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Abstract:

Millions living in Latin America and sub-Saharan Africa are at risk of trypanosomatid
infections, causing Chagas disease and human African trypanosomiasis (HAT),
respectively. Improved HAT treatments are available, but Chagas disease therapies rely
on two nitroheterocycles, which suffer from lengthy drug regimens and safety concerns
that cause frequent treatment discontinuation. Phenotypic screening against
trypanosomes identified a class of cyanotriazoles (CT) with potent trypanocidal activity
both in vitro and in murine models of Chagas disease and HAT. CT compounds act
through selective, irreversible inhibition of trypanosomal topoisomerase Il by stabilizing
double stranded DNA:enzyme cleavage complex confirmed by cryogenic electron
microscopy structure. This work paves the way to transformative therapeutics for the

treatment of Chagas disease.

One Sentence Summary: Cyanotriazoles are fast-acting trypanosomatid-specific

topoisomerase Il inhibitors.
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Main Text:

More than a billion people living in tropical and sub-tropical regions worldwide are at risk
of infection from kinetoplastid parasites such as Trypanosoma cruzi (etiological agent of
Chagas disease) (1), T. brucei subspecies (human African trypanosomiasis — HAT, or
sleeping sickness) (2), Leishmania donovani (visceral leishmaniasis — VL) (3), and other
Leishmania species (cutaneous leishmaniasis — CL) (4). Current treatments are
decades old and suffer from toxicity and limited efficacy. A fledgling drug-pipeline,
powered by public-private partnerships, has addressed some unmet medical needs for
HAT (5-7) and, to some level, VL (8-12). However, progress against Chagas disease
has been scant (73, 714). The two standard Chagas disease therapies, benznidazole
and nifurtimox, are poorly tolerated, and treatment regimens are lengthy and often
discontinued due to adverse effects, which leaves patients vulnerable to life-threatening
cardiac and gastrointestinal complications associated with chronic T. cruzi infection

(7). More effective, safer, and shorter duration therapeutics for Chagas disease are

urgently needed.

Assay miniaturization and automation have enabled large chemical library screens
against causative agents of neglected tropical diseases. Over the past two

decades, such phenotypic screening approaches have yielded notable advances
against malaria (15), tuberculosis (76), leishmaniasis and the African trypanosomiases
(8-12, 17). This approach has enabled new chemical entities to enter clinical trials

and the discovery of new mechanisms of action and novel drug targets. Among the
targets for new anti-leishmanials, advancing to human clinical trials, are the 20S

proteasome (8, 10, 11), cdc2 related kinase 12 (CRK12) (72) and cleavage and

3
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polyadenylation specificity factor 3 (CPSF3) (9); these may offer potential for use
against human trypanosomiases too. Here we report a cyanotriazole (CT) compound
class, that showed robust anti-kinetoplastid activity in vitro and fast sterilizing activity in
rodent models of both African and American trypanosomiasis. Mechanistic
investigations revealed that CTs act through topoisomerase Il inhibition that selectively

induced rapid and irreversible damage to trypanosome DNA.

Cyanotriazoles (CT) are pan-kinetoplastid inhibitors with rapid sterilizing activity

Identification of CT. A whole-cell based growth inhibition screen of the Novartis
compound library against bloodstream form T. brucei brucei, identified CTO as a potent
growth inhibitor also active against T. b. gambiense and T. b. rhodesiense, pathogens
that cause HAT (Table 1). CTO belongs to the cyanotriazole compound class which also
proved to be potent growth inhibitors of a panel of

kinetoplastid parasites, including T. cruzi and L. donovani (Table 1, fig. S1, A & B).
Importantly, CTs were non-cytotoxic (Table 1, fig. S1, C & D) nor active against a range
of non-trypanosomatid microbial pathogens (table S1). Preliminary structure-activity
relationship (SAR), which involved chemical modifications to CTO to evaluate potential
for optimization of potency and physicochemical properties of this series was carried
out. Analogs of CTO demonstrated that this class of compounds was amenable for
optimization and retained cellular potency against multiple kinetoplastid parasites,
indirectly suggesting that CTs may have a conserved mechanism of action (MOA)

across all kinetoplastids (fig. S1, A & B).
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Despite its exquisite potency, CTO displayed limited solubility and unfavorable physico-
chemical properties, resulting in poor oral bioavailability and no measurable brain
exposure, which is necessary for curing stage Il HAT (Table 1). To obtain a suitable
lead molecule for evaluation in rodent disease models, medicinal chemistry efforts
optimized properties of the CT scaffold for oral dosing and brain penetration. Removing
the hydrogen-bond donor of the aminomethylfuran core of CTO through cyclization led
to a novel aza-isoindoline scaffold. Further diminishing the cyanophenyl substituent’s
polarity, resulted in molecule CT1 with improved solubility, oral bioavailability, and
moderate free brain exposure (Table 1). Finally, replacement of the aza-isoindoline core
with an isoindoline moiety and restoring polarity by introducing a 5-fluoro-2-
(trifluoromethyl)pyridine substituent on the left-hand side of the molecule, lead to
molecule CT3. This nitrogen shift strategy allowed CT3 to preserve solubility while
displaying excellent oral bioavailability and free brain exposure (Table 1), yielding
pharmacokinetic properties suitable for profiling in vivo in various animal models of

human trypanosomatid diseases (table S2).

In vitro and in vivo potency of CTs. Rapid onset of action and a short dosing regimen
are desirable properties for anti-infective therapies. These properties typically require
drugs with fast-sterilizing activity that is time and concentration-dependent. Rate of kill
and wash-off experiments revealed time and concentration-

dependent sterilizing activity of CT3 that compared favorably to the standard-of-care
drugs for Chagas disease and HAT, indicating a potential to act fast and offer shorter

drug regimens than the current therapies (fig. S2, A-D).
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In vitro to in vivo translatability of CT3 sterilizing activity was evaluated in murine models
of trypanosomatid diseases. Chagas disease requires complete parasite clearance in
vivo to prevent relapse from residual parasites, as seen with posaconazole in mouse
models of infection (78) and during human clinical trials (79). Hence, we tested CT3 in a
bioluminescent mouse model of chronic Chagas disease, with immunosuppression to
confirm sterile cure (20). In this model, dosing at 30 mg.kg-! once daily for five days
reduced parasitemia beyond the limit of detection. Parasites remained undetectable in
all treated mice even after three rounds of immunosuppression, suggesting that
complete/sterile cure had been achieved. Ex vivo imaging of selected organs and
tissues confirmed the absence of detectable parasites (Fig. 1A). Pharmacokinetic
analysis of treated mice showed the free blood concentration of CT3 was above the
ECso for ~17 hours (fig. S3A). CT3 was also evaluated in the more stringent acute
model of infection with higher parasite burden, in which benznidazole, the standard of
care, fails to achieve cure with a dose of 100 mg.kg-! once daily for five days. However,
CT3 showed complete sterile cure when dosed at 30 mg.kg™" once daily for five days

(fig. S4A).

We also assessed CT3 in mouse models of HAT (77, 21), which also require parasite
eradication to achieve complete cure. Treatment with 10 mg.kg™ CT3 once daily for four
days cured the stage | (hemolymphatic) infection (fig. S4B), whereas seven days
treatment with 10 mg.kg™' once daily was required to cure the stage |
(meningoencephalitis) infection (fig. S4C). Given the rapid in vitro sterilizing activity (6
hours) of CT3 treatment during wash-off assays (fig. S2D), we also evaluated the

ability to achieve single-dose cure in both murine models described above. CT3
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achieved relapse-free sterile cure after single dose oral administration of 40 mg.kg™" in
stage | (fig. S4B) and 100 mg.kg™" in stage Il HAT mouse models (Fig. 1B). Ex vivo
analysis of brains post-treatment showed complete clearance of

parasites. Pharmacokinetic analysis of mice treated with a single dose of 100 mg.kg™"
CT3 showed that the free brain concentration was above ECso for over 24 hours (fig.
S3B). Acoziborole, an oxaborole molecule, has completed phase Il/11l clinical
development for HAT where its long half-life has enabled cure, even of stage 2 disease,

with a single dose (6).

CT-treated parasites showed defects in nuclear DNA replication and exhibited an

upregulated DNA damage response

Understanding the mechanism of action and identifying drug target(s) facilitates
medicinal chemistry through structure-based optimization that helps design molecules
with better potency and selectivity. A multi-pronged strategy, including phenotypic,
metabolomic, genetic and biochemical approaches, was used to deconvolute the CTs’

target.

Firstly, the effect of six hours of treatment with 5x ECso0 of CT1 and CT3 on cell cycle
progression was examined in bloodstream form T. b. brucei. DNA staining using DAPI
showed arrest in S-phase, denoted by an increased 2K1N population, compared to
untreated control (fig. S5A), suggesting that CTs affected nuclear but not kinetoplast
DNA replication. EdU (a thymidine analog that incorporates into newly synthesized
DNA) staining was used to probe the impact of CT on DNA synthesis. Two hours

treatment of T. cruzi with 50x ECso of CT3 prevented EdU incorporation into nuclear
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DNA, confirming that CTs hinder nuclear but not kinetoplastid DNA replication (Fig.

2A).

We also performed untargeted metabolomics, which has helped assign drug mode of
action in kinetoplastids (22, 23). After exposing T. b. brucei to CTs (CT1, CT3), over 600
metabolites were detected by mass spectrometry and profound increases in
deoxynucleotide abundance were observed (fig. S6, dataS2), a profile similar to that
of Staphylococcus aureus following exposure to fluoroquinolone inhibitors of DNA

gyrase (24).

As DNA replication appeared to be affected, we next evaluated whether CTs cause
DNA damage in trypanosomatids. Immunoblotting with antibodies against
phosphorylated histone (yH2A), a marker of double-strand DNA (dsDNA) breaks (25),
revealed significant increases in yH2A in T. b. brucei (fig. S5B). In situ fluorescence
microscopy, also showed increased yH2A in both T. b. brucei and T. cruzi exposed to
CTs, while GNF6702, a known kinetoplastid proteasome inhibitor, did not induce
increased yH2A (Fig. 2B & C). Moreover, T. b. brucei mutants, lacking either of the
dsDNA break repair enzymes BRCA2 or RAD51, were hypersensitive to CT
compounds, suggesting that either they interfered with the cellular DNA strand-
breakage repair machinery, or they caused DNA damage which is enhanced when the

repair machinery is disrupted (table S3).

Drug resistance to CTs involved mutations in the topoisomerase lla gene of T. b.

brucei
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Drug resistant mutants were independently selected against two different CTs (CT1 and
CT4)in T. b. brucei in vitro (table S4). Resistant clones were isolated using limiting
dilution and each showed significant resistance to CT molecules while retaining
sensitivity to other known trypanocides (Fig. 3A, fig. S7). Whole genome sequencing of
mutants revealed multiple single nucleotide polymorphisms (SNPs) in each individual
mutant, but three of the four mutant strains (CT1.1, CT1.2 and CT4.1) carried an F540L
SNP in the topoisomerase Il alpha (topolla) gene (data S2). All other SNPs were unique
to individual parasite mutant lines. Sanger sequencing of the topo Il region of the
mutants confirmed a homozygous F540L mutation in resistant lines CT1.1, CT1.2 and
CT4.1 (fig. S8A). Sanger sequencing of CT4.2 parasites revealed, in the N-terminal
encoding region of topolla, multiple heterozygous mutations that code for the matching
amino acids found in topollp (fig. S8B). Independent CT resistant mutants were also
generated against a third CT compound (CT5; table S4) and Sanger sequencing of the
topolla gene region identified homozygous SNPs encoding L491F and S492N mutation

in CT5.1 and G598S mutation in CT5.2 (fig. S8A).

T. b. brucei has two topoisomerase Il enzymes, Topolla and TopollB, and RNAI
experiments have shown that only topolla is essential for T. b. brucei bloodstream form
survival (26). Depletion of topolla by RNAI affects nuclear but not kinetoplast DNA
replication, similar to our observations with CT-treated parasites. Sequence alignment
of Topolla and Topollp shows that the N-terminal region is highly conserved, while the
C-terminal region after amino acid 1067 is more divergent (fig. S9). F540 is present in

both Topoll isoforms, while L491, S492 and G598 in Topolla are respectively F491,
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N492 and S598 in TopollB. The SNPs identified in topolla in the resistant lines CT5.1

and CT5.2 corresponded to amino acids found in wildtype Topollf.

