrast,
catalytic efficiency of the LAG6PD tetramer was significantly lower
as specific activity remained equal, but the apparent Ky, for G6P
was about 40% higher (75.4+5.5uM) compared to the dimer
fraction. Furthermore, the oligomerization pattern of LAG6PD was
neither affected by the presence of substrates nor by varying ionic
strength (0.1-1 M NaCl) or pH values (4.8-7.8) (Fig. S2a, b).
Nevertheless, very low pHs (4.5) reduced the specific activity by
about 40% (114.5+82Umg~!). Moreover, neither reductive
(5mM DTT) nor oxidative conditions (2 mM H,0,) affected the
elution patterns of LdG6PD compared to native conditions
(Fig. S2c), suggesting the formation of dimers and tetramers
independent from redox status and intermolecular disulfide
bonds. In line with that, the kinetic properties of the enzyme were
not affected under the same conditions.

Crystallization and structure determination of LdG6PD. We
obtained monoclinic and orthorhombic crystals of LdG6PD wt,
LdG6PDC1385, and LdG6PDO0-262 (Table 2). The crystals of the
apoenzyme obeyed P121 symmetry with four monomers in the
asymmetric unit (AU) and diffracted to 2.8 A. The LdG6PD wt
and LdG6PDCI38S crystals in complex with and without its
substrate G6P and/or its cofactor NADP(H) crystallized in space
group C121 with two monomers in the AU. Crystals containing
only NADP(H) diffracted to a resolution up to 1.7 A, and crystals
containing G6P or G6P and NADP(H) to 3.3 A and 254,
respectively. The crystal of the truncated mutant LdG6PD60-562
obeyed C222 symmetry with one monomer in the AU and dif-
fracted to 1.9 A.

The structure of the apoenzyme was solved at 2.8 A resolution
via the molecular replacement method, using HsG6PD (PDBID:
5UKW) as a search model. Diffraction data of all other crystals
were phased via molecular replacement methods using the
structure of the apoenzyme. All data collection and refinement
statistics are summarized in Table 2. The electron density of the
LdG6PD core, comprising residues 5-470 and 483-552, is well
defined in all our structures except two loops comprising residues
D50-K64 and T471-D482. These loops have an increased B-
factor; in some structures, they are not defined by the electron
density (Table S1).

Overall structure of LdG6PD reveals a unique N-domain.
Similar to other G6PDs of this family, the LdG6PD dimer
(Fig. 2a) adopts the canonical G6PD fold with RMSD values for
the dimer core domain of 2.6 A and 2.1 A to human (HsG6PD;
PDBID: 2BH9) and Trypanosoma cruzi G6PD (TcG6PD; PDBID:
5AQ1)26-29, respectively (Fig. S3). The LdG6PD monomer con-
tains three domains: an N-domain (Q5-K49), the NADP+

binding “Rossmann-like” domain (residues D50-1248), and a
B + a domain (residues D249-K552). Each subunit has a discrete
active site with an NADP™ and G6P binding domain. The latter is
located between the “Rossmann-like” and the p + a domain. The
N-domain consists of two a-helices comprising residues Q5-K49
and is linked to the “Rossmann-like” domain via a connecting
loop (D50-K64).

The apo form crystallizes in space group P121 with two dimers
(AB and CD) in the AU. Via P121 symmetry operation, a
tetramer can be formed from each dimer (ABA’B’ or CDCD’)
(Figs. 2b, ¢, 3a). In contrast, the LdG6PD wt and the
LAG6PDC138S mutant, complexed with NADP(H), G6P, or both
substrates, adopt C121 space group symmetry with one dimer in
the AU (AB). However, via crystallographic symmetry operation,
the same kind of tetramer can be formed as with the apo form
(Fig. 3b). Analysis of this tetramer, comprising two AU, revealed
two positions P1 and P2 of the N-domain of subunit B (NB),
which are related by a crystallographic symmetry operation and
both located near the main domain of subunit B and B,
respectively. In addition, the electron density of the loop D50-K64
(varies depending on the structure, Table S1), connecting the
main domain of subunit B to NB, is very low. Finally, we chose to
associate P1 with subunit B and deposited the AU with this
content in the PDB (Fig. 2a). The position of N-domain A (NA) is
unambiguous and described below.

As mentioned above, each N-domain comprises two a-helices
al (~D11-R31) and a2 (~I36-K49) connected with a short loop
(Figs. 2, 4). Tetramer contacts between the four subunits (A, B,
A’, B’) exist mainly between the a-helices of the N-domains
(Fig. 3). Substrate binding influences the contacts between the
subunits and are described in more detail in the following section.

Substrate binding leads to conformational changes and influ-
ences tetramer contacts. Superimposing the dimeric apo
LdG6PD structure (PDBID: 7ZHT) with the NADP(H)-com-
plexed LdG6PD structures (PDBIDs: 7ZHU, 7ZHY) revealed
RMSD values of 1A with 982 and 978 residues, respectively.
Comparing the apo structure (Figs. 3a, 4a, b) with the structures
complexed with G6P, NADP(H) or both substrates (Figs. 3b, 4c,
d) reveals a rotation of the N-domain by about 45° upon ligand
binding. In contrast to this striking realignment of the N-
domains, only marginal differences in the position of the
N-domains are evident between the ligand-bound structures.

In the apo structure, the N-domain of subunit A (N4) interacts
with the flexible loop (T471-D482) of both subunits (Fig. 3a).
Within subunit A, the helical residues A264-E304 (al) interact
with loop residues Y4724-Y4764 (Fig. 4a). Residues E30A-K324
are bound to the B-strand S4424-A444A (B13). Furthermore, the
R314 side chain interacts with E4674 and D4694 (B14). Upon

COMMUNICATIONS BIOLOGY | (2022)5:1353 | https://doi.org/10.1038/s42003-022-04307-7 | www.nature.com/commsbio 3


www.nature.com/commsbio
www.nature.com/commsbio

ARTICLE

COMMUNICATIONS BIOLOGY | https://doi.org/10.1038/s42003-022-04307-7

Table 2 Data collection and refinement statistics.
LdG6PD wt LdG6PDS0-562 | dG6PDC138S
PDB code 7ZHT 7ZHU 7ZHV 7ZHW 7ZHX 7ZHY 7ZHZ
Ligand Apo NADP(H) G6P G6P, NADP(H) NADP(H) NADP(H) G6P, NADP(H)
Data collection
Space group P121 Cc121 Cc121 Cc121 C222 C121 C121
Cell dimensions
a, b, c (A) 17.7, 223.2, 218.7, 215.8, 75.8,229.7, 83.6 223.2, 218.2,
65.8, 189.2 65.7,119.3 67.8,120.8 66.8, 121.0 65.7,119.9 66.0, 120.0
a, p,y (® 90, 92.4, 90 90, 120.5, 90 90, 121.7, 90 90, 120.7, 90 90, 90, 90 90, 120.8, 90 90, 120.7, 90
Resolution (A) 39.2-2.8 48.1-1.7 4471-31 49.3-3.3 47.3-1.9 47.95-2.0 48.8-2.5
(2.9-2.8) (1.76-1.7) (3.2-3.1) (3.4-3.3) (2.0-1.9) (21-2.0) (2.6-2.5)
R-merge (%) 1.4 (234.7) 4.7 (132.0) 1.5 (424.5) 9.3 (158.3) 5.6 (101.5) 5.7 (96.1) 5.8 (133.4)
7 8.6 (0.7) 11.9 (0.6) 6.9 (0.3) 9.8 (1.3) 18.9 (1.7) 12.3 (1.2) 12.0 (1.0)
Completeness (%) 98.1 (97.6) 97.8 (97.2) 96.7 (95.6) 99.1 (98.7) 99.6 (99.2) 99.6 (99.2) 99.4 (98.8)
Redundancy 2.8 (29 2.7 2.7 29 (3.0) 51(.2) 5.6 (55) 3532 35@33)
Molecules per AU 4 2 2 2 1 2 2
Wilson B-factor 73.9 34.0 133.9 124.8 334 40.3 75.6
CCy2 (%) 99.9 (44.6) 99.9 (40.6) 99.8 (25.7) 99.9 (69.7) 99.9 (81.2) 99.9 (54.3) 99.9 (52.2)
Refinement
Resolution (A) 2.8 1.7 33 3.3 1.9 2.0 25
No. reflections 70481 159688 22260 22435 58616 102071 50909
Ruork/ Riree (%) 24.4 (42.2)/ 19.7 (39.4)/ 25.8 (50.7)/ 23.6 (44.5)/ 18.2 (31.3)/ 18.4 (37.6)/ 24.9 (50.4)/
30.4 (46.2) 22.8 (41.6) 31.4 (53.5) 25.8 (44.5) 21.0 (36.1) 21.9 (40.2) 29.8 (50.1)
No. atoms
Proteins 16027 8591 8342 8457 3826 8481 8344
Ligands 51 283 21 145 99 288 163
Water 26 890 4 1 381 753 25
Protein residues 2023 1077 1055 1069 481 1062 1055
B-factors
Proteins 91.2 48.8 138.8 144.5 413 457 929
Ligands 98.1 52.9 161.4 169.2 43,5 51.2 1.0
Water 68.6 51.8 84.3 143.6 455 47.4 71.0
Ramachandran
plot (%)
Favored (%) 94.2 97.4 97.1 94.7 97.9 97.2 96.3
R. m. s. deviations
Bonds lengths 0.009 0.007 0.01 0.003 0.009 0.019 0.003
Bond angles 1.71 0.90 118 0.62 0.98 1.08 0.67
Values in parentheses are for highest-resolution shell.

substrate binding the contacts to p13 are lost due to the rotation
of N4 and the resulting displacement of residues E304-K324
(Fig. 4c). However, the flexible loop (T4714-D4824) of subunit A
also rearranges, thereby retaining T4744 and Q274 binding (al).
Due to weak electron density, this interaction is not seen in
structures with bound G6P (Table S1). As in a turnstile, the bonds
between R314 and E4674 and D469 remain intact because the
side chains also rearrange.

Additionally, N4 (apo structure) interacts with not only
subunit A but also B; the N-terminus of helix a24 (Q384) is
bonded to the flexible loop residues T4718 and H473B (Figs. 4a,
S4a). The N-domain rotation (NA) due to substrate binding
replaces this contact via hydrophobic interactions between D344-
D354 and T474B-R4758 (Figs. 4c, S4b). The latter interaction is
well defined by the electron density in almost all our structures
with bound substrates except those with low resolution (3.3 A)
(Table S1).

As mentioned before, there are two positions P1 and P2 of
N-domain NB, which can be linked to the main domain of
subunit B or B’, respectively. Linking P1 to subunit B (Fig. 2b),
results in no dimeric interactions between NB and subunit A, but
in all our structures there are multiple contacts with the
“Rossmann-like” domain of subunit B. In the apo form, alB
(A12B-Q278B) interacts via van der Waals forces with the helical

residues D117B-W121B (a4B) and E135B-E141B (a5B) (Fig. 4b).
Upon substrate binding and the resulting rotation of NB, the
interactions are visible between the helical residues G198-A268
(a1B), H123B-K128B (a4B) and E141B (a5B) (Fig. 4d). Further-
more, Q278 is hydrogen-bonded to S134B. Tetramer contacts
between the four subunits (A, B, A’, B’) exist mainly between the
a-helices of the N-domains (Figs. 2b and 3). Remarkably, there is
one additional tetrameric contact, formed between NB
(Q48B-K49B) and the flexible loop (Y476%-D4778) of subunit
B’ and vice versa.

If we connect position P2 of N-domain N® to subunit B, the
above-described dimeric interactions with the “Rossmann-like”
domain would take place between NB and subunit B’ and would
therefore be tetrameric interactions (Fig. 2c). However, the
interactions between residues Q48B-K49B and loop residues
Y476B-D4778 would occur only within subunit B, rather than
between two dimers as in the association of P1 to subunit B
(Fig. 3b). Moreover, linking P2 to subunit B results in very fragile
connections between the N- and the main domain. The
connection would be via loop residues Q48B-K64 B and Y476B-
D477B (Fig. 3b), which show increased B-factors or are
disordered in some structures (Table S1). For these reasons, we
consider it more likely that P1 and not P2 of N-domain NP is
associated with subunit B.
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Fig. 2 Overview of the LdG6PD wt dimer and schematic model of the LdAG6PD oligomerization. a LdG6PD wt dimer in complex with NADP(H) (PDBID:
7ZHU) with position P1 of N-domain B (NB) is shown in ribbon presentation. The f-a domain (D249-K552) of subunits A and B is colored light purple and
light blue, respectively. The “Rossmann-like” domain (D50-1248) of subunits A and B is colored dark magenta and navy blue, respectively. The helical
N-domain with helices o1 (-D11-R31) and a2 (~136-K49) is colored magenta in subunit A (NA) and cyan in subunit B (NB). The connecting loop (residues
D50-K64 in subunit A and B) between the N- and the “Rossmann-like” domain, is colored green. Regions with bad or missing electron density are shown in
dotted lines (subunit A: D50-S55, Y476-R479; subunit B: R51-E54). Helix a14 as part of the G6P binding site, the flexible loop (T471-D482), and important
cysteines (C56, C61, C97, C138, yellow) are labeled. NADP(H) (yellow) and G6P (green), and residues are shown as stick models. To mark the G6P
binding pocket, G6P is taken from the superimposed structure with bound G6P (ribbons not shown, PDBID: 7ZHZ). b Schematic LdG6PD dimer and
tetramer involving position P1 of N-domain B (NB). Subunit B is colored blue and NB of subunit B in position P1 is colored cyan. Subunit A and A" with
N-domain A (NA) and A’ (NA) are colored magenta. ¢ Schematic LdG6PD dimer and tetramer involving position P2 of N-domain B (NB). Subunit B is
colored blue and NB of subunit B in position P2 is colored green. Subunit A and A’ with NA and NA" are colored magenta (created with BioRender.com).

