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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-(((2R45)-1-cyclobutyl-4-hydroxypyrrolidin-2-yl)methyl)-6-fluoro-4-methyl-11-
oxo-10,11-dihydrodibenzo[b,f][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,O, 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
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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 Accepted 26 January 2022
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 (ICy,) 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¢

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 + 401 1,700* ND
SBI-0797750 6.7+18 31.0 £3.1 >99,000 225 +2.2,164.6 = 9.6* 83.8 =+ 17.3% 739 £ 22

aValues are means = SD from at least three independent determinations with different batches. t, 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 uM), following dilution below the
ICs, (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 wM) 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 PfGluPho 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 [*H]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
were titrated against G6P. SBI-0797750 acts as a competitive inhibitor against PfGluPho, since the K, value for
G6P increases with increasing compound concentrations, while V.. stays constant. (C and D) Titration of
NADP* against different compound concentrations. The K, value for NADP™ increases, while V... decreases,
indicating a mixed-type inhibition. PfGluPho activity is in relative fluorescence units per second (modified from
reference 20).
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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 ECyos of 83.8 = 17.3 nM. In addition, initial
experiments with P. falciparum NF54 gametocytes revealed comparable inhibitory
effects with ECs,s of 73.9 nM =+ 22 nM.

Effects on the glutathione redox state of NF54-attB"Grx1-roGFP2] parasites. 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 ECg, 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 EC,, respectively
(see Fig. S1 in the supplemental material).

Effects on H,0, homeostasis in NF54-attB"°GFP2-0p11 and NF54-attBMito-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-attBoGFP2-0e1l 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 ECs, 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-attBih"e™1-06FP2l parasites. In 4-h and 24-h experiments, P. falciparum NF54-attBihG1-0GFP2]
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 EC,,) 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

A 4h 24 h
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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-attBroFP2-0rp1l
and NF54-gttBiMitoroGFP2-0m1ltransfected parasites. Four and 24 h of incubation of NF54-attBrocFP2-OP1l 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-attBMitoroGFP2-0p1] 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 M (4,000x 1Cs, 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 wM), 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% 1C54 against HsG6PD) (23) and 4 uM (10x IC,), 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 1Cs,) 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 1C) 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 1Cs; 50 uM) 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 ICs,), the inhibitor did not
induce significant hemolysis in either GGPD-normal or G6PD-deficient cells independ-
ent of hematocrit (Fig. 8). Only the highest concentration of the PfGluPho inhibitor
tested (20 uM; 4,000 ICs,) 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 1Cs) 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 M 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 = 0.17 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. IgG 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)

(Continued on next page)
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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 ICs, 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
(ECsq = 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—with 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,ys
were determined using the orthogonal enzyme assay without coupled resazurin and diaphorase. Plates
were prepared as described above. For PfGluPho and PvG6PD, a 4 M concentration of the highest com-
pound concentration was used; for HsG6PD, 99 uM was used. The enzyme mix contained 0.05 g mL™'
PfGluPho, 0.025 1g mL™" PvG6PD, and 0.0045 g 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 wM 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 M) 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 L-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-p-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 nCi/
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, 1 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 M) on NF54-attB parasites were determined previously (22). Trophozoite stage
parasites (26 to 30 h post invasion) of NF54-gttB"S™11o6FP2 NF54-gttBIrGFP2-0P1l and NF54-qttBMito-oGFP2-0m1]
(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 ECs). 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 u-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:

R—- Rred
(Rox = R) + (R — Rrea)

OxD

= T485,,
1485,

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, /485, represents the fluorescence intensity (FI) at 488 nm for
fully oxidized parasites, and /1485, 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 KCl, 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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