The biologically active form of Topolla is a homodimer. All Topolla. mutations found in
the drug resistant mutants clustered in the protein’s Toprim domain (Fig. 3B), which is
essential for DNA cleavage and religation activity (27, 28). Residue F540 is conserved
in kinetoplastids, yeast, and humans (fig. S10) pointing into the hydrophobic core of the
Toprim domain, while G598 is located at the topoisomerase dimer interface (Fig. 3B)
(29, 30). Furthermore, comparison to structures of the full-length yeast Topoll reveal
that residues equivalent to L491 and S492 lie proximal to residues in the ATPase
transducer domain structures (29), while in the pre-open state structure of the full-length
human topoisomerase lla (hnTOP2A), the equivalent residues are proximal to the K-loop
of the transducer domain (30). The K-loop is important in coupling DNA binding with
ATP turnover and strand passage (29). The presence of Topolla mutations in multiple
T. b. brucei CT-resistant mutants points to Topolla as a potential target, consistent with

genetic, phenotypic and metabolomic observations.

We assessed the impact of reduced expression of Topolla by doxycycline-inducible
RNAI. Since topolla is essential, partial rather than full knockdown was achieved with
transient induction of RNAI by pulsing a range of doxycycline concentrations to allow
gene expression to recover before the enzyme’s absence led to cell death. The higher
the dose of doxycycline in pulsed induction of RNAI, the less sensitive cells became to
CTs (table S5). This is consistent with observations in mammalian cells exposed to

Topoll poisons where reduced enzyme activity diminishes dsDNA break formation (37).

10
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To further confirm Topolla as the target for CTs, we introduced one of the drug resistant
allele mutations into T. b. brucei using the CRISPR-Cas9 system (fig. S11A). The
resulting CRISPR-edited parasites were selected for CT drug resistance at five times its
ECso against wild-type (fig. S11B). Parasites transfected with the mutating DNA repair
template, and induced to express the Cas9 protein, recovered within days, while the
control transfection with no Cas9 expression did not grow under selective pressure.
ECso values with a range of CT compounds confirmed that the CRISPR-edited parasites
were highly resistant to CTs (Fig. 3C). Whole-genome sequencing of the CRISPR-
edited parasites identified no mutations outside the intended topoll gene cluster. Sanger
sequencing revealed that both topolla and topollB genes carried the F540L mutation
(expected as the guide-RNA target sequence and homology flanks of the transfected
repair template, are conserved in both genes). Interestingly, the Topolla sequence also
revealed other changes in the vicinity of F540L, including L491F and S492N that were
observed in the Topolla sequence of other CT-resistant mutants and also the wild-type
sequence of the Topollp (Fig. 3C). This indicated that in selecting CRISPR edited
parasites for CT resistance, a domain swap may have introduced a section of the

topollB gene into the topolla gene in addition to the F540L mutation.

CTs selectively inhibited DNA relaxation activity of trypanosome Topoll by

stabilizing dsDNA:enzyme complex.

Topoll inhibitors are divided into two broad classes: catalytic inhibitors and Topoll

poisons. The latter stabilize the covalent DNA:enzyme complex, leading to double-

11
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strand DNA breaks (32). To characterize the inhibitory activity of the CTs, we expressed
and purified T. cruzi Topoll (Tc Topoll) using a baculovirus expression system. Tc
Topoll shares 82% identity with T. b. brucei over the first 1,181 amino acids (in contrast
to the mammalian orthologue, which diverges substantially in this region) (fig.S10).
Residues F540, and G598 that were detected as mutations in the T. b. brucei drug
resistant mutants, are conserved in all kinetoplastids, whilst TbTopolla L491 and S492

residues are isoleucine (1491) and arginine (R492), respectively, in T. cruzi (fig. S10).

The effect of CTs on TcTopoll, was measured using a Topo2 cleavage assay which
measures the stabilization of double-strand DNA breaks. Addition of CTs (CT1, CT3) to
TcTopoll promoted selective accumulation of linearized DNA indicative of CT stabilizing
the topoisomerase double-strand DNA cleavage complex (Fig. 4A; fig S12; fig. S13). In
contrast, a pharmacologically inactive closely related analog (CT2) did not result in
linearized DNA accumulation by TcTopoll (Fig. 4A, Table S4). Importantly, CTs (CT1,
CT3) did not affect human TOP2A cleavage activity (fig. S14). The effect of CT1 on the
binding kinetics of TcTopoll to DNA was determined using surface plasmon resonance
(SPR). The equilibrium dissociation constant (Kp) of TcTopoll binding to immobilized 36
bp dsDNA decreased by ~1,000 fold from 1.33 uM to 1 nM in the presence of CT1,
suggesting a stabilization of the topoisomerase DNA cleavage complex as observed in
the DNA cleavage assay. The dissociation rate constant (kq) of the protein-DNA
complex decreased by more than 130-fold in the presence of CT1 compared to the
DMSO control indicating that the increase in binding affinity for this complex is primarily

driven by a slower dissociation rate constant (Fig. 4B).

12
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Cryo-electron microscopy showed that CTs interact covalently with C477 and

bind at the DNA cleavage site.

Mechanistically, CTs belong to the class of topoisomerase poisons characterized by
their stabilizing effect on the topoisomerase cleavage complex. These include clinically
used drugs for cancer (e.g. etoposide) and bacterial infections (e.g. fluoroquinolones)
(33). To provide a structural rationale for the mode of action of the CTs, we solved the
cryo-electron microscopy (cryo-EM) structure of the T. cruzi Topoll DNA-binding domain
(amino acids 401-1178) bound to double stranded DNA and CT1 at ~ 2.9 A resolution
(fig. S15, S16). EM density for CT1 was observed at the DNA cleavage site extending to
CA477 (Fig. 4C; fig. S16A, D). The trifluoromethylphenyl portion of CT1 intercalated
between the DNA base pairs at the cleavage site and occupied a space similar to
etoposide bound to hTOP2A (PDB 5GWK; (34); Fig. 4D) and fluoroquinolones bound to
bacterial gyrase (35) (fig. S16B). The cyanotriazole portion of CT1 is positioned near
C477 allowing the formation of a covalent bond with the nucleophilic thiol of the
cysteine, represented by continuous EM density between CT1 and C477 (fig. S16A, D).
Cyanoazole heterocycles are known to form reversible covalent interactions with
cysteines (36). C477, which is uniquely conserved in trypanosomatid Topoll provides
the basis for CT compound selectivity (the equivalent residue is asparagine in human
TOP2A). Mutations found in T. b. brucei strains selected for CT-resistance are
highlighted in the cryo-EM structure of TcTopoll (Fig. 4E-I), and residues L491 and
S492 which mutate in selected T. b. brucei CT resistant mutants were only about 9 A

from the reactive cysteine.

13
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Topoisomerase Il inhibitors as treatment of trypanosomatid diseases.

Our data demonstrated that cyanotriazole compounds (CTs) are potent growth inhibitors
of multiple kinetoplastid parasites. The CTs acted through selective kinetoplastid
topoisomerase Il inhibition which enabled rapid and complete sterilizing activity in
murine models of Chagas disease and HAT. Given their remarkable therapeutic
efficacy, we are undertaking advanced preclinical profiling of further optimized CT
analogs to identify clinical candidates with a suitable safety profile. CT3 was relatively
safe in preliminary pre-clinical safety profiling (Table S7). Further, the identification of
trypanosomal Topoll as the molecular target of CTs, offers the opportunity to discover
alternative chemical classes through high-throughput screening and structure-based
drug design. We anticipate that these findings will underpin the development of potent,
safe, and shorter duration therapies that will transform the management of Chagas

disease and other kinetoplastid parasitic infections.
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Table 1. Cyanotriazoles inhibit growth of trypanosomatid parasites in vitro.
Chemical structure, anti-parasitic activity, cytotoxicity, physicochemical properties, and

pharmacokinetics of CT compounds.

NC,

CTO CT1 CT3

In vitro anti-parasitic activity ECso (nM)

T. b. brucei 66 £ 26 160 + 35 180 + 58
T. b. gambiense 94 + 25 110£11 31£15
T. b. rhodesiense 16 £3 22+£5 57+ 14
T. cruzi 69 + 15 87 +27 78 £ 19
L. donovani 497+ 70 1350 + 1200 134 + 52
Cytotoxicity CCso (nM)

HepG2 14,600 24,000 >50,000
NIH 3T3 >20,000 >20,000 >20,000

Physicochemical properties

Polar Surface Area 121 88 88
Hydrogen bond donors 1 0 0
Solubility (pH6.8, uM) <2 230 34

Mouse in vivo pharmacokinetics

Oral bioavailability (%) 5 80.8 100
Brain to Plasma ratio <0.05/<0.05 0.7/0.5 07/14
(Kp/Kpuu)
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HepG2: human hepatocellular carcinoma cells; NIH 3T3: fibroblast cells; Kp: brain to plasma ratio, total;
Kpuu: brain to plasma ratio, unbound (corrected by mouse plasma protein binding and rat brain tissue
binding); ECso and CCso represent the half-maximum growth inhibition concentration against bloodstream
form of T. brucei, intracellular T. cruzi amastigotes and extracellular L. donovani amastigotes, and
mammalian cell lines. Growth inhibition measurements were generated with two or more independent
biological replicates; with two technical replicates. Values shown are geometric mean + standard
deviation. Physicochemical properties such as polar surface area, hydrogen bond donors were calculated
by using Medchem Focus software. In vivo pharmacokinetic properties for CT compounds were
determined using mice (n =3). Oral bioavailability was determined using dose normalized exposures
following oral and intravenous dosing of compounds and brain-to-plasma ratio was measured one hour
after intravenous dosing in mice.
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Figure 1 Cyanotriazoles efficacious against trypanosomatid parasites in vivo. (A)
In vivo assessment of non-treated, benznidazole (BZ) and CT3 treated mice during
chronic stage T. cruzi infections as seen in the outline of experiment (top left). BALB/c
mice were given vehicle (n=3), BZ (100 mg.kg™') (n=3), and CT3 (30 mg.kg™") (n=6)
starting on day 102 (orally, 5 days, once daily). Ventral images of each mouse are shown
at different time points after infection. All BZ and CT3 treated mice were
immunosuppressed on days 116, 120 and 124 using cyclophosphamide (200 mg.kg"
intraperitoneally). All treated mice were bioluminescence negative at the experimental
endpoint (day 141) and assessed further by ex vivo imaging (lower left panel and central
ex vivo organs and tissue display). At this point, as an example, organs from non-treated
mouse #3 were removed and assessed for bioluminescence. Note the infection in the
lungs, mesentery, and cecum (black arrows). All treated mice were cured. Heat-maps are
on log1o scales and indicate intensity of bioluminescence from low (blue) to high (red). (B)
In vivo efficacy of CT3 in meningoencephalitis mouse model of HAT. After 21 days of
infection with a bioluminescent T. b. brucei GVR35 strain, three mice were treated
intraperitoneally with a single dose of 40 mg.kg™' of diminazene (negative control), and six
mice were treated orally with one dose of 100 mg.kg™ of CT3. Parasitemia levels were
monitored by imaging mice after administration of D-luciferin (150 mg.kg”,
subcutaneously). Diminazene-treated mice relapsed by day 42 and were humanely
euthanized, whilst CT3 treated mice remained parasitemia free for over 92 days; no brain
signal was observed during ex vivo imaging on day 160 (mice 3 died due to natural causes
in day 144, no parasitemia was detected). In both animal models, the presence of

parasites is represented by bioluminescence radiance as indicated by the color scales.
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Figure 2 CTs induce a DNA damage response in trypanosomatid parasites. (A)
Evaluation of active DNA replication using EdU incorporation in T. cruzi parasites. Vero
cells were infected with T. cruzi CL Brener tdTomato strain for 48 hours followed by two

hours of treatment with DMSO (no drug), 50xECso (4 M) CT3 or benznidazole (BZN,

40 uM). Representative images of intracellular T. cruzi expressing tdTomato (red),
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Hoechst stained nuclei (blue), EdU-labeling (green) are shown. Note reduction in EdU
incorporation into T. cruzi parasites incubated with CT3 compared to the no drug control
and BZN treated cultures. Images are representative of at least three independent
experiments. Scale bar = 5 ym. (B) Quantification of yH2A induction in T. b. brucei
treated with CT3 and other compounds. Representative microscopic images of T. b.
brucei, DAPI stained DNA (red), T. b. brucei yH2A antibody staining (green) and merged
image suggesting localization of yH2A induction with nuclear DNA (yellow) are shown.
Parasites were treated with DMSO (no drug control), 11xECso (2 uM) of CT3, 20 uM
phleomycin (DNA damaging agent), or 285xECso (20 pM) of GNF6702 (kinetoplastid
proteasome inhibitor) for 4 hours. Data show mean and SD of at least four independent
biological replicates. Scale bar = 5 ym. (C) Quantification of yH2A induction in T. cruzi
treated with CT3 and other compounds. Representative images of yH2A induction
(green) in T. cruzi intracellular amastigotes expressing tdTomato (red) are shown. Vero
cells were infected with T. cruzi for 48 hours followed by 24 hours of DMSO (no drug
control), 10xECso (740 nM) of CT3, 25%ECs0 (20 uM) of BZN or 200xECso (20 pM) of
GNF6702. Data show mean and SD of at least four independent experiments. Scale bar
= 5 um. Statistical analysis was carried out using student t-test (ns: non significant; **

p<0.01; **** p<0.0001)
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Figure 3 CT resistant mutants show mutation in topoisomerase lla. (A)