However, the described conformational changes upon
NADP(H) binding did not extend to the NADP™ binding pocket.
Therefore, only minor differences occurred between the apo
structure and structures complexed with NADP(H) or G6P with
regard to the NADP* binding pocket. Residues forming the
NADP binding pocket are shown in Fig. 5a.

Significantly larger conformational changes than in the
structures complexed with NADP(H) are observed after binding
substrate  G6P. Superimposition of the dimeric structures
complexed with G6P (PDBID: 7ZHV) or with G6P and
NADP(H) (PDBIDs: 7ZHW, 7ZHZ) with either the apo form
(PDBID: 7ZHT; 965 residues) or the NADP(H)-bound form

(PDBID: 7ZHU; 1055 residues) revealed RMSD values of 1.6 and
1.8 A, respectively. Moreover, the angle between the “Rossmann-
like” domain and the P+ a domain is reduced when G6P is
bound (Fig. 6a). There are significant conformational differences
in the vicinity of the G6P binding pocket in the structures with
(PDBID: 7ZHZ) and without bound G6P (PDBIDs: 7ZHU,
7ZHY). Structural comparison of the monomers shows that
regions 1248-1260 (a9) and P481-F499 (al4) rearrange, with the
main chain atoms shifting by about 1.5 A and the Y251 side chain
by about 3 A (Fig. 6a, b). Furthermore, residues H250, K254,
M256 (a9), H312 (al2), and Y484 (al4) adopt different side-
chain conformations (Fig. 6b). Moreover, in the structures
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Fig. 3 Overview of the LdAG6PD wt tetramer. The tetramers of the apo a and the NADP(H)-complexed structures b are shown in the same orientation. The
B-o domain (D249-K552) of subunits A/A" and B/B' is colored light purple and light blue, respectively. The “Rossmann-like” domain (D50-1248) of
subunits A/A’ and B/B' is colored dark magenta and navy blue, respectively. a apo structure. The helical N-terminal domain with a1 (-D11-R31) and a2
(~I136-K49) is colored gray in subunit A and A’ (N-domains NA and NA") and colored dark cyan in subunit B and B' (N-domains NB and N8 with position P1).
Dotted lines indicate regions with bad or missing electron density (subunit A/A": G52-V63; subunit B/B": K49-K62, T474-D477). b NADP(H)-complexed
structure. N-domains NA and NA" are colored magenta and N-domains NB and NB' (position P1) are colored cyan. The connecting loop (D56-K64) is
colored green, and dotted lines indicate regions with bad or missing electron density (subunit A/A": D50-S55, Y476-R479; subunit B/B": R51-E54).
NADP(H) (yellow) and G6P (green) and residues are shown as sticks models. Important residues of the flexible loop (T471-D482) and the connected helix
o14 (P481-L492) are directly or indirectly affected by the N-domains and marked with labels or arrows. The apo structure and the NADP(H)-complexed
structure were used (PDBIDs: 7ZHT, 7ZHU), and G6P is taken from a superimposed structure with bound G6P (ribbon not shown, PDBID: 7ZHZ).
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Fig. 4 Close-up of the LdG6PD wt N-domains. The dimers of the apo and the NADP(H)-complexed structures are shown in the same orientation (PDBIDs:
7ZHT, 7ZHU). The B-a domain of subunits A or B are colored light purple and light blue, respectively. The “Rossmann-like” domain of subunit B is colored
navy blue. The connecting loop (D50-K64) is colored green. a apo structure: N-domain A (NA) is colored gray. b apo structure: N-domain B (NB, position
P1) is colored dark cyan. € NADP(H)-complexed structure: N-domain A (NA) is colored magenta. d NADP(H)-complexed structure: N-domain B (NB,

position P1) is colored cyan; NADP(H) is colored yellow. Important residues are shown in stick models and hydrogen bonds are indicated with black dotted

lines. Respective a-helices and p-sheets are numbered.

without bound G6P, the backbone atoms D482-A483 are located
at the same position as the pyranose ring of G6P in G6P-
complexed structures. Remarkably in all structures, G6P is bound
only in subunit B of the G6PD dimer, although subunits A and B
are essentially similar (RMSD ~0.7 A). Minor shifts (~0.7 A)
occur for regions D117-E135 (a4) and cofactor NADP(H), and
slightly higher shifts are observed for Y251 (1.5 A) and residues
P481-1492 (al4; 1.3 A).

Comparison with homologous structures, in which the
pyranose ring of G6P points towards NADPT, revealed a
corresponding G6P binding pocket in LdG6PD, which is formed
by residues K220, D249-Y251, F286-E288, K406, and K411-V413
(Fig. 5b). According to homologous structures, the pyranose ring

of G6P would be coordinated by residues K220, E288, 1304, D307,
H312, and K406, and the phosphate moiety would be bound by
residues H250, Y251, K254, K411, and Q440.

However, in G6P-bound LdG6PD structures, the position of
G6P that best explains the electron density is different from that
of homologous G6PD structures?-2°. Compared to these
structures, the G6P conformation is rotated by 180° and located
in a cleft, formed by amino acids D482-A483, Q440, H250-Y251,
and K254 (Fig. 5b). The pyranose ring is hydrogen-bonded to
K254, A483, and Q440, which also interacts with the phosphate.
Interestingly, in homologous structures residue K254 is used for
phosphate binding. In our structures, the phosphate is bound by
residues H250, Y251, and K411. Overall, the phosphate moiety
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Fig. 5 Active site close-up of LdG6PD. Ribbons and residues of the “Rossmann-like” domain are colored navy blue and of the $-a domain light blue.

a Close-up of the NADP binding pocket of the LdG6PD structures (PDBID: 7ZHU) within the “Rossmann-like” domain. The NADP(H) moiety is colored
yellow. Electron density map (Fo-Fc polder omit map) contoured at 4.0 o for NADP(H), is shown in black. b Closeup of the G6P binding pocket. G6P is
shown in two conformations. In brown, the G6P conformation from the superimposed TcG6PD structure (PDBID: 5AQ1) with the pyranose ring pointing
towards the NADP(H) moiety (yellow). In green, the G6P conformation of the LdG6PD structures (PDBID: 7ZHZ). Electron density map (Fo-F¢ polder omit
map) contoured at 4.0 ¢ for G6P, is shown in black. Residues of the NADP* and the G6P binding pocket, are shown in stick models, and hydrogen bonds
are indicated with black dotted lines or with gray dotted lines for the G6P moiety from the TcG6PD structure.

shifts by only 1.7 A compared to homologous G6PD structures
(PDBIDs: 5AQ1, 6D24).

Taken together, binding NADP(H), G6P, or both results in a
rotational shift of the two N-domains. This affects the interfaces
between the N-domains and the core domain, particularly the
contact region to the flexible loop T471-D482 so that residues of
al4 (P481-L492) that participate in G6P binding are also affected.
The NADP™ binding site is less affected with only minor shifts.
Furthermore, binding G6P induces a structural rearrangement of
residues 1248-1260 (a9) and P481-F499 (al4). Without bound
G6P, the H250 and K254 side chains face away from the binding
pocket, making the usual interaction with G6P impossible (Fig. 6a,
b). Moreover, Y251 points into the G6P binding pocket, which
would lead to clashes with the phosphate moiety of G6P in
LdG6PD and homologous structures (Fig. 6b, d).

Truncation of residues 1-59 indicates the N-terminal exten-
sion is involved in LdG6PD tetramerization. To investigate a
potential function of the helical N-domain conserved in Kinetoplas-
tida G6PDs, we generated a truncation mutant lacking the N-domain
that includes residues 1-59 (LAG6PD®0-562). Moreover, the LdAG6PD
wt structure, complexed with NADP(H), revealed a disulfide bond
between C138 and C56; however, with minor conformational
changes, an alternative disulfide bond between C138 and C61 or C56
and C97 is also possible (Fig. 2a). Therefore, we generated a second
mutant by replacing C138 with a serine (LdG6PDC138S), We hypo-
thesized that both mutations will impair enzyme activity due to
truncation or altered orientation of the N-domain.

Comparing the LdG6PDC138S structures to the wt structures
revealed no major conformational changes (RMSD = 0.4 A with
1056 residues). Accordingly, the mutation revealed no alternative
disulfide bridge and the oligomerization profile did not

significantly differ from the wt (Fig. 1a). Although the Ky of
G6P increased by about 20%, indicating a lower affinity, the
activity V. increased to the same extent so that catalytic
efficiency remained stable (Table 1). For NADPT, catalytic
efficiency slightly increased from 145+16puM~1s™1 to
17.3+£0.8 uM~1s~! due to the increased Vi, but stable Ky.

In contrast to the wt and LdG6PDC1388 crystals, which contain
the physiological dimer in the AU, the truncation mutant
LdG6PDO-562 crystallized in an orthorhombic space group
(C222) with one molecule in the AU (Table 2). Consequently,
the physiological dimer is formed by a crystallographic two-fold
rotation axis. However, our usual tetramer (Fig. 3) cannot be
constructed via crystallographic symmetry operations. Instead, a
different tetramer is formed via C222 symmetry operations
(Fig. 6¢), which interestingly resembles the G6PD tetramer of
related Trypanosoma species. Here, the LdG6PD dimer-dimer
interface is mainly formed by salt bridges (R268, K324, R326,
D335, E336, and D393), keeping the dimers in a back-to-back
orientation. Similar to our truncation mutant, Trypanosoma
G6PDs have always been crystallized as truncated forms and
therefore lack the first N-terminal 57 or 37 residues?3:27.

Superimposing the respective NADP(H)-bound LdG6PD%0->602
(PDBID: 7ZHX) and LdG6PD wt dimer (PDBID: 7ZHU)
revealed an overall shift of 0.8 A (475 residues) and small shifts
(up to 1.4A) of the B+a and “Rossmann-like” domains,
resulting in a slightly more open conformation of the truncation
mutant. In accordance with these structural results and in
contrast to the stable dimer-to-tetramer equilibrium of LdG6PD
wt, the tetramer was no longer visible in the SEC profiles of
LdG6PD®0-562 but only a single peak corresponding to the dimer
form of the mutant (Fig. 1a). However, the crystallographic and
SEC observations were not reflected by impaired catalytic
efficiency of the enzyme (Table 1).
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Fig. 6 G6P-induced rearrangements of LdG6PD wt and structural comparison with orthologues. Superimposition of the NADP(H)-complexed structure
(PDBID: 7ZHU; blue) with the structure complexed with G6P and NADP(H) (PDBID: 7ZHZ; yellow). Residue Y251 (red) marks the G6P-induced active site
shift of the loop comprising residues H250-K254. a The superimposed dimers (only monomer B is shown) show the G6P-induced shift of the N- and the
“Rossman-like” domain. Residue D482 (red) marks the end of the flexible loop (T471-D482), connected to a14 b Active site close-up. Here, monomers B of
both structures are superimposed. The superimposition shows the different sidechain conformations of residues lining the G6P binding site and the
rearrangement of region H250-K254. ¢, d Comparison with orthologues. ¢ Superimposition of the T. cruzi G6PD tetramer with the LdG6PD0-562 mutant.
Both enzymes were crystallized lacking the helical N-domains. The apo-structure of the TcG6PD tetramer (PDBID: 6D23) with subunits A-D is colored
brown and that of the NADP(H)-complexed LdG6PD60-562 tetramer (PDBID: 7ZHX) light blue. d Superimposed active sites of the LdG6PD structure (with
bound G6P and NADP(H); PDBID: 7ZHZ; yellow) with the TcG6PD (with bound G6P; PDBID: 5AQ1; brown) and HsG6PD structure (with bound NADPT;
PDBID: 2BH9; purple). Figure d is shown in the same orientation as b. Respective a-helices and p-sheets are numbered.

Mechanistic considerations of Leishmania G6PD. In order to
determine the catalytic binding mechanism of the substrates, G6P
and NADP* were titrated at various constant concentrations of
the second substrate, and the relationship between substrate
concentration and initial enzyme velocity was analyzed. For both
substrates, the intersection of the Lineweaver-Burk plots left of
the ordinate points towards a sequential order mechanism of
substrate binding, in which both substrates must bind to the
enzyme before product formation can occur3® (Fig. 7a, b). Fur-
thermore, the lines intercept below the abscissa, indicating that
binding the first substrate promotes binding of the second
substrate.

To differentiate between ordered and random sequential
mechanisms of LdG6PD, we conducted inhibition studies with
the product inhibitor NADPH and the dead-end inhibitor
glucosamine 6-phosphate (GIcN 6-P), an analog of G6P31-33,
NADPH was found to be a competitive inhibitor with respect to
NADP in LdG6PD as indicated by the intersection on the x-axis
(Fig. 7¢) and increasing Kj; values with increasing inhibitor
concentrations (Fig. S5a). Likewise, GIcN 6-P shows a competitive
inhibition pattern towards G6P (Figs. 7e, S5¢). Towards NADPT,
GIcN 6-P had no inhibitory effect (Figs. 7d, S5b). In contrast,
NADPH was also found to be a competitive inhibitor with respect
to G6P (Figs. 7f, S5d).
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Fig. 7 LdAG6PD's sequential binding mechanism for the substrates NADP+ and G6P and inhibition by the product inhibitor NADPH and the dead-end
inhibitor glucosamine 6-phosphate. a NADP+ and b G6P, as well as ¢, f NADPH and d, e glucosamine 6-phosphate (GIcN 6-P) were titrated at various
constant concentrations of the substrate G6P or cosubstrate NADP+, The primary double reciprocal plots of [U/100 mg]~ against [G6P]~! and [NADP+1-,
respectively, are shown. Plots a and b intercept left of the ordinate, indicating a sequential binding mode of the substrates. Plots ¢, e, and f intercept on the
ordinate, indicating a competitive inhibition of NADPH against NADP+ and G6P and of GIcN 6-P against G6P, but not against NADP+. d Representative graphs

from three independent replications are shown.

Discussion

In this work, we present the crystal structure and biochemical
characterization of Leishmania donovani G6PD. We were able to
visualize the N-domain, which is unique in Trypanosomatida,
providing interesting insights into its function and suggesting a
central role in oligomerization. Additionally, we detected
substrate-induced domain shifts extending to the active site of the
enzyme. These conformational changes have never been observed
in other G6PDs described so far. The crystallographic data also
perfectly fit the kinetically determined binding mechanism of
LdG6PD. Finally, a much higher catalytic activity than homo-
logous G6PDs supported these unique features, highlighting the
central role of this enzyme in helping Leishmania parasites cope
with oxidative stress.

Our kinetic investigations revealed a specific activity of about
200 Umg~! (Table 1) of recombinant LdG6PD and LmG6PD,
with a 3-4-fold higher catalytic efficiency than G6PDs from other
species. Moreover, SEC profiles of wt LdG6PD and LmG6PD
revealed two peaks under native conditions, equivalent to a dimer

and a tetramer (Fig. la), whereas the tetramer fraction showed
reduced catalytic efficiency compared to the dimer. Consequently,
Leishmania G6PDs potentially exist in dynamic dimer-tetramer
equilibrium, as with other G6PDs26:29:33.34 However, in contrast
to homologous G6PDs3>-37, varying ionic strength, pH, enzyme
concentration, or the presence of substrates did not affect this
equilibrium (Fig. 1b, S2). The catalytic efficiency of LdG6PD also
remained unaffected under these conditions, except at very low
pH (4.5), resulting in a 40% decrease in activity. However,
Leishmania amastigotes in particular manage to keep the cyto-
solic pH largely neutral within the acidic parasitophorous
vacuole38, and enzyme activity could be restored when measured
under neutral pH (7.5). Furthermore, reducing or oxidizing
agents affected neither oligomerization nor the catalytic efficiency
of LdG6PD, whereas enzyme activity of the related TcG6PD was
almost abolished under such conditions??3%. The resistance of
LdG6PD to changing environmental conditions is probably an
adaptation of Leishmania parasites, which are exposed to an
extremely redox-active environment within the parasitophorous
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vacuole in host macrophages and therefore rely on an adequate
G6PD-derived NADPH pool.

Other trypanosomatid G6PDs such as from Trypanosoma cruzi
or Crithidia fasciculate have been previously shown to form tet-
ramers with a back-to-back orientation of the two dimers and a
dimer-dimer interface predominantly formed by salt bridges?$:2°.
Since the respective amino acids are conserved in Kinetoplastida,
therefore also present in Leishmania G6PDs, all Kinetoplastida
G6PDs have been postulated to likely form this kind of
tetramers?®2%. However, although the LdG6PD SEC profiles
showed an additional tetramer peak, varying ionic strength did
not affect the dimer-tetramer equilibrium of LdG6PD wt, sug-
gesting a minor contribution of salt bridges in LdG6PD tetramer
formation.

T. cruzi G6PDs were always crystallized as truncated variants
without the N-terminal domain?32. If we also truncate the entire
N-domain in LAG6PD (LdG6PD60-562)  we are able to construct
via crystallographic symmetry operations the same tetramer
arrangement as seen for TcG6PD (Fig. 6¢c). However, the SEC
profile of the truncation mutant exhibited a pure dimer, without
the additional tetramer fraction (Fig. la). Our crystallization
studies with full-length LdG6PD always reveal a tetramer in
which the N-domains form the dimer-dimer interface leading to
a face-to-face orientation of the two dimers (Fig. 3). Therefore, we
suggest that the N-domains are essential for forming the LAG6PD
tetramer.

In accordance with previous findings on TcG6PD?82939,
truncation of the N-domain did not change the catalytic effi-
ciency of the LdG6PD dimer (Table 1). Only minor conforma-
tional changes of the core domains in the crystal structure of
LdG6PDO0-562 confirmed this when compared to the wt.

As mentioned earlier, we observed reduced catalytic effi-
ciency of the tetramer with an increased Ky, for G6P but similar
activity compared to the dimer. Since there are two possible
positions of N-domain of subunit B (NB), the choice of P1 or P2
determines dimeric and tetrameric contacts (Figs. 2b, ¢, 3). If
position P1 belongs to monomer B (Fig. 2b) a tetramer is
formed with a dimer-dimer interface between the N-domains.
Another tetramer contact in this scenario exists between NB and
the flexible loop (T471-D482) of subunit B’ and vice versa
between N-domain of subunit B> (N®) and subunit B (Fig. 3b).
Conversely, if we would associate position P2 with monomer B
(Fig. 2¢), these contacts would be dimeric, and the dimer-dimer
interface of the tetramer would reduce to the interaction
between helix al of NB or N¥" and the “Rossmann-like” domain
(a4) of subunit B’ or B, respectively. We assume that P1 of
N-domain NP is connected to subunit B. Therefore, the
N-domain of subunit B* (N®) influences the flexible loop
(T471-D482) of subunit B and consequently affects the G6P
binding site (al4; P481-L492) (Figs. 3, 6a, b). This tetrameric
interaction perfectly explains the increased Ky, for G6P of the
tetramer, whereas Ky of NADPT and the overall activity
remained unaffected compared to the dimer.

Finally, which function the tetramer has in vivo must still be
clarified. Although the conditions we tested had no effect on
oligomerization, there are many other factors that could influence
the dimer-tetramer equilibrium, such as the product-to-substrate
ratio, various other ROS, or protein interactions. For example,
p53 is known to regulate human G6PD activity, and in trypa-
nomatids, trypanothione reductase, a direct NADPH consumer,
is thought to interact with GG6PD*!. Maybe the unique N-domain
is also involved in such protein interactions, but this needs to be
investigated in further studies.

The kinetic mechanism of various G6PDs has been intensively
investigated and controversially discussed. While kinetic studies
support an ordered sequential binding mechanism for many

G6PDs31:42-44 3 rapid equilibrium random sequential mechanism
has been demonstrated for others such as HsG6PD and P. falci-
parum G6PD3233. To investigate the sequential binding
mechanisms of LdG6PD in more detail, we used product inhi-
bition studies (Fig. 7). Under saturating conditions, NADPH acts
as a competitive inhibitor against NADP, as does the dead-end
inhibitor glucosamine 6-phosphate (GlcN 6-P) against G6P.
Surprisingly, NADPH also acts as a competitive inhibitor against
G6P when NADPT is in saturation, while GIcN 6-P does not
compete with NADPT when G6P is in saturation. These obser-
vations suggest that NADPT can bind equally well to the free
enzyme and the enzyme binary complex with already bound G6P,
whereas G6P prefers binding to the free enzyme. This indicates
that LdG6PD follows an ordered sequential mechanism, where
substrate binding and product release occur in a specifically
ordered fashion. Our data even suggest that LdG6PD follows a
special ordered mechanism, the Theorell-Chance mechanism
(Fig. 8). In this special case, substrate binding and product release
occur so rapidly that the ternary complex EAB (LdG6PD-G6P-
NADPT) exists for only a very short time and is therefore not
kinetically significant3%4>. For LdG6PD this means that the
substrate G6P (A) binds first to build EA (LdG6PD-G6P) fol-
lowed by binding of the cosubstrate NADP* (B) to form the
product 6-phospho-D-glucono-1,5-lactone (6PL) (P), followed by
formation of NADPH (Q). However, product formation (P, Q)
occurs immediately after binding NADP™ (B) so that the ternary
complexes EAB and EPQ exist transiently but at such a low
concentration that they cannot be detected via initial rate studies.

This fits well with our crystallographic observations of
LdG6PD. We observed conformational changes compared to the
apo structure due to G6P binding alone (Fig. 6a, b). Within the
G6P binding pocket, this conformational change was mainly
visible through Y251 and surrounding residues (H250-Y254)
(Fig. 6b). In structures without bound G6P, these residues (H250-
Y254) always point to the G6P binding pocket, making catalysis
impossible.

Interestingly, NADP(H) is always visible in both monomers of
the dimer, while G6P is visible in monomer B only. Therefore, it
seems that both monomers do not convert their substrates syn-
chronously but rather delayed from each other, in which the
occupancy of one binding site suppresses the catalysis of the
other. The substrate-induced 45° rotation of the N-domains
compared to the apo structure could be involved in this phe-
nomenon (Figs. 3, 6). Therefore, the N-domain rotation changes
the N-domain contacts to the main chain and the interaction
between all subunits. Consequently, the contacts of N-domain A
to the flexible loop B are reduced in the apo structure, influencing
the G6P binding site (Figs. 3, 6, $4).

Our hypothesis that G6P binds first is further strengthened by
the fact that we obtained crystals only by adding G6P (PDBID:
7ZHV) but not when crystallizing with NADP™ alone. Therefore,
structures complexed only with NADP*, were always crystallized
under catalysis. Accordingly, the bound NADP+ could also be the
product NADPH. Finally, we interpret the G6P-induced shift,

G6P  NADP* 6PL  NADPH
E E-G6P E-NADPH E

Fig. 8 Proposed Theorell-Chance mechanism LdG6PD. G6P binds first to
LdG6PD followed by NADPT to generate the products 6-phospho-D-
glucono-1,5-lactone (6PL) and NADPH without forming a significant ternary
complex; E=enzyme LdG6PD.
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leading to a 45° rotation of the N-domain and a decreased angle
between the -a domain and the “Rossmann-like” domain, as a
conformational change towards the catalytic form.

Interestingly, we observed a rearrangement of the G6P binding
site upon G6P binding. In structures from other species, with or
without bound G6P, the G6P binding site is similar to our
structures with bound G6P, but not to the LdG6PD structures
without G6P (Fig. 6b, d).

However, the G6P conformation in the LdG6PD structures is
different from homologous G6PDs. Although the phosphate is
similarly bound, the pyranose ring is rotated by 180° around the
phosphate and therefore points in the opposite direction (Fig. 5b).
In this conformation, the ring is located in a channel that extends
to the center of the tetramer (Fig. 3). Consequently, electron
transfer with NADP* and hence catalysis are impossible. We
hypothesize that this conformation is a waiting position of G6P,
whose position either results from the absence of NADP™
(PDBID: 7ZHV) or is inhibited from catalysis by NADPH as a
product inhibitor (PDBIDs: 7ZHW, 7ZHZ). However, as a feature
of the postulated Theorell-Chance mechanism, the ternary
complex exists only for a very short time, which could also
explain why the true catalytic form is not visible in any of our
structures.