Concentration-response curves for T. b. brucei WT and CT-resistant bloodstream forms
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in the presence of increasing concentrations of CTs. Mutants showed a significant ECso
shift (represented in fold-over WT, left panel) when treated with CT compounds,
compared to proteasome inhibitor (GNF6702), CLK1 inhibitor (AB1) and suramin, a
known anti-trypanosomal agent. Representative ECso curves are shown for CT1, CT3
and CT5 (right panel). ECso values of two biological replicates were calculated from
concentration-response curves performed in duplicate after nonlinear fitting with
GraphPad Prism. Statistical analysis was carried out using student t-test (ns:
nonsignificant; *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001) (B) Schematic
representation of the topoisomerase |l domain structure. Triangles highlight positions of
homozygous mutations. These mutations were mapped onto the yeast full-length
topoisomerase |l structure (PDB: 4GFH) in magenta and labeled with their type and
residue number from the T. b. brucei sequence. One monomer of topoisomerase Il is
colored in cyan, and the second monomer is colored in green. (C) Anti-parasitic activity
of CT compounds against parental and CRISPR T. b. brucei strains. Data presented
were generated with a minimum of four independent biological replicates. Statistical
analysis was carried out using student t-test (***p<0.001). Sanger sequencing of
parental and CRISPR strain of T. b. brucei. Sequencing of the topolla and topoll gene
fragments around the mutated residue showed that both the alpha and beta variants
had introduced the mutation, with the alpha variant appearing to have also converted to the
beta sequence upstream. This suggests a probable recombination event with an initial
introduction of the mutation into the beta variant followed by recombination to introduce the
mutation plus surrounding residues to the alpha locus under drug selection. Triangles are
homozygous mutations and circles are heterozygous mutations seen with CT resistant

mutants.
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Figure 4 Biochemical and structural validation of Topoll as target of CTs (A)
Biochemical characterization using Topoll DNA cleavage assay in the absence of ATP.
Full-length T. cruzi Topoll was incubated with supercoiled DNA (ScDNA) in the
presence of varying concentrations (uM) of CT compounds, and the ability to induce
dsDNA breaks was measured by running products on a 1.2% agarose gel. The
experiment was conducted with two biological replicates; one of the representative
images is shown. Note that CT1 caused increasing levels of linear double-strand DNA
(asterix) to appear as the concentration increased (B) Representative surface plasmon
resonance (SPR) sensorgram of SPR experiment showing the association of truncated
T. cruzi topollaC 2-1182 with immobilized dsDNA in the presence of CT1 (green),
DMSO control (blue). The 1:1 model of the response is shown (black). (C) CTs bind to
the DNA cleavage site as revealed by cryo-EM. View of the binding site of the TcTopoll-
DNA complex bound to CT1 (shown in cyan). CT1 intercalates between the DNA base
pairs at the DNA cleavage site and forms a covalent bond with the reactive cysteine
C477 (shown in magenta), which is conserved in trypanosomatid Topoll. (D) Etoposide
(from PDB 5GWK, shown in yellow) superimposed on the CT1 cyro-EM structure
reveals that CT1 binds to the same binding site as etoposide, which is a known human
TOP2A inhibitor. (E) Mutations found in T. b. brucei resistant mutants (CT1.1, CT1.2,
CT4.1, CT5.1 and CT5.2) are highlighted as magenta spheres on the cryo-EM structure
of the Tc Topoll DNA binding domain (amino acids 401-1178) bound to DNA and CT1.
TcTopoll monomers are colored in cyan and green and the DNA backbone is colored in
orange. (F-l) Close up view of the different resistant mutation sites with the mutated

amino acids shown in magenta in stick representation.
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Materials and Methods

Cellular assays. Culture of kinetoplastid parasites and growth inhibition assays:
Kinetoplastid parasites, bloodstream forms of Trypanosoma brucei brucei Listerd27, T.
b. gambiense STIB930, T. b. rhodesiense STIB90O0, T. cruzi Tulahuen amastigotes and
Leishmania donovani MHOM/SD/62/1 S-CL2D axenic amastigotes, were grown in
appropriate media as described previously (8) . Growth inhibition studies using these
parasites were carried out using methods described earlier (8, 17, 37) . ECso refers to
the 50% growth inhibition potential of compounds as determined by the sigmoidal dose
response values analyzed by HELIOS software.

Cytotoxicity measurement using 3T3 and HepG2 cell lines: The NIH 3T3 fibroblast and
HepG2 human hepatoma cell lines were obtained from ATCC and grown in RPMI
medium. Cytotoxicity of compounds against these cells were determined using standard
protocols (8, 37)

Kill kinetics and washout assay against T. b. brucei Lister 427 strain were performed as
described earlier (77). Briefly, for the Kill kinetics assay, compound-containing plates
were incubated with 1x10° parasites per mL and at each time point, CellTiter Glo (CTG)
reagent (Promega) was added to lyse the parasites and the ATP content was measured
by determining the luminescence units using a CLARIOstar plate reader (BMG
Labtech). Wash-out experiments were carried out to determine the absolute
concentration required to achieve sterile cure under in vitro conditions. For this,
compound was incubated with 1x108 parasites per mL for 6 and 24 hours, removed by
washing three times and the parasites then allowed to grow for another 48 hours. At the
end of 48 hours, CTG reagent was added to lyse the parasites and ATP content, as a
surrogate for viability, was measured by determining the luminescence units using a
CLARIOstar plate reader.

Kill kinetics and washout experiments were performed using T. cruzi Tulahuen strain
constitutively expressing E. coli B-galactosidase. For time to kill experiments, NIH 3T3
fibroblast cells were infected with T. cruzi Tulahuen trypomastigotes at a multiplicity of
infection (MOI) of 5 and incubated at 37°C in 5% COz2 for 48 hours. NIH 3T3 cells
infected with T. cruzi intracellular amastigotes were harvested and adjusted to a density
of 3x10* cells/mL. Approximately 1.2x103 NIH 3T3 infected cells (50 uL) were seeded in
384-well white bottom plates (Greiner) containing 100 nL of test compounds at various
concentrations ranging from 25 uM to 1 nM. Each assay comprises a set of 6 plates,
one plate per time point, incubated at 37°C in 5% COz2. The time of cell addition was
considered time 0. At time points of 0, 24, 48, 72, 96 and 120 hours, luminescence was
measured using the Beta-Glo® Luciferase Assay System kit (Promega) as per the
manufacturer’s instructions and readings taken using a CLARIOstar microplate reader
(BMG Labtech). The assay quantifies B-galactosidase activity, which is directly
proportional to the number of metabolically active T. cruzi parasites. The parasiticidal

activity was calculated after normalizing the relative luminescence units (RLU) of each
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dose to the viability of the drug-free control (corresponding to 100%). As a reference,
the parasiticidal activity of benznidazole (active control) at a concentration of 20 uM and
a read-out time of 72 hours was used. This value also correlates with the background
luminescence signal of the assay, calculated based on the residual counts obtained for
monolayers of uninfected fibroblasts at various confluences. The data are represented
as the mean and standard error of at least four replicates. For each time point,
luminescence from each well was normalized to the average luminescence of the drug-
free control wells to calculate percent (%) RLU relative to drug-free control. The drug-
free control normalized %RLU for each time point and each concentration of compound
were plotted using GraphPad Prism version 8.1.2 (GraphPad Software).

For washout assays, T. cruzi intracellular amastigotes were adjusted to a density of
1x10% cells.mL-". Infected cells (2.5x10% in a volume of 250 uL) were seeded in 48-well
tissue culture plates (Thermo Fisher). Plates were incubated at 37°C in 5% COz2 for 4
hours to allow cell attachment. Test compounds were added at various concentrations
equivalent to multiples of the ECso values. Infected cells were incubated in the presence
of compounds at 37°C in 5% CO:z2 for either 4 or 8 days. Every 4 days, the media were
replaced with fresh culture media with the adequate concentration of test compound.
Once the treatment period was completed, monolayers were washed extensively with
culture media devoid of test compound. Cells were then maintained by replacing culture
media twice weekly. The observation of the compound-treated plates for the presence
of intracellular amastigotes and motile trypomastigotes were conducted thrice weekly for
up to 25 days by microscopy with a standard Zeiss microscope at 40x magnification. A
volume of 100 pL of Gibco™ Trypsin-EDTA (0.05%) was added to wells in which motile
parasites were not detected on day 12 of the observation period. The cells were mixed
and 20 pL of the cell suspension was transferred into the well of a new 48-well plate
containing 600 uL of fresh culture media. Plates were incubated up to day 25 at 37°C in
5% COz2. On day 25, culture media was removed from the wells in which T. cruzi
trypomastigotes were not detected and $-galactosidase activity was measured by
addition of 100 pL of Beta-Glo® Assay System (Promega). Cell lysate was transferred
to a 96-well white opaque plate (Thermo Fisher) for luminescence measurement using a
CLARIOstar luminometer (BMG Labtech).

Growth inhibition against apicomplexan parasites. Activity against Plasmodium
falciparum 3D7 and Cryptosporidium parvum strains were evaluated by following
protocols published earlier (38, 39).

In vitro and in vivo pharmacokinetic (PK) parameters. In vitro PK parameters such
as solubility, microsomal clearance, permeability and mouse plasma protein binding
were measured using methods described elsewhere (17).

In vivo studies were conducted using non-randomized female BALB/c mice (n= 3, 8-10
weeks old). All procedures involving animals were reviewed and approved by the
institutional animal care and use committees. Sample size was determined based on
the minimum number of animals required for good data distribution and statistics.
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Blinding was not possible in these experiments, but animals were randomly selected for
each group. Cyanotriazoles were formulated in a suspension formulation for per oral
dosing (Methylcellulose: Tween80: Water :: 0.5: 0.1: 99.4 w/w/v); and solution
formulation for intravenous dosing (NMP:4%BSA in PBS 10/90, v/v).

The blood samples for pharmacokinetic studies were collected between 0 and 24h post
dose. The concentrations of compounds at various time points were determined by
high-performance liquid chromatography coupled with tandem mass spectrometry (LC-
MS/MS). The samples were extracted with acetonitrile: methanol (50:50) containing
CHIRO073911 as internal standard, using a 4 to 1 extractant to plasma ratio. Analyte
quantitation was performed by LC/MS/MS. Liquid chromatography was performed using
a waters ultra-performance liquid chromatography (UPLC) system with the Waters HSS
column (2.1 x 50 mm) at an oven temperature of 50°C, coupled with a AP15500 triple
quadruple mass spectrometer (Sciex Applied Biosystems, Foster City, CA). Instrument
control and data acquisition were performed using the Applied Biosystems software
Analyst, version 1.6.2. Pharmacokinetic parameters were determined by
noncompartmental analysis using Phoenix WinNonLin™ (Certara, Princeton, NJ).

For measurement of brain-to-plasma ratio mice were dosed 1 mg.kg" intravenously
using solution formulation. Animals were euthanized at 60 min post dosing, blood and
brain tissue were collected. Compound concentration in these matrices were measured
as described above.

Mouse efficacy models. Mouse infection models for human African trypanosomiasis
(HAT). CT3 was evaluated in hemolymphatic (stage 1 HAT efficacy) and
meningoencephalitis (stage 2 HAT efficacy) mouse models using established protocols
as described earlier (17, 21).

Briefly, for evaluation in hemolymphatic HAT model, 6-8 week old female NMRI mice
were randomly selected from the cage and color tagged (head, back, and hump) on the
day of infection. Mice were infected with bioluminescent strain of T. b. brucei STIB900.
In order to confirm infection, mice were imaged on day 3 post infection, non-infected
mice (mice that did not show parasitemia as measured by bioluminescence) were
excluded from the study. On day 3 post-infection, infected mice (sample sizes noted in
legend to fig. S4B) were treated with varying doses of CT3 by oral gavage. These
experiments were conducted at the Swiss Tropical and Public Health Institute (Basel)
(License number 2813) according to the rules and regulations for the protection of
animal rights ("Tierschutzverordnung") of the Swiss "Bundesamt fur Veterinarwesen".
They were approved by the veterinary office of Canton Basel-Stadt, Switzerland.

The meningoencephalic mouse model was carried out at University of Glasgow animal
facility, using 8 week old female CD1 mice. Mice were infected with bioluminescent T. b.
brucei GVR35 strain and all mice were randomly allocated into experimental groups.

Sample size (see legend to Fig 1B & fig. S4C) was determined using power calculation
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with knowledge from previous experiments (8, 27). On day 21 post-infection, mice were
treated with varying doses of CT3 by oral gavage. All animal protocols and procedures
were reviewed and approved by the UK Home Office (Project License PCF371688
entitled “Biochemistry, genetics, virulence and drug action against trypanosomes and
Leishmania”) and University of Glasgow Ethics Committees, in accordance with the
Animals (Scientific Procedures) Act 1986 (ASPA). For both HAT efficacy studies, no
data was excluded from the analysis.