The crystallographic and biochemical characterization of
LdG6PD presented in this study, revealed a trypanosomatid
G6PD structure that contains the complete N-domain, unique to
G6PDs of the Kinetoplastida family. Interestingly, our investiga-
tions on the function of the helical N-domain, indicated essen-
tiality for LdG6PD tetramerization and showed that the
N-domain changes its position upon substrate binding. In con-
trast to homologous species, we observed G6P-dependent domain
motions that kinetic studies supported, revealing an ordered
mechanism with G6P binding first, followed by NADPT. We
believe that these insights from LdG6PD will significantly con-
tribute to the understanding of G6PDs’ molecular mechanisms
and will provide an excellent basis for further drug discovery
approaches.

Methods

PCR amplification, cloning, and site-directed mutagenesis of G6PDs. For
heterologous overexpression in E. coli, the genes encoding wt LdG6PD (UniProt
acc. no. A2CIL3) and LmG6PD (UniProt acc. no. Q4Q3K1) were ordered codon-
optimized from BioCat GmbH (Heidelberg, Germany) and subcloned into the
pET28a(+) vector using BamHI and HindlIII restriction sites, thereby enabling
N-terminally His-tagged proteins (Table S2).

To characterize the potential function of the N-terminal domain (covering the
first 49 amino acids) two mutants were generated. C138 was replaced with serine
(LAG6PDC138) ysing the Q5 site-directed mutagenesis kit (New England Biolabs
GmbH) with the construct pET28a(+)-LdG6PD wt as a template. Furthermore, we
generated a truncated construct lacking the first 59 N-terminal amino acids
(LAG6PD0-562). PCR was performed using Q5 polymerase and the construct
pET28a(+)-LdG6PD wt used as a template. The PCR product was gel purified,
digested with BamHI and HindIII and subsequently cloned into the BamHI-
HindIII site of a pET28a(+) vector. All primers used in the present study are
described in Table S3. The constructs were verified via sequencing from LGC
genomics (Berlin, Germany) using standard primers within the T7 promotor and
the T7 terminator sequence of the pET28a(+) vector.

Expression and purification of His-tagged LdG6PD wt, LdG6PDC138S,
LdG6PD%0-562, I mG6PD wt. Expression plasmids encoding for LdG6PD and
LmG6PD wt and the corresponding mutants were transformed in E. coli C43
(DE3) cells using a pET28a(+) vector. Cells with the respective plasmid were
grown at 37 °C in lysogeny broth medium containing 50 pg mL~! kanamycin.
When the optical density at 600 nm reached ~0.5, heterologous overexpression was
subsequently induced for 4 h by adding 0.5 mM IPTG. Cells were harvested via
centrifugation (15 min, 12,000 x g, 4 °C), suspended in buffer A (500 mM NaCl,
50 mM Tris, pH 7.8), mixed with protease inhibitors (4 nM cystatin, 150 nM
pepstatin, 100 uM PMSF) and stored at —20 °C until lysis. For cell lysis, lysozyme
and DNasel were added to the cell suspension and incubated for ~12 h at 4°C,
followed by three cycles of sonication and centrifugation (30 min, 25,000 x g, 4 °C).
The supernatant was applied to a Ni-NTA column for IMAC purification, pre-

equilibrated with buffer A. Recombinant N-terminally His-tagged proteins were
eluted with buffer A containing increasing (100-500 mM) imidazole concentra-
tions. The fractions containing the recombinant protein were pooled and con-
centrated using an ultrafiltration unit (Vivaspin 20, 30-kDa filter cut-off; Sartorius,
Gottingen, Germany). As an additional purification step and to determine the
oligomerization state of the respective enzymes, size exclusion chromatography
(SEC) was performed with an AKTA FPLC system, using a HiLoad 16/60 Superdex
200 column (GE Healthcare, Freiburg, Germany) pre-equilibrated with buffer A.
To investigate the oligomerization behavior, SEC was performed under native,
reductive (5 mM DTT), and oxidative (2 mM H,0O,) conditions, as well as in the
presence of substrates (100 uM G6P, NADP*, G6P + NADP). Protein elution
was detected at 280 nm and evaluated using the UNICORN software 7.2. The peaks
of interest containing the recombinant protein were collected and concentrated and
enzyme purity was assessed with Coomassie blue-stained SDS-PAGE gels (12%
polyacrylamide). Enzyme concentration was determined by measuring the absor-
bance of the protein solution at 260 and 280 nm using the Eppendorf BioSpect-
rometer (Hamburg, Germany) followed by calculating the final concentration
with the molecular weight and extinction coefficient of the respective enzymes
(LdG6PD wt/LdG6PDC138S: 66.7 kDa, 63,113 M~ cm~!; LdG6PD®0-562: 60.3 kDa,
61,623 M~ cm~1; LmG6PD wt: 66.8 kDa, 63,175 M~ cm~!). After SEC, a final
yield of 0.5-2 mg soluble, pure, and active G6PD per litre E. coli culture was
achieved for all proteins tested in this study. The enzymes remained stable for at
least 10 days when stored at 4 °C and 3 months when stored at —80 °C with the
addition of 250 mM AmSOQ,, as verified via enzyme activity measurements.

Enzymatic characterization of LdG6PD wt, LdG6PDC138S, LdG6PD60-562,
LmG6PD. Using the spectrophotometer Evolution 300 (Thermo Scientific,
Dreieich, Germany), G6PD activity was determined at 25 °C by following NADPH
[e340= 6,220 M~ cm~!] production at 340 nm according to Beutler®. All reac-
tions were performed in buffer B (50 mM Tris, 3.3 mM MgCl,, 0.005% Tween,

1 mgmL~! BSA, pH 7.5), whereas the enzymes were pre-diluted in buffer C

(50 mM Tris, 0.005% Tween, 1 mg mL~! BSA, pH 7.5). The reaction mixture with
a final volume of 500 pL contained 200 uM NADP, varying concentrations of the
respective G6PDs (0.95-1.3 nM), and 800 uM G6P. To determine the apparent Ky
values and V.., the substrate (1400-10 uM G6P) and the cosubstrate (500-2 pM
NADP) were varied reciprocally. To determine the reaction mechanism, G6P was
titrated at various concentrations of NADP* and vice versa. All measurements
were performed at least in triplicate, and the apparent kinetic constants were
calculated via nonlinear regression using the GraphPad Prism 9.0 software.

Inhibition studies. For product inhibition studies, the initial rates were measured
for a series of NADPH concentrations (0-80 uM) with G6P in saturation (800 (M)
and varying NADP+ concentrations from 10 to 400 uM. Likewise, the experiment
was carried out by varying the G6P concentration from 20 to 1200 uM with NADP
T in saturation (200 uM) and again a series of NADPH concentrations (0-80 uM).
In analogous fashion, 0-20 uM GIcN 6-P was used as an inhibitor covering the
same combinations and ranges of substrate concentrations as used in the experi-
ments with NADPH.

Protein crystallization. For crystallization of LdG6PD wt and the respective
mutants, LAG6PDC138S and LdG6PD®0-562, the enzymes were concentrated

to ~10 mgmL~! in buffer A. Crystallization plates were prepared using a Digilab
Honeybee 961 crystallization robot generating drops by mixing 0.2 pL reservoir
solution with 0.2 pL protein solution. G6PD crystals were grown in a 96-well
format with the sitting drop vapor diffusion technique. Initial crystallization
conditions were identified within the screening of the JCSG Core I suite (Quiagen)
and further optimized by screening around the initially identified conditions.
Immediately after preparation, the plates were kept at 10 °C because crystal growth
proceeded very fast, resulting in unstable, low-resolution crystals. Suitable crystals
could only be obtained in complex with substrate and cosubstrate (1 mM each).
LdG6PD wt and LAG6PDC138S crystallized best in a reservoir containing 10% PEG
3000 and 100-150 mM AmSO,. The mutant LdG6PD%-362 crystallized in a
reservoir containing 6% PEG 3000 and 200 mM AmCl, instead of AmSO,.

We crystallized the LdG6PD wt dimer and tetramer fraction separately. From
the dimer fraction, we obtained crystals complexed with and without NADP(H),
with G6P, and with both G6P and NADP(H). From the tetramer fraction, we used
a crystal complexed with NADP(H) and G6P. From the dimer fraction of the
LdG6PDC1385 mutant we got crystals complexed with NADP(H) and with both
G6P and NADP(H). For the truncation mutant LAG6PD®0-%62 we obtained crystals
in complex with NADP(H) only. A prerequisite for well-diffracting crystals (<2 A)
was the presence of both ligands, G6P, and NADP™ in the crystallization buffer
(Table 2, Table S1).

Data collection and processing. Diffraction data for all crystals were collected at
beamline X10SA (Pilatus 6 M for the crystals of LdG6PD wt and Eiger2 16 M for
the crystals of LdG6PD mutants) of the Swiss Light Source in Villigen, Switzerland
at 100 K and processed with XDS*7. Before data collection, crystals were soaked in
mother liquor with a final concentration of 35% ethylene glycol.
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The apoenzyme (PDBID: 7ZHT) crystallized in space group P121 with four
monomers in the AU unit (Table 2). The wt enzyme in complex with G6P (PDBID:
7ZHV), the wt enzyme and the mutant LAG6PDC138S in complex with NADP(H)
(PDBIDs: 7ZHU, 7ZHY), as well as in complex with G6P and NADP(H) (PDBIDs:
7ZHW, 7ZHZ), crystallized in space group C121 with two monomers in the AU. All
structures complexed with G6P or NADP(H) show C121 space group symmetry, but
the structures with G6P have an a-axis shortened by about 5 A. In addition to the two
monoclinic crystal forms (P121, C121), we obtained orthorhombic crystals (C222) for
the N-terminal truncation mutant LdG6PD®0-562 (PDBID: 7ZHX) with one
monomer in the AU.

Structure determination and refinement. A search model of LdG6PD was gen-
erated via homology modeling with SWISS-MODEL*8 by using HsG6PD (PDBID:
5UKW) as at template. The modeled LdG6PD monomer comprises residues
70-549. In spite of the high sequence identity of 53% (Fig. S3), attempts to solve the
structure of the apoenzyme using the canonical G6PD dimer were unsuccessful.
Instead, a truncated version of the modeled LdG6PD monomer was used, where
loops on the surface, comprising residues 170-179, 359-376, 471-480, and
546-549, were deleted. The initial Rg.. value after the first refinement was 37%.
The AU of the final solution contained four monomers, which form two canonical
G6PD dimers. In contrast to other G6PDs, LdG6PD contains an additional
N-terminal domain, which was only visible in one dimer of the apo structure.
Diffraction data of all other crystals were phased via molecular replacement
methods using the structure of the apoenzyme. During refinement, 8% of all
reflections for the wt crystals complexed with NADP(H) were omitted and used for
calculation of an Rg.. value; for the other crystals, 10% of all reflections were used.
The final statistics are shown in Table 2.

Interestingly, the apo structure and all structures complexed with G6P have
much lower resolution (2.8 A), than the structures in which only NADP(H) is
bound (<1.9 A) (Table S2). The electron density of the LdG6PD core comprising
residues 5-470 and 483-552 is well defined in all our structures. In some structures,
the electron density of the N-terminal domain (N-domain), covering the first 49
residues, is also well defined, although the temperature factors of the atoms are
about 1.5 times higher than the average value of the core atoms. Two loops
comprising residues D50-K64 and T471-D482 are defined by the electron density
in some structures (Table S1), but the B-factor of these residues is at least twice the
average B-factor.

The PHENIX program suite*>»>0 served for reflection phasing and structure
refinement. The interactive graphics program and Coot®! were used for model
building. Molecular graphics images were produced using the UCSF Chimera
package’2.

Statistics and reproducibility. Data analysis was performed using GraphPad
Prism Version 9.0 software. Data are presented as means + SD. Reproducibility was
confirmed by performing at least two independent determinations from different
enzyme batches (for Fig. 1, Fig. S2) or three independent determinations with
different enzyme batches, each including at least three (for Table 1) or two mea-
surements (for Fig. 7 and Fig. S5) as described in the figure legend.

Reporting summary. Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Coordinates and measured reflection amplitudes have been deposited in the Worldwide
Protein Data Bank RCSB PDB (http://pdb.org): code 7ZHT for LdG6PD wt in its apo
form; code 7ZHU for LdG6PD wt in complex with NADP(H); code 7ZHV for LdG6PD
wt in complex with G6P; code 7ZHW for LdG6PD wt in complex with NADP(H) and
G6P; code 7ZHX for the truncation mutant LAG6PD0-562 in complex with NADP(H);
code 7ZHY for mutant LdG6PDC138S in complex with NADP(H) and 7ZHZ for the
LdG6PDC138S mutant in complex with NADP(H) and G6P. All source data behind the
graphs and charts and unprocessed scans presented in the figures are presented in
Supplementary Data 1.
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Abstract: As unicellular parasites are highly dependent on NADPH as a source for reducing equiv-
alents, the main NADPH-producing enzymes glucose 6-phosphate dehydrogenase (G6PD) and
6-phosphogluconate dehydrogenase (6PGD) of the pentose phosphate pathway are considered
promising antitrypanosomatid drug targets. Here we present the biochemical characterization and
crystal structure of Leishmania donovani 6PGD (Ld6PGD) in complex with NADP(H). Most interest-
ingly, a previously unknown conformation of NADPH is visible in this structure. In addition, we
identified auranofin and other gold(I)-containing compounds as efficient LI6PGD inhibitors, although
it has so far been assumed that trypanothione reductase is the sole target of auranofin in Kinetoplastida.
Interestingly, 6PGD from Plasmodium falciparum is also inhibited at lower micromolar concentrations,
whereas human 6PGD is not. Mode-of-inhibition studies indicate that auranofin competes with 6PG
for its binding site followed by a rapid irreversible inhibition. By analogy with other enzymes, this
suggests that the gold moiety is responsible for the observed inhibition. Taken together, we identified
gold(I)-containing compounds as an interesting class of inhibitors against 6PGDs from Leishmania
and possibly from other protozoan parasites. Together with the three-dimensional crystal structure,
this provides a valid basis for further drug discovery approaches.

Keywords: leishmaniasis; 6-phosphogluconate dehydrogenase; pentose phosphate pathway; auranofin;
phosphine gold(I)-complexes

1. Introduction

Leishmaniasis is a vector-borne infectious disease that is classified by the World Health
Organization as one of 20 poverty-related and neglected tropical diseases. It is caused
by the protozoan parasite of the genus Leishmania, which belongs to the Trypanosomatidae
family. Every year, 0.7 to one million people become infected, and 20,000 to 30,000 people
die from leishmaniasis in tropical, subtropical and southern European regions. The species
Leishmania donovani causes the most severe form, also known as kala-azar or “black fever”
and is often fatal if untreated [1,2]. Currently, there are only a few drugs available for
leishmaniasis treatment. Most of them have severe side effects and show highly divergent
activities across subspecies. After decades of use, resistant parasites have emerged [3-5],
which is why ambitious efforts to develop new drug targets and antileishmanial agents are
urgently required.

Throughout their life cycle, many parasites, and Leishmania parasites in particular, are
exposed to high levels of oxidative stress. For example, the tissue stages of Leishmania—
amastigotes—reside in mammalian macrophages and must withstand the action of reactive
oxygen and nitrogen species (ROS/RNS) produced by enzymes such as NADPH oxidase
or nitric oxide (NO) synthase [6-9]. The antioxidant defense and redox balance of the
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parasites rely on the trypanothione-dependent thiol system, including trypanothione and
trypanothione reductase, and depend on NADPH as the primary electron source [10,11].
As the pentose phosphate pathway (PPP) is the main NADPH supplier in most para-
sites, the enzymes of this key metabolic pathway are considered promising drug tar-
gets for the control of unicellular parasites such as Leishmania, Trypanosoma [3,12,13] and
Plasmodium [14,15]. NADPH is produced in the first, unidirectional oxidative branch of
the PPP. The second, non-oxidative branch of the PPP ends with ribose 5-phosphate, a
crucial product for nucleotide biosynthesis. In total, two molecules NADPH are produced
by the oxidative PPP. Glucose 6-phosphate dehydrogenase (G6PD) (EC 1.1.1.49) is the first
enzyme of this pathway and catalyzes the oxidation of glucose 6-phosphate (G6P) from
glycolysis to 6-phospho-D-glucono-1,5-lactone, whereby the cofactor NADP* is reduced
to one molecule, NADPH. 6-phosphocluconate dehydrogenase (6PGD) (EC 1.1.1.44) is
the third enzyme of the oxidative branch and generates a second NADPH molecule by
decarboxylating 6-phosphogluconate (6PG) to ribulose 5-phosphate (R5P) and CO; [11]. In
trypanosomatids, enzymes of the PPP as well as other glycolytic enzymes are localized in
the cytosol as well as in peroxisome-related glycosomes, probably allowing a fast adaption
to environmental changes and preventing accumulation of toxic metabolites [16-18]. G6PD,
the first enzyme of the PPP, is considered to be the rate-limiting enzyme of this pathway.
However, 6PGD activity also influences the PPP and glycolytic enzymes. 6PGD inhibition
leads to an accumulation of toxic 6PG, which in turn inhibits the glycolytic enzyme glucose
6-phosphate isomerase [19]. This triggers a positive feedback loop leading to more glucose
6-phosphate flux via the PPP and consequently inhibition of glycolysis [3,20,21] and has
been shown to be lethal to some eukaryotes, such as Trypanosoma brucei [20], which belong
to the same family as Leishmania. However, RNAi knockdown of 6PGD in bloodstream
Trypanosoma brucei (Th/6PGDRNAY) which leads to reduced 6PGD activity and subsequent
cell death, suggests that loss of the oxidative branch of the PPP is lethal, rather than inhi-
bition of glycolysis or lack of ribose 5-phosphate for nucleotide biosynthesis, as neither
the addition of fructose nor ribose prevented cell death of the Th6PGDRNA cell line [22].
The suitability of Th6PGD as drug target is further supported by Thb6PGD inhibitors that
enable selective inhibition compared to the mammalian counterpart [23]. Since Leishmania
6PGD shares high sequence similarity to other trypanosomatid 6PGDs and at the same time
differs significantly from its human counterpart, 6PGD has also been proposed as a drug
target in Leishmania [24]. Moreover, strains resistant to commonly used antileishmanial
drugs such as miltefosine [25], amphotericin-B [26] and sodium antimony gluconate [27],
whose mode of action is thought to be associated with increased ROS production, showed
an upregulation of the PPP [9].

Recently, the FDA-approved drug auranofin, which has been used for decades against
rheumatoid arthritis [28,29], received increasing attention because of its potential to be
repurposed as an antiparasitic drug [30-34]. Its antiparasitic activity has also been demon-
strated for Trypanosoma [35,36] and Leishmania spp. [37-39]. Although the mechanism of
action (MOA) of auranofin and other gold(I)-containing drugs is still a matter of debate as
they appear to have multiple targets, the suggested MOA in Kinetoplastida is the inhibition
of the redox enzyme trypanothione reductase (TR) [36,37,39], and thus comparable to the
target thioredoxin reductase (ITrxR) in mammals [40—42] and several other parasites [31,43].
Inhibition of these redox enzymes is associated with a disruption of redox homeostasis,
leading to severe oxidative stress and cytotoxic effects in vitro [38,39,44]. However, recent
studies on auranofin resistance in several protozoan parasites, such as Toxoplasma gondii,
Entamoeba histolytica and Giardia lamblia, suggest that TrxR may not be the sole target of aura-
nofin, as auranofin-resistant parasite strains accumulate less ROS, without any mutations in
the TrxR gene or changes in TrxR expression levels [34,45,46]. These studies prompted us to
test auranofin against other redox enzymes, such as the NADPH-producing enzymes of the
PPP. Indeed, auranofin and other gold(I)-containing compounds inhibit LI6PGD in the low
micromolar range, whereas the human enzyme is hardly affected at these concentrations.
This gives reason to reinterpret previous in vivo studies with auranofin in Kinetoplastida, as
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its MOA can no longer be attributed solely to TR inhibition. Mode-of-inhibition studies
of auranofin indicated an initial competition with the 6PG binding site followed by a
rapid irreversible inhibition. In addition, we solved the three-dimensional crystal structure
of Ld6PGD in complex with NADP(H), revealing a previously unknown conformation
of NADPH. Finally, these structural and biochemical insights into Ld6PGD provide an
excellent basis for further structure-based studies on gold(I)-containing compounds as an
interesting class of protozoan 6PGD inhibitors.

2. Results and Discussion
2.1. Production, Oligomerization Behavior and Kinetic Characterization of LA6PGD wt

Leishmania donovani 6PGD was recombinantly produced using a pET28a vector in
E. coli (DE3) cells and resulted in a final yield of 1-4 mg soluble, pure and active Ld6PGD
per liter of E. coli culture (Figure S1).

To investigate the oligomerization behavior of LI6PGD, we performed size exclusion
chromatography (SEC) under different conditions. Under native conditions, the SEC pro-
files of LdA6PGD wt revealed one stable peak representing a molecular mass of 94-111 kDa
(Figure 1a), which is equivalent to the dimeric form of the Ld6PGD wt and in accordance
with previously published SEC profiles from Leishmania 6PGDs [24,47]. Varying Ld6PGD
concentrations did not affect the elution profile (Figure S2). Moreover, the elution pattern
of Ld6PGD was neither affected by reductive (5 mM DTT) nor by oxidative conditions
(2 mM H,0O,) (Figure 1a), suggesting the formation of the dimer is independent from
intermolecular disulfide bonds. Most other 6PGDs are active as homodimers and also
exhibited a dimer in the crystal structure, such as human 6PGD (Hs6PGD) [48-50] (PDBIDs:
5UQ09 [50]; 2JKV, to be published) or 6PGDs from Ovis aries (PDBID: 1PGO [51]), Saccha-
romyces cerevisine (PDBID: 2P4Q [52]), Plasmodium falciparum (Pf6PGD) (PDBID: 6FQX [49]),
Lactococcus lactis (PDBID: 2IYO [53]), Geobacillus stearothermophilus (PDBID: 2W8Z [54]) or
from the related Trypanosoma brucei 6PGD (Tb6PGD) (PDBID: 1PG]J [55]). Hanau et al. [21,56]
found that Th6PGD exists in a dynamic dimer—tetramer equilibrium, which is shifted to-
wards the tetramer in presence of the product NADPH. Therefore, we tested whether the
oligomerization of Ld6PGD is similarly affected and performed SEC in the presence of
substrates and products. In contrast to the Tb6PGD [56], our studies do not support a
dimer—tetramer equilibrium for Leishmania 6PGDs, since the dimer remained unaffected
under the conditions tested (Figure 1b).

Q
o

40- . 40-

30 — native 30 -=-- control
2 2 e e 2 2 e
é H202 é — NADF’+

— NADPH

5 10- é% 10

0+ 0

5 50 75 100 5 50 75 100
-10=" Elution volume [mL] -10-" Elution volume [mL]

Figure 1. SEC analysis of recombinant Ld6PGD. Full-length Ld6PGD wt was gel filtrated on a
HiLoad 16/60 Superdex 200 column pre-equilibrated in buffer A (500 mM NaCl, 50 mM Tris, pH 7.8).
(a) SEC profiles of Ld6PGD wt under native, reductive and oxidative conditions. SEC of Ld6PGD wt
under native conditions (black, rv = 72.3 mL = 93.9 kDa), in the presence of 5 mM DTT (black-dotted,
rv =732 mL = 87.3 kDa) and 2 mM H;O; (cyan, rv = 72.8 mL = 89.9 kDa) revealed identical elution
patterns with one peak equivalent to a dimer. (b) SEC profiles of Ld6PGD wt in the presence or
absence of ligands. SEC in the presence of 0.2 mM 6PG (green, rv = 72.95 mL = 88.8 kDa), in the
presence of 0.2 mM NADP* (magenta, rv = 73.2 mL = 87.2 kDa) and 0.2 mM NADPH (purple,
rv =72.6 mL = 91.5 kDa). For comparative reasons, a control without ligands is shown (black-dotted,
rv =732 mL = 87.3 kDa). Representative chromatograms (1 > 2) are shown for each condition.
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Steady-state kinetics revealed a specific activity of the Ld6PGD wt dimer of
33.3 + 5.1 U-mg~! with apparent Ky values of 20.2 = 2.9 uM for the substrate 6PG and
13.7 &+ 1.2 uM for the cosubstrate NADP*. Based on these values, we calculated a catalytic
efficiency of 1.5 + 0.02 uM~!-s~! for 6PG and of 2.2 & 0.2 uM~!-s~! for NADP* (Table 1).
These values are very similar to other 6PGDs characterized so far [47,49,57,58] and nearly
identical to 6PGDs of the related Trypanosoma species T. cruzi and T. brucei [59,60], with
which Leishmania 6PGD shares a high sequence identity of approximately 70%.

Table 1. Comparative kinetic parameters of recombinant 6PGD from Leishmania donovani and different
homologous species.