Chagas efficacy models. CT3 was also tested in acute and chronic Chagas mouse
infection models by following protocols described earlier(78, 20). Briefly, 6-8 week old
female BALB/c mice were infected with bioluminescent T. cruzi CL Brener strain. Once
infection is established by imaging, mice were randomly assigned to experimental
groups. Sample size (see legend to Fig 1A & fig. S4A) was determined by following 3R
principles and priori knowledge of similar experiments carried out (18, 20). For acute
efficacy, mice were treated with varying dose of CT3 post 14 day infection, whilst for
chronic efficacy ~100 day post infection mice were treated with CT3 by oral gavage.
Acute and chronic Chagas mouse efficacy studies were carried out at Novartis and
LSHTM facilities, respectively. No data was excluded from the analysis for all mouse
experiments.

All mouse studies conducted at Novartis were approved by institutional animal care and
use committee as well as institutional biosafety committee. For chronic Chagas mouse
model, animal infections were performed under UK Home Office project licences PPL
70/8207 and PPL P9AEEO4E4 and approved by the LSHTM Animal Welfare and Ethical
Review Board (AWERB). All protocols and procedures were conducted in accordance
with the UK Animals (Scientific Procedures) Act 1986.

Phenotypic characterization. T. b. brucei and T. cruzi yH2A microscopy: T. b. brucei
experiments were performed as described in Glover and co-workers (25). 1x10° T. b.
brucei parasites per well were seeded in 24-well plates and incubated in the presence
of DMSO or compounds at the indicated concentrations for 4 hours. T. brucei parasites
were then collected, pelleted (3,000g, 5 minutes, room temperature), supernatant
removed and re-suspended in 4% paraformaldehyde (PFA) in PBS. Fixed parasites
were adhered to glass coverslips pre-coated with poly-L-lysine. For investigation of T.
cruzi yH2A response, tdTomato expressing T. cruzi trypomastigotes were allowed to
infect 5x103 Vero host cells (Greiner 384-well plate #353962) for 48 hours prior to
compound addition. T. cruzi parasites were then incubated for 24 hours in the presence
of compound and fixed in 4% PFA (final). Both parasite species were permeabilized
with 0.5% Triton X-100 (Sigma) in PBS and blocked in bovine serum albumin (BSA,;
Sigma) in PBS. yH2A was detected by sequentially incubating with affinity purified
polyclonal rabbit antibody (T. brucei : KHAKA[pT]PSV; T. cruzi: KKARA[pT]PSA;
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Thermo Fisher), diluted 1:250 in blocking buffer and a goat anti-rabbit AlexaFluor488
antibody (1:1000 in blocking buffer, Abcam 150081). T. brucei coverslips were mounted
on microscope slides with hard-set vectashield mounting medium containing DAPI
(Vector Laboratories H-1800). T. cruzi parasites were incubated for 15 minutes in
Hoechst 33258 (AnaSpec) in 1% BSA (Sigma) in PBS before leaving in PBS and
sealing the plates. Coverslips for T. b. brucei were imaged using 40x 0.95 NA air
objective on Nikon Ti-2E. Plates for T. cruzi were imaged 20x water-immersion objective
on Molecular Devices ImageXpress Confocal.

EdU incorporation assay: T. cruzi CL trypomastigotes expressing tdTomato were
allowed to infect 5x10° Vero host cells per well in 384-well glass bottom plates (Cellvis)
pre-coated with 50-100 pg/mL of fibronectin (Corning, catalog# 354008) as per the
manufacturer’s protocol. After 48 hours of infection, compounds and EdU (final
concentration, 10 yM ) were added. After incubation of cells with EAU for 2 hours, cells
were fixed by adding PFA (4% final concentration in well). PFA was removed, cells
washed, permeabilized with 0.5% Triton X100, washed again and stained for EAU using
the Click-iT® assay kit (Thermo Fisher Scientific, catalog# C10340) as per the
manufacturer’s instructions. Plates were imaged using 60x water-immersion objective
on Molecular Devices ImageXpress Confocal.

yH2A Phosphorylation western blots: WWhole cell protein extracts were harvested from
~2.5x108 cells per sample that had been treated, or not, with CT1 (at 5x wildtype ECso =
800 nM) for 4 hours, or else the mutagen MMS. Extraction involved boiling in 10 uL
loading buffer (1X NUPAGE® LDS Sample Buffer (Life Technologies), 0.1% B-
mecaptolethanol, 1X PBS) for 10 min. Proteins were separated using NUPAGE Novex®
10-12% Bis-Tris protein gels (Life Technologies) and transferred to PVDF membranes.
Proteins were detected with anti- yH2A (1:1000) and mouse anti-Ef1a clone CBP-KK1
(1:25,000; Millipore) primary antibodies, and goat anti-mouse/rabbit IgG (H+L)
fluorescently tagged conjugates.

Metabolomics. 100 mL cultures were seeded with 1x10° bloodstream form
trypanosomes/ml (7. brucei strain 427) in HMI-11 (HMI-9 supplemented with 10% Fetal
Calf Serum) for 24 hours at 37 °C and 5% COz2. 1275 nM CT1 in 100 ul DMSO was
added to the test culture, with 100 uL DMSO only added to the no-drug control culture
and incubated for a further 4 hours at 37°C, 5% COz. The cell density of each culture
was then measured by hemocytometer and the volume of medium containing 1.5x108
cells was transferred to 50 mL Falcon tubes. The metabolism of the cells was
immediately quenched by rapidly cooling the cultures to 4°C by submerging the Falcon
tubes in a dry ice and ethanol bath and agitating vigorously. The cells were pelleted by
centrifugation for 10 minutes at 1,250 rcf and 4°C and the maijority of the supernatant
was carefully removed. The cell pellet was gently resuspended in the remaining
supernatant and transferred to 1.5 mL microfuge tubes, re-pelleted by centrifugation for
5 minutes at 1,900 rcf and 4°C, before all remaining medium was removed by pipette.
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The cell pellet was washed once by resuspension in 1 ml PBS at 4°C, followed by
centrifugation at 1,900 rcf and 4 °C for 5 minutes. The PBS supernatant was removed
by pipette and 300 pl of 4 °C extraction solvent (Chloroform:Methanol:Water, 1:3:1) was
added to the cell pellet and thoroughly mixed by vortex. The microfuge tubes were then
left shaking vigorously for 1 hour at 4 °C before a final centrifugation at maximum rcf for
10 minutes and 4 °C. 180 ul of the supernatant was transferred to pre-chilled glass
mass spectrometry vials and the air replaced by Argon gas before sealing and storing at
-80 °C. 4 biological replicates for each condition were generated over separate days.
LCMS analysis was carried out by Glasgow Polyomics using pHILIC columns and an
Orbitrap Fusion mass spectrometer according to standardized protocols (22). Relative
abundance comparisons for each metabolite was carried out using IDEOM software
package (40) Heatmaps and volcano plots were generated using MetaboAnalyst 5.0.

Mutant generation and whole genome sequencing. CT resistant mutants were
generated using T. b. brucei Lister 427 strain. Parasites were incubated with sub-lethal
concentration (0.1X ECso) of various CT compounds and continually passaged until the
growth rate matched T. b. brucei strain growing in the presence of 0.25% DMSO. Once
the growth rate matched that of DMSO treated parasites, the concentration of CTs were
increased by 2 fold (e.g. 0.1x ECso to 0.2x ECs0). Every time, before increasing the
concentration of the CT compounds, parasites were tested for their ability to show drug
resistance, by testing growth inhibition against respective CT compound. DMSO treated
parasites were used as a control, and did not show shift in ECso against CTs. This
process was repeated until parasites showed a significant shift in ECso. It took 3-6
months to generate mutants that were resistant to CT compounds. Resistant clones
were isolated using limiting dilution. Each clone was tested for its resistance to several
CT and other compounds using methods described earlier (77).

Genomic DNA from resistant clones was isolated using Qiagen DNeasy kit (Qiagen).
Whole genome sequencing was performed using Illlumina Hiseq1000 next generation
sequencing platform as described earlier (47).

Growth inhibition studies using RNAi constructs of topolla. Test compounds were
doubly diluted in 96-well plates (Greiner) with HMI-11 medium for testing efficacy using
a derivative of the alamar blue assay (42). For the Pulse RNAIi experiments to
determine impacts of transient topolla knockdown, RNAI lines were induced with the
stated concentration of doxycycline (Sigma) for 24 hours before being diluted 100-fold in
fresh HMI-11 medium without doxycycline. An equal volume (100 pL) of bloodstream
form trypanosomes in medium was added to each well to give a final cell density of 1 x
10° trypanosomes/ml. The plates were incubated for 72 hours at 37°C, 5% CO2, after
which 20 pL of 0.5 mM resazurin sodium salt (Sigma) in phosphate-buffered saline
(PBS) was added to each well, followed by a further 4-hour incubation under the same
conditions. Fluorescence was measured using a FLUOstar Optima fluorimeter (BMG
Labtech) with excitation and emission filters of 544 nm and 590 nm, respectively. Data
were analyzed using GraphPad Prism software, and ECsos were derived from sigmoidal

dose-response curves with variable slopes. The ECso values reported here are the
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averages of at least three independent experiments. Efficacy of compounds was also
tested against a range of strains engineered to lack particular genes involved in DNA
repair including RAD51 (43)and BRCA2 (44).

CRISPR-directed mutagenesis. The T. b. brucei cell line with doxycycline-inducible
Cas9 endonuclease expression, and constitutive transcription of guide-RNA that targets
cleavage of topolle, six bases downstream of the F540 codon was generated in the
manner as described (45). The oligonucleotide pair 5'-
AGGGTGGGAGTTATGAACTGCTGG-3' and 5-AAACCCAGCAGTTCATAACTCCCA-3'
were annealed to give Bbsl-compatible overhangs by heating to 70 °C for 3 minutes
followed by slow cooling and ligated to the Bbsl digested pT7sgRNA construct. After
sequencing to confirm its correct generation, the pT7sgRNA construct containing the
gRNA was linearized with Notl before electroporation into the Tb427-2T1T7-Cas9 cell
line (that inducibly expresses the Cas9 endonuclease) and selected for genomic
integration with 2.5 ug.mL"" phleomycin. The resultant cell line was transfected with 40
ug of the repair template (with modification from original sequence in bold): 5'-
GCCTGACCTGCTGAAAGTGCCTGGCTTGCTCCAGCAGTTCATAACTCCCATTGTGA
AGGC-3' introducing the F540L mutation (the change underlined in bold text above).

Cas9 expression was induced with 1 pg.ml' doxycycline or left uninduced and the
transfected cultures were left to recover for 24 hours under standard culturing conditions.
Acquisition of resistance to CT compounds was assessed in the induced and uninduced
cultures by continuous growth in the presence or absence of 5x ECso value of CT1. CT-
resistant cultures were cloned by limiting dilution and genomic DNA extracted using
NucleoSpin Tissue gDNA extraction kits (Macherey-Nagel). The Tb topolla and S loci
were amplified separately by PCR for Sanger sequencing.

Protein expression. T. cruzi topoisomerase |l (TcCLB.508699.10; UniProt#Q4DE53)
was expressed using a baculovirus expression vector system (BEVS). Sf21 insect cells
were infected with 3% virus at a cell density of 1.5 x 10° cells.mL"". Cells were
harvested 48 hours post infection by centrifugation. Cell pellets were resuspended in
Buffer A (20 mM Bis-Tris pH6.0, 250 mM KCI, 5% glycerol, 10 mM imidazole, TmM
TCEP) with 25 uM N-p-Tosyl-L-phenylalanine chloromethyl ketone, 2mM
Phenylmethanesulfonyl fluoride solution, 1x Protease Inhibitor Tablet EDTA-free
(Thermo) and Universal Nuclease (1:10K dilution, Thermo), at a 1:5 (pellet : lysate
volume) ratio. The cell suspension was lysed in a microfluidizer (Microfluidics) with 2
passes at 19K psi. The lysate was cleared by centrifugation at 60 000 x g for 30
minutes at 4°C. The first step of purification involved immobilized metal ion affinity
column chromatography (IMAC: nickel sepharose FF, Cytiva) with Buffer B (equivalent
to Buffer A + 250 mM imidazole). The IMAC eluted fractions were pooled and
incubated with recombinant Tev protease (rTev) and dialyzed against Buffer A without
imidazole. The second step iused a reverse IMAC, utilizing Buffer C (20 mM Bis-Tris
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pH 6.8, 200 mM KCI, 5% glycerol, 10 mM Imidazole, 1 mM TCEP) and Buffer D (Buffer
C with 250 mM imidazole), pooling the flowthrough and a 50 mM imidazole wash. The
reverse IMAC pool was diluted four-fold with Buffer E ( 50 mM HEPES pH 6.8, 5%
glycerol, 1 mM TCEP) and purified over an lon Exchange Column (IEX), MonoQ
(Cytiva), with a gradient from 350 mM KCI to 600 mM KCI (25 column volumes) using
Buffer F (Buffer E + 50 mM KCI) and Buffer G (Buffer E + 1M KCI).

The pooled IEX fractions for TcTopoll (2-1182) were concentrated using a 100KDa MW
cut offconcentrator(Merck Millipore) This was followed by by purification over agel
filtration column (SEC:Superdex 200, Cytiva) with Buffer H (50 mM Hepes pH 6.8, 200
mM KCI, 5% glycerol, 1 mM TCEP). The final sample of TcTopo (2-1182) was
concentrated to 5.5mg/mL. For the purification of TcTopo-Tev-8xHis (2-1476) Full-
length and TcTopoll (401-1178) DNA Binding Domain (DBD) the lysis step was the
same as used in the purification of the C-terminal truncated domain, except all the
buffers are in 50mM HEPES, pH 8.0. The first step of purification was by IMAC using
step elution with Buffer C. The IMAC pooled fractions were incubated with rTev and
dialyzed against buffer C without Imidazole. The second step was a reverse IMAC,
pooling the flowthrough and 50 mM imidazole wash. The second IMAC pool was
diluted with Buffer E (4-fold) and purified over an lon Exchange Column (IEX), MonoQ
(for TcTopo Full-length) HiTrapQ HP (Cytiva) (for TcTopo DBD), with Buffer F and G,
using a gradient from 50 mM to 500 mM (20 column volumes) and 500 mM to 1M (5
column volumes). The TcTopo Full-length protein was dialyzed in final Buffer H and
concentrated to 0.3mg.mL-'. The final column purification of the TcTopo DBD was over
a Gel Filtration Column (SEC:Superdex 200, Cytiva) using Buffer H. The pooled eluate
was concentrated with a 50 KDa molecular weight cut off concentrator (MilliporeSigma).
TcTopoll DBD was concentrated to 11.5mg/mL.

Biochemical assays. The TcTopo Il cleavage assay was performed by first incubating
80 nM of recombinant T. cruzi Topo Il in the presence of various concentrations of
compounds in the reaction buffer containing 50 mM Tris-HCI (pH 8.0), 150 mM NacCl,
MgCl2, 500 uM DTT, 0.03 mg/ml bovine serum albumin (BSA) in 10 pL solution at room
temperature for 30 minutes. The supercoiled pHOT-1 DNA (Topogen) was then added
to start the reaction and the final volume of the reaction was 20 pL with 2.5 ng/ml of
pHOT-1. The mixture was incubated at 37°C for 90 minutes. To stop the reaction, 4 uL
SDS (10%) and 4 uL Proteinase K (2 mg/mL) were added and the reaction further
incubated at 37°C for 15 minutes. To visualize the product, 6 uL of 6x loading dye
(Promega) was added and the mixture loaded onto the 1.2% agarose gel and run at
17V for 20 hours. The gel was then stained with SYBR Gold at 1:10K dilution before
being scanned and quantified.

Human topoisomerase lla. (hTOP2A) cleavage assay was performed with 500 ng of
supercoiled pBR322 incubated with 1U of hTOP2A in the buffer containing 50 mM Tris
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HCI (pH 7.5), 125 mM NacCl, 10 mM MgClz, 5 mM DTT, 0.5 mM EDTA, 0.1mg/ml bovine
serum albumin (BSA) and 1mM ATP in 30 ul reaction mixture at 37°C for 30 minutes.
The reaction mixture was further incubated with 1% SDS and 0.5ug/ ul of protease K for
another 30 minutes and stopped with by addition of 30 ul of chloroform/iso-amyl alcohol
(24:1) and 30 pl of Stop Dye. The 1% TAE gel for the assay contained 0.5ug/ml
ethidium bromide was run at 85V for 2 hours. The gels were destained for 10 minutes in
water before being scanned and quantified. Assays were performed at Inspiralis.

Surface plasmon resonance (SPR) and cryogenic electron microscopy (cryo-EM)
studies. DNA preparation. For SPR studies the following two custom made DNA
oligonucleotides were ordered from IDT: forward: 5’ Biotin-CAC GGT GCC GAG GAT
AAC AAT GAG CTC ATT GTT ATC CTC GG 3’; reverse: 5 CC GAG GAT AAC AAT
GAG CTC ATT GTT ATC CTC GGC ACC 3'. Each oligonucleotide was dissolved in IDT
duplex buffer (30 mM HEPES, pH 7.5, 100 mM potassium acetate) to a final
concentration of 4 mM. Equal volumes of forward and reverse oligonucleotide were
mixed and annealed by heating the mixture to 90 °C for 5 minutes then slowly cooling
the mixture to room temperature over a period of 2 hours. This yielded 2 mM annealed
dsDNA. For EM studies a DNA oligonucleotide with the sequence 5 GG GAT AAC AAT
GAG CTC ATT GTT ATC CC 3’ was ordered from IDT and dissolved in IDT duplex
buffer to a final concentration of 6 mM. The DNA oligonucleotide was self-annealed
using the annealing protocol as described above for the SPR DNA yielding 3 mM
annealed dsDNA.

Analysis of TcTopoll:dsDNA interaction by SPR. SPR analysis for the determination of
Kb, ka and kd4, were performed with a Biacore 8K instrument in 20 mM Hepes pH 7.3,
100 mM KCI, 10 mM MgClz, 5% glycerol, 0.05% Tween-20, and 0.5 mM TCEP at 20°C
and 100 mL/min flow rate. dsDNA for this experiment is as follows: forward: 5’ Biotin-
CACGGTGCCGAGGATAACAATGAGCTCATTGTTATCCTCGG 3’; reverse: &
CCGAGGATAACAATGAGCTCATTGTTATCCTCGGCACC 3’) covalently modified with
biotin at the 5’ end of the forward oligo. dsDNA was loaded onto a streptavidin-coated
Biacore Sensor Chip SA (GE Healthcare) to 100 RU. TcTopoll (residues 2-1182)
binding to dsDNA in the presence or absence of 350 uM compound CT1 was measured
using a 6 point, 3X dilution series starting at 1 uM Topoll with the single cycle kinetics
method according to instrument control software instructions. Data were analyzed using
the Biacore Evaluation application to generate affinity constants (Kb), association rate
constant (ka), dissociation rate constant (kd), and maximum response unit (Rmax).

Cryo-electron microscopy for structure determination.

Complex formation for cryo-EM. For cryo-EM studies, the complex of T. cruzi Topoll
DNA-binding domain (T. cruzi Topoll DBD, amino acids 401-1178) bound to dsDNA (5’
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GG GAT AAC AAT GAG CTC ATT GTT ATC CC 3’) and CT1 was formed using the
following protocol. 21.4 uM (or 1.91 mg/mL) T. cruzi Topoll DBD was incubated in the
presence of 75 uM dsDNA and 300 uM CT1 in 20 mM HEPES, pH 7.3, 100 mM KCI, 3
mM MgCl2, 1 mM TCEP for 1 hour on ice. Prior to applying the complex sample to the
grid, the complex was diluted to 0.5 mg/mL in the above-mentioned buffer keeping the
CT1 concentration constant at 300 uM.

Vitrified sample preparation and data collection. 300-mesh Quantifoil UltrAu 1.2/1.3
grids (Quantifoil, Micro Tools GmbH, Grosslobichau, Germany) were glow discharged
for 90 s at 15 mA in a PELCO EasyGlow™ glow discharger (Ted Pella, Redding, CA,
USA) directly before use.

4 ul of complex was applied to each grid and the grids were blotted for 5 s using
standard Vitrobot filter paper, @55/20mm, Grade 595 (Ted Pella) with a blot force of 25
and plunged into liquid ethane using a Vitrobot MK4 (Thermo Fisher Scientific,
Waltham, MA, USA) operated at 4° C and 100 % chamber humidity.

All cryo-EM data were acquired at nominal magnification of 75,000x using a Cs-
corrected Titan Krios transmission electron microscope (Thermo Fisher Scientific)
operated at 300 kV acceleration voltage.

Tilted and untilted data were collected to counter the effect of preferred particle
orientation visible in the untilted data.

Movies for a 30° tilted dataset were collected in EPU 3.0 (Thermo Fisher Scientific)
using a bottom mounted Falcon 4i direct electron detector (Thermo Fisher Scientific) in
Electron Event Representation (EER) mode with an exposure time of 3.8 s and an
exposure rate of 9.23 e/pixel/s at a calibrated pixel size of 0.845 A/pixel. EPU was
configured to record groups of 3x3 foil holes by image shift to speed up data collection.
The defocus range for the central foil hole of the group was set from -1.4 ym to -1.8 ym
in 0.2 ym increments.

Movies for an untilted dataset were collected in EPU 3.0 (Thermo Fisher Scientific) in
EER mode using a bottom mounted Falcon 4 direct electron detector (Thermo Fisher
Scientific) with an exposure time of 3.98 s and an exposure rate of 8.74 e/pixel/s at a
calibrated pixel size of 0.845 A/pixel. EPU was configured to record groups of 3x3 foil
holes by image shift. The defocus range was set from -0.6 ym to -2.0 um in 0.2 pm
increments.

Data Analysis. Recorded movies for tilted and untilted datasets were processed in
parallel to data acquisition by using CryoFLARE(46). Motion correction was performed
using the Relion 3.1.2 EER motion correction implementation. EER movies were
fractionated into 50 frames. CTF parameters were determined using GCTF in a two-
stage refinement.

The best 3,014 micrographs in the tilted dataset in terms of drift and CTF fit were
exported from CryoFLARE for further processing in CryoSPARC. The CTF for the
39



10

15

20

25

30

35

40

micrographs was estimated using patch CTF to account for the defocus gradient from
tilting, and particles were picked using blob picker with a circular and elliptic blob of
diameter 120 A — 150 A, yielding 955,991 particles. Particles were extracted using an
initial box size of 384x384 pixels, which was down sampled to 192x192 pixels. Poorly
picked particles were filtered out by two subsequent rounds of 2D classification into 50
classes using CryoSPARC default parameters. All subsequent model generation,
classification and refinement steps were performed in C2 symmetry using CryoSPARC
default parameters unless otherwise noted. The resulting particle stack of 343,936
particles was used to generate 10 initial models. The highest resolution initial model
was used as a model to run homogenous refinement for the whole particle stack
followed by non-uniform refinement. Particles were re-extracted with a box size of
384x384 pixels and classified into 3 classes by hetero refinement with a refinement box-
size of 384, using the volume from the previous non-uniform refinement as reference.
The highest resolution class from hetero refinement containing 139,502 particles was
further refined by one round of homo refinement followed by non-uniform refinement,
local CTF refinement and another round of non-uniform refinement.

The best 2,220 micrographs in the untilted dataset in terms of drift and CTF fit were
exported from CryoFLARE for further processing in CryoSPARC 4. The CTF for the
micrographs was estimated using patch CTF, and particles were picked using blob
picker with a circular and elliptic blob of diameter 120A — 150A, yielding 703,407
particles. Particles were extracted using an initial box size of 384x384 pixels, which was
down sampled to 192x192 pixels. Poorly picked particles were filtered out by two
subsequent rounds of 2D classification into 50 classes using the CryoSPARC default
parameter. The resulting particle stack of 280,556 particles was re-extracted with a box
size of 384x384 pixels.

The resulting particles from tilted and untilted datasets were merged and hetero refined
into 3 classes using the non-uniform refined volume from the tilted dataset as reference.
All resulting classes were homo refined. The highest resolution refined class containing
179,787 particles was further refined using one round of non-uniform refinement,
yielding a map at 2.94 A resolution.

The local resolution for the final refined map was calculated using ResMap (47). The
sphericity and directional FSC was evaluated using 3DFSC (48).

Model refinement: The Alphafold structure of T. cruzi DNA Topoisomerase Il (Uniprot
accession code Q4DE53) was used as a starting model for the refinement process. In
Phenix dock_in_map was used to initially place the Alphafold model into the EM map
(49). The model was then refined using phenix.real_space_refine with standard settings
including secondary structure and NCS restraints. In the first refinement run rigid body
refinement was enabled. Grade from Global Phasing was used to generate a restraint
file for the ligand and the ligand was manually placed into the EM density (50). In order
to improve the geometry around the covalent bond, the sulfur of C477 was included in
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the restraint file of the ligand. In phenix.real_space_refine a parameter file was included
to define the link between the C477 CB and the sulfur.

Chemistry. Synthesis of cyanotriazoles

All reactions were performed under an atmosphere of argon. HPLC grade solvents were
purchased and used as is. All compounds are >95% pure by HPLC analysis.