6PG NADP*
Vmax 1 kcat/KM Vmax 1 kcat/KM
(U-mg. 1) Km (uM) keat (s71) (UM-1-5-1) (U-mg 1) Km (uM) keat (s71) (UM-1.5-1)
Ls;%zzﬂ 333 +£5.1 202 +£29 30.8 £4.7 1.5 4 0.02 33.1+52 137412 305448 22402
Leishmania n/a 802 +7.4 1.0 4 0.02 0.01 n/a 24427  09+0.02 0.04
donovani [47]
Trypanosoma
cruzi [60] 32 22.2 n/a n/a 32 5.9 n/a n/a
Trypanosoma
bricei [59,60] 31.3 35 27 7.7 31.2 15 27 18
Plasmodium 80+18 11.3+27 71425 06 80+18 90 +42 7.6+£22 0.84
falciparum [49]
Giardia
lamblia [58] 26.2 49.2 n/a n/a 26.2 139.9 n/a n/a
Human [49] 21+£12 337+ 7.1 222403 0.6 21+£12 69+£20  214+08 3.1
Sheep liver [57] 18.8 £0.9 161 £1.3 n/a n/a 18.8 £0.9 6.76 = 1.6 n/a n/a

n/a—not available. Values are expressed as mean + SD from at least three independent determinations with
different enzyme batches, each including at least three measurements.

2.2. Crystallization and Structure Determination of LA6PGD

We obtained orthorhombic (P212;2;) crystals of the Ld6PGD wt in complex with
NADP(H) (PDBID: 8C79). The structure was solved at 3.1 A by the molecular replacement
method, using T. brucei 6PGD (PDBID: 1PGJ) as a template, which shares 72% sequence
identity with Ld6PGD (Figure 2). The crystal contained two monomers in the asymmetric
unit (AU), which were essentially similar to an RMSD of 0.4 A (478 residues). The omit maps
displayed clear density for one phosphate ion in each subunit and one NADP(H) molecule
in subunit A. In subunit B, most of the NADP(H) molecule is well defined by electron
density, except for the nicotinamide and the adenine moieties, which are not visible. The
structure contains a complete model of Ld6PGD, comprising residues 1-478, two NADP(H)
molecules, two phosphate ions and one water molecule. Despite the relatively high Wilson
B-factor of 129 A2, the structure is well defined by the electron density and displays good
stereochemistry. All data collection and refinement statistics are summarized in Table 2.

2.3. Overall Structure of LA6PGD

The primary sequences as well as the three-dimensional structures within the 6PGD
family are highly conserved. This is also true for Ld6PGD, which shares high sequence
similarity and identity with other 6PGDs of this family (Figure 2). Similar to other members
of the 6PGD family, Ld6PGD is a functional homodimer and adopts the canonical 6PGD fold
(Figure 3) with RMSD values for the dimer of 1.4 A (956 residues), 1.0 A (954 residues) and
1.8 A (878 residues) to human (37% sequence identity; PDBID: 2JKV; NADP*-complexed
structure), T. brucei (72% sequence identity; PDBID: 1PG]J; apo structure) and P. falciparum
6PGD (34% sequence identity; PDBIDs: 6FQZ; 6PG-complexed structure), respectively.
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Figure 2. Structure-based multiple sequence alignment of 6PGDs from various species. Shown

6PGD sequences correspond to Leishmania donovani (Ld; acc. no. Q18L02), Trypanosoma cruzi (Tc; acc. no.
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QO6WATYS), Trypanosoma brucei brucei (Tb; acc. no. P31072), Plasmodium falciparum (Pf; acc. no. Q8IKT2),
Giardia lamblia (G, acc. no. ASBWMS), Saccharomyces cerevisiae (Sc; acc. no. P38720), Ovis aries (Oa; acc.
no. P00349) and Homo sapiens (human; acc. no. P52209). Strictly conserved residues are highlighted
with black background, while highly similar residues, with similar physicochemical properties in
at least six out of the eight sequences, are shown in bold letters. The secondary structure elements
of Ld6PGD (PDBID: 8C79) are displayed above the sequence alignment. Residues of the NADP*
binding site are displayed as orange triangles. Blue triangles correspond to the Hs6PGD sequence and
indicate additional residues, which are involved in NADP* binding. The 6PG binding site comprises
residues from both subunits and is therefore displayed as green dots for one subunit and green dots
with black outlines for the adjacent subunit. Yellow-colored boxes indicate cysteines of the Ld6PGD
structure. Residues of the active site loop (D257-T262) are highlighted in magenta. Residues of the
C-terminal domain of protozoan species and multicellular species with elongated C-terminus are
highlighted in cyan and blue, respectively. The structure-based multiple sequence alignment was
performed using the program ESPript 3.0.

Table 2. Data collection and refinement statistics.

PDB Code 8C79
Data collection
Space group P212121
Cell dimensions
a,b,c(A) 65.87,117.35,128.91
&, B3,v(°) 90, 90, 90
Resolution (A) 46.1-3.1 (3.2-3.1)
R-merge (%) 8.7 (184.6)
I/ol 9.9 (0.9)
Completeness (%) 99.57 (99.95)
Redundancy 5.1(5.2)
Molecules per AU 2
Wilson B-factor 129.0
CCq 2 (%) 99.8 (34.8)
Refinement
Resolution (A) 3.1
No. reflections 18,687

Ruork/ Rfree (%)

26.2 (41.3)/31.7 (45.0)

No. atoms
Proteins 7278
Ligands 87
Water 1
Protein residues 956
B-factors
Proteins 126.6
Ligands 121.0
Water 93.8
Ramachandran plot (%)
Favored (%) 97.5
R. m. s. deviations
Bonds lengths 0.011
Bond angles 0.94

Values in parentheses are for the highest-resolution shell.
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Figure 3. Overview of the Ld6PGD wt dimer. Ld6PGD wt dimer in complex with NADP(H) and
phosphate (PO,) is shown in ribbon presentation. The “Rossmann-like” domain 1 (S1-K179) of
subunits A (domain 14) and B (domain 1B) is colored light green and navy blue, respectively. Domain
2 (A180-Q478) of subunits A (domain 24) and B (domain 2B) is colored gold and magenta, respectively.
The C-terminal domain of domain 2 comprises residues M348-Q478. Within the 6PG binding site, a
POy ion (green) is visible instead of the substrate 6PG. The cosubstrate NADP(H) (yellow) and the
POy (green) of subunit A and B are shown as stick models.

The Ld6PGD monomer contains the typical 6PGD domains: the smaller N-terminal
“Rossmann-like” domain 1 (S1-K177), which is composed of a mixed parallel and anti-
parallel seven-stranded f3-sheet, and the larger, mainly o-helical domain 2 (A180-Q478).
The C-terminal tail of domain 2 (M438-Q478) invades the neighboring subunit so that each
active site is built by residues of both subunits (Figure 3). Each subunit of the homodimer
comprises a NADP* and a 6PG binding site (Figures 4 and S3). The 6PG binding site is
located in a cleft of domain 2 and includes the following residues: S130-G132, K185, N189,
E192, Y193, K262, T264, and R289 from one subunit and R453' and H459’ from the adjacent
monomer. NADP(H) is bound by conserved residues of domain 1. Upon catalysis, the
binding site of the nicotinamide ring and 6PG overlaps and is formed by M12, E192, N104,
1129-G132, K185, N189 and F456' and H459' from the other subunit.

2.4. Active Site in the LA6PGD Structure

In our Ld6PGD structure, NADP(H) is located at the conserved NADP* binding
site (Figure 4a). The amino acids N31, R32 and T33 interact with one of the phosphates,
N31 and N104 with the ribose moieties and the diphosphates are bound by main chain
atoms of residues V11 and M12. Via van der Waals forces, 1129 and S130 interact with the
nicotinamide ring, which is also hydrogen bonded to a phosphate ion. This phosphate ion
is located at the same position as the phosphate moiety of homologous 6PG-complexed
structures (PDBIDs: 2IYO, 6FQZ) (Figure 4b) and also interacts with homologous strictly
conserved residues (Y193, K262, T264, R289 and R453’, H459’ from the adjacent subunit) in
a similar manner to other 6PGDs. Moreover, a hydrogen bond (2.6 A) is visible between
the phosphate ion and the nicotinamide ring (N7N atom) of NADP(H). It is known for
many 6PGDs that a flexible active site loop adopts an open and a closed conformation
depending on substrate binding [49]. The active site loop adopts the closed conformation
when the 6PG binding site is occupied by ligands or at least by anions such as phosphate,
sulfate or citrate, all of which are capable of interacting with residues of the C-terminal
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tail. According to this, the active site loop residues (D257-T262) of the Ld6PGD structure,
complexed with a phosphate at the 6PG binding site, adopt the closed conformation.

Figure 4. Active site close-up of Ld6PGD. The active site of monomer A is shown. Ribbons and
residues of domain 1 are colored light green and of domain 2, gold. The C-terminal part of domain 2 of
monomer B is colored magenta. (a) Close-up of the NADP(H) binding pocket within the “Rossmann-
like” domain. The NADP(H) moiety is colored yellow. Within the 6PG binding pocket, a phosphate
ion (POy) is visible (green). Electron density map (Fo-Fc polder map) contoured at 3.0 o for NADP(H)
and POy is shown in black. (b) Close-up of the 6PG binding pocket. 6PG (gray) is shown from the
superimposed Pf6PGD structure (PDBID: 6FQZ) with the PO4 moiety at the same position as the
POy, visible in our structure (green). The approximate position of NADP™ is marked with a yellow
ball. Residues of the NADP* and the 6PG binding pocket are shown in stick models, and hydrogen
bonds are indicated with black dotted lines.

2.5. Mechanistic Considerations

There is clear electron density for an NADP(H)-molecule and a phosphate ion in the
active site, which are connected by a hydrogen bond (Figures 4 and S3). Since Ld6PGD
was crystallized under catalysis, in the presence of both substrates, 6PG and NADP?, it
could be also the products (R5P, NADPH) or an intermediate state of substrate and product
that are visible in the active site. A structural comparison of the LI6PGD structure with
homologous NADP*-complexed structures (Ovis aries, PDBID: 1PGN; Lactocuccus lactis,
PDBID: 2IYP; Hs6PGD, PDBID: 2JKV) revealed that the NADP(H) molecule is bound very
similarly in these structures, except for the nicotinamide ring (Figure 5a), which adopts the
same conformation as in the NADPH-complexed 6PGD structure from Ouvis aries (PDBID:
1PGO) (Figure 5b).

It has been shown earlier that the orientation of the nicotinamide ring indicates
whether NADP* or NADPH is bound [51]. When the cosubstrate is reduced to NADPH,
the nicotinamide ring rotates from syn to anti and points therefore towards the 6PG binding
site, which also involves a rotation of the ribose and phosphate moieties so that the ribose
oxygen atoms then point towards the solvent (Figure 5b). Considering only the position of
the nicotinamide ring, which is similarly oriented as in the NADPH-complexed structure
from Ovwis aries (PDBID: 1PGO), we conclude that NADPH is bound in the Ld6PGD structure.
On the other hand, the position of the ribose unit and phosphates in the Ld6PGD structure
corresponds to the NADP*-complexed structures, thus NADP* would be bound in the
Ld6PGD structure (Figure 5a).
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Figure 5. Comparison of NADP* and NADPH conformations in L6PGD and orthologues. The
structures from LA6PGD, human (Hs), Ovis aries (Oa) and Plasmodium falciparum (Pf) are superimposed,
but for clarity, only the ribbon and residues of domain 1 of the Ld6PGD structure are shown and
colored light green. (a) NADP(H) from the Ld6PGD structure is colored yellow. The NADP* molecule
from the NADP*-complexed structures of Hs6PGD (PDBID: 2JKV) and of Oa6PGD (PDBID: 1PGN)
is colored navy blue and nude, respectively. (b) NADP(H) from the Ld6PGD structure is shown in
yellow and NADPH from the NADPH-complexed Oa6PGD structure (PDBID: 1PGO) in purple. 6PG
(transparent) is taken from the Pf6PGD structure (PDBID: 6FQZ) with the phosphate moiety at the
same position as the POy (green) visible in our structure. In this conformation, 6PG would clash with
bound NADP(H) of the Ld6PGD and the NADPH-complexed Oa6PGD structure. Residues of the
NADP?* and the 6PG binding pocket are shown in stick models, and hydrogen bonds are indicated
with black dotted lines.

It is known that the product NADPH acts as a competitive inhibitor against NADP*
and as a non-competitive inhibitor against 6PG [61-63]. Since crystallization with an
excess of 6PG and NADP" in the crystallization buffer, and thus under catalysis, could
have resulted in a feedback inhibition by high concentrations of the product NADPH, we
suggest that Ld6PGD is complexed with NADPH in its inhibitory conformation, in which
the nicotinamide ring occupies part of the 6PG binding site. Consequently, we suggest that
the bound phosphate moiety is from 6PG and not from the product R5P. As the nicotinamide
ring occupies part of the 6PG binding pocket, we hypothesize that only the phosphate
component of 6PG can bind at the usual site, while the rest of the 6PG molecule must be
flexible and therefore not visible in the electron density (Figures 4a and 5b). Theoretically,
the postulated NADPH conformation in the Ld6PGD structure could also be an artefact
due to the phosphate ion forcing the positively charged nicotinamide ring of NADP™ into
this position, and thereby forming a hydrogen bond between these two entities. In this
case, this interaction should also be seen in the human 6PGD structure (PDBID: 2]JKV)
complexed with NADP* and a sulfate ion. However, this is not the case, the cofactor adopts
the NADP* typical conformation, supporting our hypothesis that in our structure, NADPH
is bound in its inhibitory conformation.