Preparation of 1-(2-Oxo-2-(3-(2-(trifluoromethyl)phenyl)-5, 7-dihydro-6H-pyrrolo[3,4-
bjpyridin-6-yl)ethyl)-1H-1,2,4-triazole-3-carbonitrile (CT1)

Br Step 1 Br Step 2
T == e +

Step 1. 1-(2-(3-Bromo-5,7-dihydro-6 H-pyrrolo[3,4-b]pyridin-6-yl)-2-oxoethyl)-1H-1,2,4-
triazole-3-carbonitrile : To a mixture of 3-bromo-6,7-dihydro-5H-pyrrolo[3,4-b]pyridine
(300 mg, 1.51 mmol), 2-(3-cyano-1H-1,2,4-triazol-1-yl)acetic acid (344 mg, 2.26 mmol)
and triethylamine (305 mg, 3.0 mmol) in dichloromethane (5 mL) was added 2,4,6-
tripropyl-1,3,5,2,4,6-trioxatriphosphinane 2,4,6-trioxide (50% in DMF, 2.8 g, 4.5 mmol)
in the presence of argon gas. The resulting reaction mixture was stirred at room
temperature for 12 hours. The solvent was removed under reduced pressure and the
product was purified by silica gel column chromatography (0-100% ethyl acetate in
cyclohexane) to give the title compound (450 mg, 90% yield) as a white solid. LCMS
ES* m/z = 333.1 [M+1]*.

Step 2. 1-(2-Oxo0-2-(3-(2-(trifluoromethyl)phenyl)-5,7-dihydro-6H-pyrrolo[3,4-b]pyridin-6-
yhethyl)-1H-1,2,4-triazole-3-carbonitrile: A vial was charged with 1-(2-(3-Bromo-5,7-
dihydro-6H-pyrrolo[3,4-b]pyridin-6-yl)-2-oxoethyl)-1H-1,2,4-triazole-3-carbonitrile (300
mg, 0.90 mmol), (2-(trifluoromethyl)phenyl)boronic acid (171 mg, 0.90 mmol), palladium
diacetate (10 mg, 0.045 mmol), (9,9-dimethyl-9H-xanthene-4,5-
diyl)bis(diphenylphosphine) (78 mg, 0.14 mmol), 1M sodium carbonate solution (1.80
mmol) and N,N-dimethylformamide (1 mL) in presence of argon gas. The resulting
reaction was heated under microwave irradiation for 15 minutes at 120 °C. The reaction
mixture was then adsorbed on silica gel and purified by silica gel column
chromatography (0-100% ethyl acetate in cyclohexane) to give the title compound (63
mg, 17% yield) as a white solid. "H NMR (400MHz, DMSO-d6) & 8.90 (d, J = 6.9 Hz,
1H), 8.45 (s, 1H), 7.95 - 7.75 (m, 3H), 7.74 — 7.66 (m, 1H), 7.49 (t, J = 6.8 Hz, 1H), 5.55
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(d, J = 5.0 Hz, 2H), 5.07 (d, J = 11.8 Hz, 2H), 4.77 (d, J = 15.7 Hz, 2H); LCMS ES* m/z
= 399.2 [M+1]".

'H NMR (400 MHz, DMSO-ds) & 8.90 (d, J= 6.9 Hz, 1H), 845 (s, 1H), 7.95— 7.75 (m, 3H), 7.74
766 (m, 1H), 7.49 (1,./=6.8 Hz, 1H), 5.55 (d, /= 5.0 Hz, 2H), 507 (d,J =118 Hz, 2H), 477 (d, ./ =
157 Fe, 2H).
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L A | % b LA ol 1)
g & 888 g &=
- = oo i N
1..0 13‘.5 ].3I.D 12',5 12‘.0 11‘.5 1;.0 IC;.S lDI_D 9:5 9‘_0 8,‘5 B:D 7.‘5 7.‘0 6:5 ﬁtU 5,‘5 Sjﬂ 4{5 4.‘0 3.‘5 3f0 2‘.5 Z,ID 1:5 110 0;5
f1 (ppm)
Column : Zorbax xdb C 18 5p 150x4.6MM
Mobile Phase : A= (0.01% TFA inWater, B= ACETONITRILE
GRADIENT : Time/%B:: 0/30,2/40,5/90,7/100,9/100,10/30,12/30
Flow : 1.0 mL/min
Temperature : 40°C

*DAD1 A, Sig=210,4 Ref=off (MAR-20161170316000051.D - MAR-2016\170316000052.D)
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Signal 1: DAD1 A, Sig=210,4 Ref=off

|Peak | RT | Width | Area |Area % |
| # | [min] | [min] | \ \
! Jmmme | Jmm—rme !
| 1] 1.977| 0.076| 43.578] 0.607]
| 2| 4.950| 0.065| 15.567] 0.217]
| 3] 5.044| 0.058] 13.776] 0.192]
| 4] 5.262] ©0.080| 5.350] 0.075]
| 5| 5.500| 0:023] 7.000] 0.097]
| 6 | 5.587| 0.067]|6.85%=3| 95.524]
| 71 5.694| 0.049] 48.121] 0.670]
| 8| 5.913| 0.121] 19.576] 0.273]
| 9| 6.144| 0.110] 10.128] 0.141]
R 14 6.286| 0:067] 31.352] 0.437]
| 11| 6.555] 0.097] 12.125] 0.189]
I 2] 6.704| 0.061| 25.493] 0.355]
| 13| 7.025| 0.064| 89.285] 1.244]

Preparation of 1-(3-Oxo-3-(3-(2-(trifluoromethyl)phenyl)-5, 7-dihydro-6H-pyrrolo[3,4-
bjpyridin-6-yl)propyl)-1H-1,2,4-triazole-3-carbonitrile (CT2).

C =0
Br. N Step 1 Step 2
ol = Yonro =00,
e e ’

O

Step 3 O Step 4 O
CI)J\/\BF —_— \/\O)J\/\Br —_— \/\OJ\/\N’N\ CoN
e

/NYCN
0 CF % )
Step5 )J\/\ N Step6 3 —N
— ® HO NS N ——— \
| | N
N7 0

Step 1. 3-(2-(Trifluoromethyl)phenyl)-6-trityl-6,7-dihydro-5H-pyrrolo[3,4-b]pyridine:

A flask was charged with 3-bromo-6-trityl-6,7-dihydro-5H-pyrrolo[3,4-b]pyridine (5.0 g,
11 mmol), (2-(trifluoromethyl)phenyl)boronic acid (3.2 g, 17 mmol), Pd(dppf)Cl2 (0.52 g,
0.057 mmol), potassium phosphate tribasic (3.6 g, 17 mmol), followed by 1,4-dioxane
(50 mL) and water (15 mL), and the mixture was purged with argon. The reaction was
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then stirred at 100 °C for 2 hours, then poured over ice water, extracted with ethyl
acetate and concentrated. The product was purified by silica gel column
chromatography (0-10% ethyl acetate in hexane) to give the title compound (3.9 g, 68%
yield). LCMS ES* m/z = 507.2 [M+1]".

Step 2. 3-(2-(Trifluoromethyl)phenyl)-6,7-dihydro-5H-pyrrolo[3,4-b]pyridine: To a
solution of 3-(2-(trifluoromethyl)phenyl)-6-trityl-6,7-dihydro-5H-pyrrolo[3,4-b]pyridine (7.8
g, 15 mmol) in dichloromethane (80 mL) and methanol (40 mL) at O °C was added
trifluoroacetic acid (20 mL) and the reaction was stirred at room temperature for 2
hours. The reaction mixture was concentrated under reduced pressure and the residue
was triturated with diethylether, decanted and dried to get the crude compound (13 g),
which was used without further purification. LCMS ES* m/z = 379.1 [M+1]".

Step 3. Allyl 3-bromopropanoate: To a solution of bromopropionyl chloride (5.0 g, 29
mmol) in dichloromethane (50 mL) was added allylic alcohol (2.6 g, 44 mmol) and
potassium phosphate tribasic (9.4 g, 44 mmol), and the reaction was stirred at room
temperature for 12 hours. The reaction mixture was quenched with water, extracted with
ethyl acetate, dried over sodium sulfate, concentrated and purified by silica gel column
chromatography (5% ethyl acetate in hexane) to give the title compound (5.0 g, 89%
yield), which was carried forward to the next step without characterization.

Step 4. Allyl 3-(3-cyano-1H-1,2,4-triazol-1-yl)propanoate: To a solution of allyl 3-
bromopropanoate (5.0 g, 26 mmol) in acetonitrile (10 mL) was added 1H-1,2,4-triazole-
3-carbonitrile (3.7g, 39 mmol) and potassium carbonate (5.4 g, 39 mmol), and the
mixture was stirred at 80 °C for 12 hours. The reaction mixture was quenched with
water, extracted with ethyl acetate, dried over sodium sulfate, concentrated and purified
by silica gel column chromatography (50% ethyl acetate in hexane) to give the title
compound (3.0 g, 56% yield). LCMS ES* m/z = 206.1 [M+1]".

Step 5. 3-(3-Cyano-1H-1,2,4-triazol-1-yl)propanoic acid: To a stirred solution of allyl 3-
(3-cyano-1H-1,2,4-triazol-1-yl)propanoate (3.0 g, 15 mmol) in dichloromethane (50 mL)
was added tetrakis(triphenylphosphine)palladium(0) (1.7 g, 1.5 mmol), morpholine
(2.0g, 15 mmol) and triphenylphosphine (3.8 g, 15 mmol), and the reaction was stirred
at room temperature for 12 hours. The reaction mixture was filtered through celite
filtered and concentrated to give crude compound. The crude compound was dissolved
in 20 ml of water and washed with ethyl acetate to remove non polar impurities, then
acidified the water layer to pH-6 with solid citric acid, then extracted with 10% MeOH in
dichloromethane. The organic layer was concentrated to give the title compound (2.2 g)
which was used without further purification. LCMS ES* m/z = 167.1 [M+1]*.
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Step 6. 1-(3-Ox0-3-(3-(2-(trifluoromethyl)phenyl)-5,7-dihydro-6 H-pyrrolo[3,4-b]pyridin-6-
yhpropyl)-1H-1,2,4-triazole-3-carbonitrile: To a solution of 3-(3-cyano-1H-1,2 4-triazol-1-
yh)propanoic acid (80 mg, 0.49 mmol) in N,N-dimethylformamide (10 mL) was added
N,N-diisopropylethylamine (150 mg, 1.2 mmol), 1-[bis(dimethylamino)methylene]-1H-
1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate (110 mg, 0.61 mmol) and 3-
(2-(trifluoromethyl)phenyl)-6,7-dihydro-5H-pyrrolo[3,4-b]pyridine (100 mg, 0.40 mmol),
and the reaction was stirred at room temperature for 12 hours. The reaction mixture was
quenched with water, extracted with ethyl acetate, dried over sodium sulfate,
concentrated and purified by silica gel column chromatography (0-20% methanol in
dichloromethane), followed by reverse-phase HPLC purification (Waters X Bridge Prep
C18 (19X150 mm, 5 py) mobile phase: 0.02% NH4OH in acetonitrile) to give the title
compound (50 mg, 25% yield) as a white solid. '"H NMR (300MHz, CDCI3) & 8.49 — 8.47
(m,1H), 8.41 (s, 1H), 7.81 - 7.78 (m, 1H), 7.63 — 7.55 (m, 3H), 7.32 — 7.30 (m, 1H),
4.88 —4.84 (m, 4H), 4.71 — 4.67 (m, 2H), 3.05 — 2.99 (m, 2H); LCMS ES* m/z=413.0
[M+1]".
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Column

: ZORBAX XDB C18 5u 150X4.6mm

Mobile phase : 0.01%TFA in water(A) , ACN(B)
Gradient : Time / % B 0/30, 1/70, 6/100, 8/100, 10/30, 12/30
Flow : 1.0 ml/min
Temp 1 40°C
mAU
] § PDA Multi 1
i “"’
5007_ ‘
250 ‘
o _ |
0.0 2[5 5!0 7[5 10|.0
min
1 PDA Multi 1/210nm 4nm
PeakTable
PDA Chl1 210nm 4nm
Peak# Ret. Time Area Height Area %
l 3.239 2163 372 0.086
2 3.564 3094 512 0.123
3 3.740 743 191 0.029
4 3.833 2459 638 0.098
5 3.990 2504426 666825 99.359
6 4.128 7694 2505 0.305
Total 2520580 671044 100.000

Preparation of 1-(2-(5-(5-Fluoro-2-(trifluoromethyl)pyridin-3-yl)isoindolin-2-yl)-2-
oxoethyl)-1H-1,2,4-triazole-3-carbonitrile (CT3).
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Step 1. tert-Butyl 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)isoindoline-2-
carboxylate: tert-Butyl-5-bromisoindoline-2-carboxylate (20 g, 67 mmol) was dissolved
in 1,4-dioxane (200 mL) and the solution was purged with argon gas for 10 minutes.
Bispinacalato diborane (34 g, 134 mmol), KOAc (26 g, 268 mmol) and Pd(PPhs)4 (7.8 g,
6.7 mmol) were added and the reaction mixture was stirred at 80 °C for 12 hours. The
reaction mixture was diluted with water, extracted with EtOAc. The combined organic
layers were washed with water (500 mL), brine (300 mL), dried over sodium sulfate and
concentrated under vacuo. The crude compound was purified by silica gel column
chromatography (10% EtOAc in n-hexane) to give the title compound (23 g, 99% yield)
as a white solid. '"H NMR (300 MHz, CDCl3) & 7.72-7.65 (m, 2H), 7.31-7.20 (m, 1H),
4.70-4.60 (m, 4H), 1.40 (s, 9 H), 1.37 (s, 12H).