2.6. Ld6PGD Is a Target of the Gold Inhibitor Auranofin

In this study, we tested auranofin (Figure 6), a gold(I)-containing drug that has been
used for decades to treat rheumatoid arthritis [28,29], against Ld6PGD. We determined
ICsg values of 8.6 £ 1.0 uM (K; = 3.8 £ 0.4 uM) against recombinant Ld6PGD (Table 3).
Interestingly, the plasmodial Pf6PGD was inhibited at similar concentrations with ICs
values of 20.1 & 1.5 uM, but the human Hs6PGD was not inhibited up to a concentration
of 100 uM auranofin (Table 3). Although several studies have shown that auranofin is
also active against Kinetoplastida parasites [36,37,39], to our knowledge, no study has
yet identified 6PGD as a potential target of auranofin in these parasites. This raises the
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question of whether the inhibition of Ld6PGD is relevant or negligible for the MOA of
auranofin in Leishmania parasites. Depending on the Leishmania species and parasite stage
in vitro, ECsy values of auranofin and other gold(I)-containing derivatives reported in
the literature range from low micromolar (10~° to 107°) [37,64] to nanomolar (10~7 to
108) [38,44] concentrations, making gold(I)-containing drugs similarly effective to common
antileishmanial drugs such as antimony in vitro [65,66]. Based on co-crystallization and
inhibition studies, it was previously suggested that this high in vitro efficacy is solely
due to the inhibition of trypanosomatid TR [37,64]. The authors reported K; values of
155 £ 35 nM against recombinant TR from Leishmania infantum (LiTR) [37]. However,
although these studies suggest that auranofin inhibits TR more efficiently than Ld6PGD,
the inhibition of Ld6PGD in the lower micromolar range cannot be ignored, especially
when interpreting the MOA of auranofin in vitro and in vivo. The cytotoxic effect of
auranofin on trypanosomatid parasites has previously been explained by an increase in
ROS and induced apoptotic-like cell death and is consistent with the hypothesized MOA
of TR inhibition [38,39,44]. However, these effects were only observed at concentrations
of 10-50 uM, which is surprising, given the nanomolar activity against LiTR. Since, in our
studies, LdA6PGD was completely inhibited at 50 uM auranofin, the MOA could also be
explained by the inhibition of the Ld6PGD. Some in vitro studies reported ECsy values
significantly lower than the K; of auranofin against LiTR [38,44]. This could be explained
by the fact that inhibition of TR as a central redox enzyme could also affect the activity of
other downstream redox enzymes and consequently the overall redox balance. However,
our observations also suggest a synergistic effect based on dual TR and 6PGD inhibition, as
the activity of TR as a NADPH consumer is directly dependent on the activity of 6PGD
and G6PD as NADPH producers, which would accelerate the generation of ROS and
consequently the cytotoxic effect of auranofin on trypanosomatid parasites. Finally, our
data suggest that the MOA of auranofin should be reconsidered and the contribution of
6PGD inhibition to the overall MOA of auranofin in Kinetoplastida further investigated.
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Figure 6. Chemical structures of the gold(I)-based compounds auranofin, GoPi-sugar and Ph3PAuCl
(chloro(triphenylphosphine)gold(I)).

Table 3. Biochemical activities of auranofin, GoPi-sugar and Ph3PAuCL

1Cs¢ [uM] for Recombinant Protein

Compound Ld6PGD Pf6éPGD Hs6PGD
Auranofin 8.6+ 1.0 201+15 >100
GoPi-sugar 94421 n.d. n.d.
PhzPAuCl 21+£03 n.d. n.d.

n.d.—not determined. Values are expressed as mean =+ SD from three independent determinations with different
enzyme batches, each including three measurements.
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2.7. Auranofin Competes with the 6PG Binding Site and Binds Irreversibly to LA6PGD

To investigate the mode of inhibition (MOI) of auranofin against Ld6PGD, various
compound concentrations were titrated against the substrates NADP* and 6PG, and the
relationship between initial velocity and substrate concentrations was analyzed. Michaelis—
Menten kinetics indicate a non-competitive inhibition against NADP™, as the K remained
stable and Vmax decreased with increasing auranofin concentrations (Figure 7a). In contrast,
the MOI against 6PG cannot be clearly classified. Both Vimax and Ky increased with increas-
ing concentrations of auranofin, corresponding to a mixed type of inhibition. However,
the strong increase in Ky; of 6PG suggests competitive inhibition (Figure 7b). This was
confirmed by determination of ICsy values at saturation. Incubation of the enzyme with
auranofin and 6PG at saturation resulted in ICsy values of 40.5 4+ 1.9 uM. When instead au-
ranofin and the enzyme were incubated with NADP* at saturation, the ICsy was unaffected,
again supporting the non-competitive inhibition against NADP*.

a b
Auranofin [uM] Auranofin [uM]
40 40
I - 30 - 30
- 75 /{/f—————————} - 75
=2 T o
E 5 3 — 375 £ 20 _ - 3.75
S5 t 5
- 1.875 - 1.875
10 -0 10 - 0
0| T T T 1 0 1 1 1 1 1
50 100 150 200 (] 50 100 150 200 250
NADP* [uM] 6PG [uM]
Auranofin [uM]| 30 | 15 | 7.5 | 3.75 |[1.875| 0 Auranofin [uM]| 30 | 15 | 7.5 | 3.75 [1.875| 0
V,ax [U/Mg] [ 23.34(31.07[34.92(34.45| 359 |37.16 V. [UIMg]l | 7.71 [21.50(29.59 |35.23 | 36.43 | 38.71
Ky [uM] 3.79 | 532 | 539 | 3.59 | 474 | 4.02 Ky [uM] 81.71[40.63|18.21|16.15 | 15.21|13.23

Figure 7. Mechanism of inhibition of auranofin against Ld6PGD. Various compound concentra-
tions were titrated against (a) NADP* or (b) 6PG. Michaelis—-Menten graphs of [U/mg] against
NADP* [uM] and 6PG [uM], respectively, are shown. (a) The Ky value for NADP* stays constant
with a minor reduction in Vpay, indicating a non-competitive inhibition of auranofin against NADP*.
(b) The Ky value for 6PG increases and Vmax decreases with increasing compound concentrations,
indicating a mixed type of inhibition. Representative graphs from two independent replications are
shown, each including at least two measurements.

In addition, we investigated whether the inhibition of Ld6PGD by auranofin is re-
versible or irreversible. For this purpose, the enzyme was first incubated with a high
concentration of auranofin (pre-dilution, 30 M), followed by a dilution below the ICsg
(3 uM, post-dilution) and incubated again to allow compound dissociation (Figure 8). Com-
pared to controls containing either no auranofin (CTL, 0 pM) or an auranofin concentration
equal to the post-dilution concentration (CTL, 3 uM), Ld6PGD activity could not be restored
after dilution, indicating an irreversible type of inhibition. This is consistent with previ-
ous studies of auranofin and other gold(I)-containing compounds, which also observed
irreversible binding of this class of compounds to their targets [41,67-69]. The irreversible
inhibition of Ld6PGD also explains the ambiguous competitive inhibition mode against
6PG described above. We therefore suggest that the competition of auranofin with 6PG is
followed by a rapid irreversible reaction in which a covalent product is formed, explaining
why high concentrations of 6PG increase the IC5y but do not abolish the inhibition. Several
studies indicated that the true pharmacophore of auranofin is triethylphosphanuidyl-
gold(1+) [Au(PEt)3]* or simply the gold ion Au(I) alone, rather than the whole auranofin
molecule which binds to target proteins, such as TrxR and TR [31,37,41,42,70] or metalloen-
zymes such as ureases and metallo-f3-lactamases [69,71]. In vivo, the thiosugar of auranofin
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acts more as a carrier ligand and is already displaced by protein thiols or free thiols in
the blood. In vitro, selenocysteine or cysteine residues, typically activated by histidines
or metal-ions, are necessary to release [Au(PEt);]* or Au(I) from the thiosugar or other
ligands and enable covalent and thus irreversible binding to the target proteins [37,67-72].
Since the active site of Ld6PGD lacks a typical cysteine pair, we investigated whether only
the gold moiety is responsible for LI6PGD inhibition or whether the thiosugar or even
the whole auranofin molecule is involved in the MOL. For that purpose, we tested two
gold(I)-containing compounds—GoPi-sugar, sharing the thiosugar group with auranofin,
and Ph3PAuCl (chloro(triphenylphosphine)gold(I)), an auranofin variant which in contrast
lacks the thiosugar group (Figure 6). With 9.4 & 2.1 uM, the ICs5q of GoPi-sugar against
Ld6PGD is almost identical to that of auranofin. Interestingly, Ph3PAuCl showed even
better activity against Ld6PGD, with an ICsg of 2.1 & 0.3 uM (Table 3). We suggest that it is
again the gold moiety ([Au(PEt);]* or Au(l)) that is mainly responsible for the MOI, as it is
the only common feature of the three compounds tested. The higher ICs( of auranofin and
GoPi-sugar compared to Ph3PAuCl may be due to the large thiosugar, hindering the access
to the target site.
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Figure 8. Reversibility of Ld6PGD inhibition by auranofin. Reversibility of Ld6PGD inhibition by
auranofin was determined by incubating the enzyme with a high compound concentration of 30 M
(pre-dilution), followed by dilution to 3 uM (post-dilution). The undiluted sample was completely
inhibited, and dilution did not restore activity compared to the control containing the same final
compound concentration (CTL, 3 uM). Therefore, the inhibition of Ld6PGD by auranofin is irreversible.
Treatment without auranofin was used as 100% activity control (CTL, 0 uM). The measurements
were performed using the substrates 6PG and NADP* at K concentrations. Values are expressed as
mean + SD from three independent measurements with different enzyme batches, each including
three measurements.

It remains to be determined to which site of the enzyme the gold moiety binds. As
described above, Au(I) or [Au(PEt)s]* of various gold(I)-compounds bind preferentially to
cysteines or selenocysteines within the active site of their targets. Therefore, we analyzed
the nine cysteines of Ld6PGD, three of which are Leishmania-specific (C241, C294 and C410)
(Figure 2). Potential cysteine pairs not found in the human 6PGD are C183-C347, C294-
C347' and C336-C410. However, in the Ld6PGD structure, no disulfide bond is visible
between the respective cysteines, and there are no neighboring residues such as histidine
and aspartic acid, or alternatively glutamic acid, which could activate the cysteines to
covalently bind the gold moiety. In addition, the corresponding cysteines are not in close
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proximity to the active site, which is why the competitive binding mechanism towards 6PG
could only be explained by long chain forces, but this is not evident from the structure.
Therefore, based on our kinetic studies, we suggest that the gold moiety binds directly to
the 6PG binding site, but by a different mechanism than that previously described. The
gold moiety could also be coordinated between M12 and H459 within the 6PG binding site.
Asp454 and Glul33 could accept a proton from M12 and H459, providing the necessary
negative partial charge to allow the covalent binding to the gold moiety (Figure 9). However,
these residues are conserved among 6PGDs, which raises the question of why Ld6PGD
and Pf6PGD are efficiently inhibited (Table 3), but the human 6PGD is not inhibited by the
gold(I)-compounds we tested. In contrast to protozoan and prokaryotic 6PGDs, 6PGDs
from multicellular species, such as from Homo sapiens, Ovis aries, Saccharomyces cerevisiae or
from Schistosoma parasites, have an elongated C-terminal domain of about 10-15 residues
that could cover the active site and thus sterically prevent auranofin from binding to
the 6PG active site. However, while residues 5478, S479 and Y481 of Hs6PGD (PDBID:
2JKV) are involved in NADP" binding (Figure 9), the exact function of this C-terminal
elongation or whether it alters its conformation in a substrate-dependent manner is not fully
understood. For example, it is fully visible in the NADP*-complexed Hs6PGD structure
and covering the active site (PDBID: 2JKV), but it is not visible in all other solved 6PGD
structures from multicellular species, whether the substrate and cosubstrate are bound
or not (PDBIDs: 4GWG, 4GWK, 1PG]J, 1PGO, 1PGN, 1PGQ, 2P4Q). In addition, there are
conflicting studies as to whether the substrates bind by an ordered or random sequential
binding mechanism [49,52,59,61,73,74], which could influence the position of the elongated
C-terminus and therefore the binding of auranofin.