Step 2. tert-Butyl 5-(5-fluoro-2-(trifluoromethyl)pyridin-3-yl)isoindoline-2-carboxylate:
tert-Butyl 5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)isoindoline-2-carboxylate (5.6 g,
16 mmol) was dissolved in 1,4-dioxane:H20 (8:2) (100 mL), purged with argon gas for
10 minutes, KsPOa4 (8.7 g, 41 mmol), 3-bromo-5-fluoro-2-(trifluoromethyl)pyridine (4.0 g,
16 mmol) and Pd(dppf)Cl2.DCM (1.3 g, 1.6 mmol) were added and the reaction mixture
was stirred at 100 °C for 3 hours. The reaction mixture was diluted with water, extracted
with EtOAc twice. The combined organic layers were washed with water (300 mL), brine
(300 mL), dried over sodium sulfate and concentrated in vacuo. The crude compound
was purified by silica gel column chromatography (25% EtOAc in n-hexane) to afford
titte compound (3.0 g, 48% yield) as a brownish solid. '"H NMR (300 MHz, CDCl3) & 6
8.56 (d, J = 2.4 Hz, 1H), 7.50-7.32 (m, 2H), 7.32-7.15 (m, 2H), 4.75 (s, 2H), 4.71 (s, 2H),
1.52 (s, 9H); LCMS ES* m/z = 282.8 [M-Boc+1]*.

Step 3. 5-(5-Fluoro-2-(trifluoromethyl)pyridin-3-yl)isoindoline, trifluoroacetic acid salt:
tert-Butyl 5-(5-fluoro-2-(trifluoromethyl)pyridin-3-yl)isoindoline-2-carboxylate (3 g, 7.7
mmol) was dissolved in dichloromethane (15 mL) and trifluoroacetic acid (15 mL) was
added at 0 °C. The reaction mixture was stirred for 1 hour and concentrated under
vacuo. The crude compound was purified by 10% diethyl ether in n-pentane washings
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to afford title compound (3.0 g) which was used without further purification. LCMS ES*
m/z = 282.9 [M-TFA+1]".

Step 4. 1-(2-(5-(5-Fluoro-2-(trifluoromethyl)pyridin-3-yl)isoindolin-2-yl)-2-oxoethyl)-1H-
1,2,4-triazole-3-carbonitrile: To a stirred solution of 5-(5-fluoro-2-(trifluoromethyl)pyridin-
3-yl)isoindoline trifluoroacetic acid salt (3.0 g, 7.6 mmol) and 2-(3-cyano-1H-1,2,4-
triazol-1-yl)acetic acid (7.3 g, 48 mmol) in dichloromethane (45 mL) were added N,N-
diisopropylethylamine (4.9 g, 39 mmol), propyl phosphonic anhydride (T3P) (50%
EtOAc solution) (6.3 mL, 9.8 mmol) at 0 °C and stirred at room temperature for 3 hours.
The reaction mixture was diluted with water, extracted with dichloromethane twice. The
combined organic layers were washed with water (200 mL), brine (150 mL), dried over
sodium sulfate and concentrated in vacuo. The crude compound was purified by silica
gel column chromatography using (70% EtOAc in n-hexane) to afford the title
compound (2.5 g, 79% yield) as a white solid. "H NMR (600 MHz, DMSO-d6) & 8.89
(dd, J=6.0 Hz and 1.8 Hz, 1H), 8.84-8.82 (m, 1H), 7.99 (t, J = 8.6 Hz, 1H), 7.54-7.51
(m, 1H), 7.45 (s, 1H), 7.36 (d, J = 7.8 Hz, 1H), 5.53 (s, 2H), 5.04 and 5.02 (s, 2H), 4.77
and 4.75 (s, 2H); LCMS ES* m/z = 416.7 [M+1]*.
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COLUMN :ZORBAX C18 150X4.6mm 5.0pn

FLOW RATE :1.0 ml/min
MOBILE PHASE :0.01% TFA in water (A)/ ACN:MEOH (1:1) (B)
TEME :40°C
GRADIENT $0/45; 1/5:6/100:8/100:10/5;12/5
DILUENT :ACN: WATER
—>
*DAD1 A, Sig=210,4 Ref=off
mAU %
500 ] ™
400 ‘
300 |
] |
200 |
100 £|\
] < |
04— o B —
e e e e e T
2 4 B 8 10 min

Signal 1: DAD1 A, Sig=210,4 Ref=off

| Peak | RT | Width | Area |Area % |
[ # | [min] | [min] |-——77—- i |
|— = it | \ \
| 1] T045 ] 0.8 L “E.dlZ| 200
| 24 7.173| 0.056]1.951=3| 99.437|
| 3 T7.2671 0,026 ©.9297 0.353]

Preparation of 2-(3-Cyano-1H-1,2,4-triazol-1-yl)-N-((5-(2,4, 5-trifluorophenyl)furan-2-
yl)methyl)acetamide (CT4).

F

Br.
0 Step 1 Br_o Nﬁ/CN Step 2
AN o S G
Hy H _jgg_ =

F

o) N
l Y H _<g_N\;Ir
Step 1. N-((5-Bromofuran-2-yl)methyl)-2-(3-cyano-1H-1,2,4-triazol-1-yl)acetamide: 2-(3-
Cyano-1H-1,2,4-triazol-1-yl)acetic acid (310 mg, 2.0 mmol) and 2-(3H-
[1,2,3]triazolo[4,5-b]pyridin-3-yl)-1,1,3,3-tetramethylisouronium hexafluorophosphate
(1550 mg, 4.1 mmol) were dissolved in N,N-dimethylformamide (6 mL) and the reaction
was stirred at 25 °C for 20 minutes before adding a solution of (5-bromofuran-2-

yl)methanamine (476 mg, 2.24 mmol) and N,N-diisopropylethylamine (1.1 mL, 6.1
mmol) in N,N-dimethylformamide (1 mL). The reaction was quenched with water,

CN
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extracted with EtOAc, dried over Na2SO4, filtered, concentrated and purified by reverse-
phase HPLC purification (Waters X Bridge Prep C18 (19x150 mm, 5 ym) mobile phase:
0.02% NH4OH in acetonitrile) to give the title compound (80 mg, 13% vyield). LCMS ES*
m/z = 311.9 [M+1]".

Step 2. 2-(3-Cyano-1H-1,2,4-triazol-1-yl)-N-((5-(2,4,5-trifluorophenyl)furan-2-
yl)methyl)acetamide: N-((5-Bromofuran-2-yl)methyl)-2-(3-cyano-1H-1,2,4-triazol-1-
yl)acetamide (40 mg, 0.13 mmol), (2,4,5-trifluorophenyl)boronic acid (45 mg, 0.26
mmol), and cesium fluoride (32 mg, 0.26 mmol) were dissolved in 1,4-dioxane (3 mL)
and water (0.75 mL). Reaction mixture was degassed with argon for 5 minutes before
adding Pd(PPhs)4 (15 mg, 0.013 mmol). The reaction mixture was heated at 80 °C for 4
hours, and then quenched with water, extracted with EtOAc, dried over Na2SOy, filtered
and concentrated. The crude mixture was purified by reverse-phase HPLC (Sunfire,
mobile phase 0.01% HCOOH in acetonitrile) to give the title compound (24 mg, 51%
yield) as a white solid. '"H NMR(400MHz, DMSO-d6) & 8.93 (t, J = 5.4Hz, 1H), 8.91 (s,
1H), 7.80 — 7.65 (m, 2H), 6.85 (t, J = 3.5Hz, 1H), 6.49 (d, J = 3.4Hz, 1H), 5.16 (s, 2H),
442 (d, J = 5.5Hz, 2H); LCMS ES* m/z = 361.9 [M+1]".

Parameter \aiue __

1 Sawvent DMS0 13— :\ /EI“N/ \N

2 Temperature 301.4 E\ 17 ,'Jfl \ /NH,__‘_Y 1 4
T ) 14 e # 8 A \ !

3 Pulse Sequence 2930 3 \1,_/ ~ 10 \\ N=—1

4 Experiment 1D J‘,‘I ,( o} o 2 N

5 Number of Scans 16 18 'R - ] x

R

6 Relaxation Delay 1.0000 f N \N

7 Acquisition Date 2015-05-18T11:53:00 3:, 28

B Spectrometer 400.13

Frequency
9 Nucleus iH

| | ] J | Uw| 4

o
il
=
~N

E.ﬂﬂ}
205
202

i)
=

1 oa1

T T 1 T T T T T 1 : r T 1 T T T T T T
0.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0
f1 (ppm)

'H NMR (400 MHz, DMSO-d;) 6 893 {1, J = 5.4 Hz, 1H), 891 {s, 1H), 7.80— 7.65 (m, 2H), 6.85 {1, /= 3.5 Hz, IH), 6.49 {d, J=3.4 Hz, 1H), 5.16 (s, 2H), 4.42 (d, J = 5.5 Hz, 27H).
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Colomn
Mobile Phase

Zorbax ,

Cl

8

;, (150*%4.6mm), 5 micron
0.01% TFA IN WATER & ACETONITRILE

GRADIENT Time/%B 0/8; 1/5:; 6/100; 8/100:; 10/5; T12/5
Flow 1.0 mL/min
Temperature 40°C
*DAD1 A, Sig=210.4 Ref=off
mAU ] L3
; 3|
1200 o]
1000 \
800 ‘
600
400 l
200 g e 3
] ) > P
0] — —— 4, B
‘ : | : | . ‘ ‘ : ‘ . ‘ : . ‘ .
0 2 4 6 8 10 min
Signal 1: DAD1 A, Sig=210,4 Ref=off
|Peak| RT | Width | Area |Area % |
L4 1) [miEnl | [WE6] |- [~
R R | \ \
| 1] 5.646| 0.057| 14.698| 0.330]
| 2| 6531 | 0.054| 14.083] 0 3716 |
| 3 6.656 0.054] 34335] 0 075 |
| 4] 6.720] 0.057] 9.030] 0.203 |
| 5] 6.942 | 0.05314.397e3| 8.779|
| 6] 7.038] 0.032 | I13.7197]| 0.296|

Preparation of 1-(2-Oxo-2-(5-(2-(trifluoromethyl)pyridin-3-yl)isoindolin-2-yl)ethyl)-1H-
1,2,4-triazole-3-carbonitrile (CT)).
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Step 1. 3-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(trifluoromethyl)pyridine: A
250 ml sealed tube of 3-bromo-2-(trifluoromethyl)pyridine (7.0 g, 31 mmol) in 1,4-
dioxane (70 mL) was purged with argon gas for 10 minutes and bispinacalato diborane
(8.6 g, 34 mmol), KOAc (6.1 g, 62 mmol) and Pd(dppf)Cl2.DCM (1.3 g, 1.5 mmol) were
added and the reaction mixture was stirred for 16 h at 100 °C. The reaction mixture was
diluted with water, extracted with EtOAc twice. The combined organic layers were
washed with water (300 mL), brine (300 mL), dried over sodium sulfate and
concentrated under vacuo. The crude compound was purified by silica gel column
chromatography (10% EtOAc in n-hexane) to afford title compound (7.0 g, 83% yield) as
a brownish solid. '"H NMR (300 MHz, CDCls) & 6 8.72-8.70 (m, 1H), 8.10-8.00 (m, 1H),
7.50-7.42 (m, 1H), 1.37 (s, 12H); LCMS ES*™ m/z = 274.0 [M+1]".

Step 2. tert-Butyl 5-(2-(trifluoromethyl) pyridin-3-yl) isoindoline-2-carboxylate: A 250 ml
sealed tube with tert-butyl 5-bromoisoindoline-2-carboxylate (7.0 g, 23 mmol) in 1,4-
dioxane:H20 (8:2) (100 mL) was purged with argon gas for 10 minutes. KsPO4 (12 g, 59
mmol), 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2-(trifluoromethyl)pyridine (7.0 g,
26 mmol) and Pd(dppf)Cl2.DCM (1.9 g, 2.3 mmol) were added and the reaction mixture
was stirred for 5 hours at 100 °C. The reaction mixture was diluted with water, extracted
with EtOAc twice. The combined organic layers were washed with water (300 mL), brine
(300 mL), dried over sodium sulfate and concentrated under vacuo. The crude
compound was purified by silica gel column chromatography (25% EtOAc in n-hexane)
to afford title compound (6.0 g, 70% yield). '"H NMR (300 MHz, CDCI3) 65 8.73 (d, J =
3.6 Hz, 1H), 7.72 (d, J = 7.8 Hz, 1H), 7.56-7.51 (m, 1H), 7.38-7.28 (m, 1H), 7.25-7.17
(m, 2H), 4.75 (s, 2H), 4.71 (s, 2H), 1.52 (s, 9H).