Figure 9. Potential binding site of gold(I) complexes in Ld6PGD. The structures from Ld6PGD and
Hs6PGD (PDBID: 2JKV) are superimposed and residues from the Ld6PGD structure that are potentially
involved in binding of the gold moiety from auranofin and other gold-containing compounds are
shown. Ribbons and residues of domain 12 and 1B from the Ld6PGD structure are colored light green
and navy blue, and of domain 24 and domain 2B, gold and magenta, respectively. NADP(H) and the
phosphate moiety from the Ld6PGD structure are colored yellow and green, respectively. Ribbons
and residues from the superimposed Hs6PGD structure are colored nude, and additional residues
from the elongated C-terminus of the Hs6PGD structure which are involved in NADP* binding are
shown. In addition, cysteines that are absent in the human structure are shown in the overall view
and potential cysteine pairs linked by a green dotted line.

3. Materials and Methods
3.1. Reagents

All reagents used were of the highest available purity. NADP* and NADPH were
purchased from Biomol (Hamburg, Germany) and Ni-NTA agarose from Cube Biotech
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(Monheim am Rhein, Germany). All other reagents were obtained from Merck (Darmstadt,
Germany), Roth (Karlsruhe, Germany) or Sigma-Aldrich (Steinheim, Germany).

3.2. Expression and Purification of His-Tagged Ld6PGD wt

For heterologous overexpression in E. coli, the gene encoding wt LA6PGD (UniProtKB acc.
no. Q18L02) was ordered codon-optimized from Eurofins genomics (Ebersberg, Germany)
and subcloned into the pET28a(+) vector, using BamHI and HindIII restriction sites, encoding
a N-terminally His-tagged protein.

Ld6PGD wt was heterologously overexpressed in E. coli C43 (DE3) cells. pET28a(+)
expression plasmid encoding for Ld6PGD wt was transformed in E. coli C43 (DE3) cells.
Cells containing the respective plasmid were grown at 37 °C in lysogeny broth medium
(LB) containing 50 pg-mL~! kanamycin. Expression was subsequently induced for 5 h with
0.5 mM IPTG at ODggp ~ 0.6. Cells were harvested via centrifugation (15 min, 12,000x g,
4 °C), suspended in buffer A (500 mM NaCl, 50 mM Tris, pH 7.8), mixed with protease
inhibitors (4 nM cystatin, 150 nM pepstatin, 100 uM PMSF) and stored at —20 °C until
cell lysis. For cell lysis and solubilization of the enzyme, lysozyme, DNasel and 10%
glycerol were added to the cell suspension and incubated for ~15 h at 4 °C, followed
by three cycles of sonication and centrifugation (30 min, 25,000x g, 4 °C). For IMAC
purification, the supernatant was applied to a Ni-NTA column, pre-equilibrated with buffer
A. Recombinant N-terminally His-tagged proteins were eluted with buffer A containing
50-500 mM imidazole. The fractions containing the recombinant protein were pooled
and concentrated using an ultrafiltration unit (Vivaspin 20, 30-kDa filter cut-off; Satorius,
Gottingen, Germany). As an additional purification step, and to determine oligomerization
state of the respective enzymes, SEC was performed with an AKTA FPLC system, using a
HiLoad 16/60 Superdex 200 column (GE Healthcare, Freiburg, Germany) pre-equilibrated
with buffer A. SEC was performed under native, reductive (5 mM DTT) and oxidative
(2 mM H,0,) conditions as well as in the presence of the substrate (0.2 mM NADP*,
0.2 mM 6PG) and product (0.2 mM NADPH). Protein elution was detected at 280 nm
and evaluated using the UNICORN software 7.2. The peaks of interest containing the
recombinant protein were collected, and concentrated and enzyme purity was assessed with
Coomassie-blue-stained SDS-PAGE gels (12% polyacrylamide). The enzyme concentration
was determined by measuring the absorbance of the protein solution at 260 and 280 nm
using an Eppendorf BioSpectrometer (Hamburg, Germany) and finally calculated using
the molecular weight and extinction coefficient of the respective enzymes (Ld6PGD wt:
55.4 kDa, 48,610 M~1.cm™1). After SEC, a final yield of 1-4 mg soluble, pure and active
6PGD per liter E. coli culture was achieved for recombinant Ld6PGD. The enzyme remained
stable for at least ten days when stored at 4 °C and three months when stored at —80 °C
with the addition of 250 mM AmSQy, as verified via enzyme activity measurements.

3.3. Enzymatic Characterization of LA6PGD wt

6PGD activity was determined at 25 °C by following NADPH [e349 = 6220 M~ 1.cm 1]
production at 340 nm according to Beutler [75] using the spectrophotometer Evolution 300
(Thermo Scientific, Dreieich, Germany). All measurements were performed in buffer B
(50 mM Tris, 3.3 mM MgCl,, 0.005% Tween, 1 mg/mL BSA, pH 7.5), whereas the enzyme
was pre-diluted in buffer C (50 mM Tris, 0.005% Tween, 1 mg/mL BSA, pH 7.5). The reaction
mixture with a final volume of 500 pL contained 200 uM NADP*, varying concentrations of
the 6PGDs (5-9 nM) and 300 uM 6PG. To determine the apparent Ky values and Vmax, the
substrate (8-500 uM 6PG) and the cosubstrate (8—400 pM NADP*) were varied reciprocally.
All measurements were performed with three biological independent replicates, each
containing at least three measurements, and the apparent kinetic constants were calculated
via nonlinear regression using the GraphPad Prism 9.0 software (GraphPad, San Diego,
CA, USA).
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3.4. Enzymatic Characterization of Gold(I)-Based Compounds

Dose-response curves of gold(I)-based compounds against Ld6PGD were determined
in 96-well plates using a Tecan Infinite M200 plate reader (Tecan, Maennedorf, Switzerland).
An amount of 10 mM of each compound was dissolved in 100% DMSO and afterwards
diluted in assay buffer to the required concentrations (highest final compound concentration
of 100 uM). The DMSO tolerance of the enzymes was determined in advance by incubating
the enzymes with up to 6% DMSO and determining their activity. Up to this concentration,
no impairment of the enzymes’ catalytic activity was observed. In addition, a DMSO
control was included in each measurement.

Different compound concentrations were added to one volume of enzyme mix (fi-
nal concentrations: 50 mM Tris (pH 7.5), 0.005% Tween 20, 1 mg~mL_1 BSA, 0.7 nM
Ld6PGD/0.7 nM Pf6PGD/0.9 nM Hs6PGD) and incubated for ten minutes. To start the
reaction, one volume substrate mix (final concentrations: 50 mM Tris (pH 7.5), 0.005%
Tween 20, 1 mg-mL_1 BSA, 3.3 mM MgCl,, 25/20/25 uM 6PG, 20 uM NADP* for Ld6PGD,
Pf6PGD and Hs6PGD) was added to the wells. To increase the sensitivity of the assay,
the increase of NADPH was monitored by measuring the fluorescence of NADPH at exci-
tation 340 nm/emission 460 nm (ex340/em460). The substrate mix without 6PG served
as a positive control (100% inhibition) and without the compound, but with DMSO as a
negative control (100% activity). The assay contained both substrates either in saturation
or at concentrations close to Ky to facilitate the identification of competitive inhibitors.
The reaction rate was calculated by dividing the relative fluorescence units (RFU) by time,
and only a linear increase in absorbance/fluorescence was considered. ICs values were
calculated using GraphPad Prism 9.0 software and Microsoft Excel.

For the mechanistic characterization of auranofin, either NADP* (0-200 uM) or 6PG
(0-250 uM) was titrated at different constant compound concentrations around the ICsq
(0-30 uM), while keeping the second substrate in saturation (6PG: 300 uM, NADP*: 200 uM).
To determine the compound mode of inhibition, the relationship between initial velocity
(vo) and substrate concentrations ([S]) at various constant compound concentrations was
analyzed by plotting the data as Michaelis-Menten curves using GraphPad Prism; Ky
values and Vi, were calculated with GraphPad Prism as well.

The reversibility of Ld6PGD inhibition by auranofin was tested by incubating the
enzyme with high compound concentrations, followed by dilution to a compound concen-
tration below IC5p and subsequent determination of the enzyme activity. In detail, 14 nM
Ld6PGD was incubated with 30 uM auranofin for 10 min at room temperature. Afterwards,
the enzyme/inhibitor mixture was diluted to a compound concentration below ICsq (3 uM)
and again incubated for 10 min at room temperature to allow dissociation. Afterwards,
NADP* and 6PG were added to start the reaction, either at substrate saturation (300 uM
6PG, 200 uM NADP™") or at concentrations close to Ky (25 uM 6PG, 20 uM NADP*). For
comparison, controls containing either no inhibitor (100% activity) or inhibitor in the con-
centration remaining after dilution were prepared. NADPH production was monitored at
ex340 nm using the Tecan Infinite M200 plate reader in 96-well plates. Specific activities
were calculated from reaction rates. Inhibition was considered irreversible if the activity of
the sample after dilution was significantly below the activity of the controls. Inhibition was
considered reversible if the activity of the sample was equal to the controls.

3.5. Protein Crystallization

For crystallization of Ld6PGD wt, the enzyme was concentrated to approximately
8 mg-mL~! in buffer A. A Honeybee 961 crystallization robot (Digilab) was used to prepare
the crystallization plates. Drops were generated by mixing 0.2 pL of reservoir solution
with 0.2 pL of protein solution. 6PGD crystals were grown in a 96-well format with the
sitting-trop vapor diffusion technique at room temperature. Suitable crystals could only be
obtained in the presence of the substrate (6PG, 1 mM) and cosubstrate (NADP*, 1 mM) in
the crystallization buffer (buffer A). The best LA6PGD crystals were obtained in a reservoir
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containing 24% PEG 3000 and 40 mM of magnesium formate. We produced Ld6PGD
crystals in complex with NADP(H) diffracting to a resolution up to 3.1 A.

3.6. Data Collections and Processing

Diffraction data for all crystals were collected at X10SA (detector: DECTRIS EIGER2
XE 16M) of the Swiss Light Source in Villigen, Switzerland, at 100 K and processed with
XDS [76]. Before data collection, crystals were soaked in mother liquor with a final concen-
tration of 25% ethylene glycol.

The Ld6PGD crystals obey P212;2 space group symmetry and contain two monomers
in the asymmetric unit.

3.7. Structure Determination and Refinement

The structure was solved by the molecular replacement method. We have generated a
search model of Ld6PGD by homology modeling with SWISS-MODEL [77] by using the
6PGD dimer from T. brucei (PDBID: 1PGJ) as a template, which shares 72% sequence identity
with Ld6PGD. The first refinement revealed an initial R of 40%, comprising residues
15-478 of both monomers. After several rounds of model correction and completion of
the model with the interactive graphics program Coot, the final Ry, value dropped to
31.7%. The structure was refined to a resolution of 3.1 A. The asymmetric unit contains two
PGD monomers (A, B), two NADP(H), two phosphate ions and one water molecule. The
two ions and one NADP(H) molecule could be clearly determined in the first difference
map, the second NADPH was only partially visible. The overall temperature factor of the
structure is relatively high at 125 A? but fits well with the measured Wilson B factor of
129 A2. Despite the moderate resolution, the electron density of the structure is well defined
for the entire model (1-478), indicating good phases due to a matching model. During
refinement, 10% of all reflections were omitted and used for calculation of an Ry, value,
the final statistics are shown in Table 2.

The PHENIX program suite [78,79] served for reflection phasing and structure re-
finement. The interactive graphics program Coot [80] was used for model building. The
structures were superimposed using the SSM algorithm tool [81], implemented in the Coot
graphics package. The SSM tool is a structural alignment based on secondary structure
matching. Molecular graphics images were produced using the UCSF Chimera pack-
age [82].

4. Conclusions

Since resistance against commonly used antileishmanial drugs such as miltefosine [25],
amphotericin-B [26] and sodium antimony gluconate [27] has already emerged [3-5], new
drug targets and antileishmanial agents are urgently required. The crystal structure and
biochemical characterization of Ld6PGD presented in this study provides a first step to
validate 6PGDs from Leishmania parasites as a promising antitrypanosomatid drug target.
In addition, we suggest gold(I)-containing compounds as a promising class of selective
Ld6PGD inhibitors. As the human 6PGD was not inhibited at micromolar concentrations,
we postulate that the elongated C-terminal domain of the human enzyme sterically prevents
auranofin from binding to the 6PG active site, demonstrating that selective inhibition of
this conserved enzyme is possible. Co-crystallization studies are underway to investigate
the exact Ld6PGD binding site of auranofin, or rather of the gold moiety, and will provide
the basis for further structure-based activity relationship studies.
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