Step 3. 5-(2-(Trifluoromethyl) pyridin-3-yl) isoindoline, trifluoroacetic acid salt: tert-Butyl
5-(2-(trifluoromethyl)pyridin-3-yl)isoindoline-2-carboxylate (6.0 g, 16 mmol) was
dissolved in dichloromethane (20 mL) and trifluoroaceticacid (15 mL) was added at 0°C.
The reaction mixture was stirred for 2 hours and concentrated under vacuo. The crude
compound was purified by 10% diethyl ether in n-pentane washings to afford title
compound (7.0 g) which was used without further purification. LCMS ES* m/z = 264.9
[M-TFA+1].

Step 4. 1-(2-Oxo0-2-(5-(2-(trifluoromethyl)pyridin-3-yl)isoindolin-2-yl)ethyl)-1H-1,2,4-
triazole-3-carbonitrile: To a stirred solution of the 5-(2-(trifluoromethyl) pyridin-3-yl)
isoindoline, trifluoroacetic acid salt (7.0 g, 19 mmol) and 2-(3-cyano-1H-1,2,4-triazol-1-
yhacetic acid (7.3 g, 48 mmol) in dichloromethane (100 mL), N,N-diisopropylethylamine
(12 g, 97 mmol) and propyl phosphonic anhydride (T3P) (50% EtOAc solution) (14.5
mL, 23 mmol) were added at 0°C and stirred at room temperature for 1 hour. The
reaction mixture was diluted with water, extracted with dichloromethane twice. The
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combined organic layers were washed with water (200 mL), brine (150 mL), dried over
sodium sulfate and concentrated under vacuo. The crude compound was purified by
silica gel column chromatography (50% EtOAc in n-Hexane) to afford the title
compound (3.1 g, 40% yield) as a grey solid. '"H NMR (400 MHz, DMSO-d6) 6 8.90 (d, J
= 4.3 Hz, 1H), 8.80 (d, J = 4.6 Hz, 1H), 7.99-7.91 (m, 1H), 7.86-7.77 (m, 1H), 7.52 (d, J
=7.8 Hz, 1H), 7.42 (s, 1H), 7.33 (d, J= 7.8 Hz, 1H), 5.53 (d, J = 1.8 Hz, 2H), 5.04 (d, J
=6.4 Hz, 2H), 4.77 (d, J = 10.3 Hz, 2H); LCMS ES* m/z = 399.0 [M+1]*.

Pulse Sequence: PROTON (sZpul)
Solvent: cdel3
Data collected on: May 9 2017

0.86F
0.79=c
g.91-¢

1.00-€
1tk
i
*

ER- 1=

o
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Column
Mobile Phase
GRADIENT
Flow

Temperature

Zorbax,

L=

Time/%B::

1.0 mL/min

40

°c

B= ACETONITRILE
0/30,2/40,5/90,7/100,9/100,10/30,12/30

C 18 5p 150x4.6MM
0.01% TFA inWater,

*DAD1 A, Sig=2104 Ref=off

mAU 1 ©
1 b
600 u)‘
500 ‘
400 ‘
300
200 ‘
100+ 5 2 90 g 5
] @ o N ™~
0] 8 R T G N ™
7| T ‘ T T T T T ‘ ‘
0 2 6 10 min|
Signal 1: DAD1 A, Sig=210,4 Ref=off
| Peak | RT | Width | Area |Area % |
['# | [min] | [min] | | |
| === == | = |-—————- | —=-—- |
| 1] 2.937|] 0.110] 5.791| 0.232]
| 2] 4.658| 0.068| 16.339| 0.653]
| 3] 5.058| 0.092] 1.044| 0.042]
| 4] 5.246| 0.064] 0.135] 0.005]
| 5] 5.402| 0.017| 0.377] 0.015]
| 6 5.476| 0.062]2.452e3| 98.064|
| 71 5.611| 0.054| 12.012| 0.480]
| 3| 6.103] 0.103] 3.141| 0.126]
| 9| 6.209] 0.070] 5.358| 0.214]
| 10} 7.626| 0.092| 3.616| 0.145]
|11 7.791| 0.070] 0.609| 0.024]
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Figure S1. Pan kinetoplastid activity of CT compounds. (A) Positive correlation
between growth inhibition (pECso) of T. b. brucei bloodstream form parasites and
intracellular T. cruzi parasites (n=59; Pearson correlation coefficient, r = 0.9). The
dashed black line represents equimolar potency and the dashed grey lines represent
10-fold lower and higher potency. (B) Positive correlation between growth inhibition
(PECso) of intracellular T. cruzi and L. donovani axenic amastigote parasites (n=47;
Pearson correlation coefficient, r = 0.4). No correlation was observed between parasite
growth inhibition and cytotoxicity (pCCso) of 3T3 fibroblast (C) or HepG2 hepatic cells

(D).
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Figure S2. Experimental anti-parasitic properties of CT3. (A) Time to kill of CT3 of
intracellular T. cruzi parasites. Data represent the mean + SEM of three independent
biological replicates, where the rate of kill was calculated after comparing each
treatment point to a drug-free control over 120 hours. An experimental curative
benznidazole dose was used as an active control (AC). (B) Required absolute
concentration (ACcure) of CT3, benznidazole and posaconazole to achieve sterile cure of
intracellular T. cruzi parasites after four and eight days of incubation. Data correspond
to three independent in vitro experiments, the absence of motile parasites by live
microscopy after 25 days of monitoring was considered no relapse. (C) Time to Kill
analysis of CT3 against of bloodstream form of T. b. brucei parasites. The data
represent the mean + SEM (n=3 independent biological replicates). With both parasites,
note the concentration and time-dependent killing by CT3. (D) The absolute
concentrations (ACcure) required to achieve sterile cure under in vitro conditions of
bloodstream form of T. b. brucei parasites with six and 24-hour incubation of CT3,
acoziborole and fexinidazole. Luminescence relative units (RLU) of a curative
concentration of melarsoprol were used as a threshold for determining the “no relapse”
point in treated samples. Data correspond to 3 independent experiments.
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Figure S3. Pharmacokinetic analysis of CT3. (A) PK analysis of CT3 in a chronic
Chagas mouse model. Total and free blood concentration of CT3 at various timepoints,
after the last dose are presented. Three mice were bled at each time point and the data
represents mean = standard deviation. Free blood concentration was calculated using
mouse plasma protein binding (96%). Note the free blood concentration of CT3 was
above ECso for ~17 hours, above ACcure (absolute concentration required to achieve
relapse-free cure in vitro)-4 days for ~7 hours and ACcure-8 days for ~10 hours. The
potency values were highlighted using horizontal dotted black lines. ACcure for 4 days
(10x ECs0 = 800 nM) and 8 days (5x ECso = 400 nM) were derived from Fig S2B. (B) PK
analysis of CT3 from a stage || HAT mouse model. Total blood and free brain
concentration of CT3 at various time points, after dosing are presented. At each time
point 3 mice were bled and the data represents mean + standard deviation. Free brain
concentration was calculated taking into consideration the brain to plasma ratio (0.7),
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mice plasma protein binding (96%) and rat brain tissue binding (91.8%). Note the free
brain concentration of CT3 was above fECso for ~24 hours, above fACcure (24h) for ~6
hours. The ACcure values for 6 hours (30x ECso = 5400 nM) and 24 hours (10x ECso =
1800 nM) were derived from Fig S2B. The fECso and fACcure for T. b. brucei were
calculated using media protein binding (50%) as the culture media had 20% fetal bovine
serum. The time above potency of free compound concentration were derived from the
PK plots.
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Figure S4. CT3 efficacy in mouse models of trypanosome infection. (A) In vivo
efficacy of CT3 in a mouse model of acute Chagas disease. At 14 days post-infection
(DPI) with the T. cruzi CL Brener luciferase strain, each experimental group (three mice)
was dosed orally for five days with vehicle control, 100 mg.kg™! once daily (QD)
benznidazole, or 30 mg.kg' QD of CT3. At various time points, parasite load was
measured by imaging the mice after administering 150 mg.kg™! D-luciferin. One mouse
from the benznidazole group and the entire CT3 group were immunosuppressed on
days 28, 32, and 36 using cyclophosphamide (200 mg.kg™! intraperitoneally). CT3
outperforms benznidazole as a treatment for experimental T. cruzi infections as all mice
relapsed in the benznidazole-treated group, while all mice treated with CT3 remained
parasite-free. (B) In vivo efficacy of CT3 in the hemolymphatic mouse model of HAT.
Three days post-infection with the T. b. brucei STIB975 strain, three mice received a
vehicle control, and six mice each were treated with 3 or 10 mg.kg™' CT3 once daily for
four days, or with single doses of 20 or 40 mg.kg-'. Mice were monitored using in vivo
imaging and direct parasitemia counting by microscopy until 32 DPI. A cure plot
(Kaplan-Meier plot) showing the percentage of mice cured over time is shown. Mice
treated with 10 mg.kg™' QD for 4 days or a single dose of 40 mg.kg' showed relapse
free cure. (C) In vivo efficacy of CT3 in a meningoencephalitis mouse model of HAT. At
21 DPI with bioluminescent T. b. brucei GVR35, three mice were treated
intraperitoneally with one dose of 40 mg.kg' diminazene (negative control) and six mice
each were treated orally with CT3 at 10 mg.kg™' QD or twice daily (BID) for seven days.
Parasitemia levels were monitored by imaging mice injected with D-luciferin (150 mg.kg
', intraperitoneally). Diminazene treated mice relapsed on day 42 and were humanely
sacrificed. Mice treated with 10 mg.kg™' CT3 BID showed complete parasite clearance
(day 61 and 90), whilst two out of six mice treated with in the 10 mg.kg™! QD treated
group showed a slight bioluminescent signal on day 61 and 90. However, this signal
was undetectable in subsequent imaging and no parasitemia relapse occurred by the
end point at day 168.
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Figure S5. Phenotypic impact of CTs (A) CTs perturb nuclear DNA replication of
trypanosomatid parasites. Microscopic images of T. b. brucei incubated with 5x ECso of
CT1 (800nM), CT3 (900nM) and CT5 (650nM) for six hours. Note that nuclear staining
using DAPI showed an increased presence of 2K1N parasites compared to no drug
control. The increase in 2K1N was statistically significant as analysed by 2 way ANOVA
with Dunnett’'s multiple comparison test (** p<0.0011; **** p<0.0001). (B) CTs induce a
DNA damage response in trypanosomatid parasites. Immunoblotting using yH2A
antibodies using whole-cell protein extracts of T. b. brucei incubated with MMS
(0.0003% v/v), a known DNA damaging agent and CT1. Note the increased yH2A
protein in cells treated with CT1 and MMS, whilst the loading control EF1a remains
unchanged.
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Figure S6. Untargeted metabolomics profile showing increased deoxynucleotides

5 in T. b. brucei incubated with CT1. Heatmap of the fold-change in relative abundance
of each nucleotide metabolite identified by untargeted metabolomics of T. b. brucei
treated with 5x ECs0 of CT1 (800 nM) (A), CT3 (850 nM) and CT5 (1000 nM) (B)
compared to the respective mean abundance in the control group [no drug control
(DMSO only); n=4]. Shown are 4 independent biological replicates, with the color

10 gradient scale depicting the log1o of the fold-change and plotted as a heatmap using

GraphPad Prism.
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Figure S7. CT mutants are resistant to CT compounds. Concentration-response
curves for T. b. brucei wild type (WT) and CT-resistant bloodstream forms in the
presence of increasing concentrations of CTs. Mutants showed a significant ECso shift
(represented in fold-over WT, left panel) when treated with CT compounds, compared to
an unrelated proteasome inhibitor (GNF6702), CLK1 inhibitor (AB1) and suramin, a
known anti-trypanosomal agent. Representative ECso curves are shown for CT1, CT3
and CT5 (right panel). ECso values of two biological replicates were calculated from
concentration-response curves performed in duplicate after nonlinear fitting with

GraphPad Prism.
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Figure S8. Sanger sequencing of T. b. brucei topolla from wild-type and CT

mutant strains. (A) Sanger sequencing of mutants CT1.1, CT1.2 and CT4.1 showing

homozygous mutation F540L in T. b. brucei topolla. CT5.1 shows homozygous

mutation G598S, whilst CT5.2 shows homozygous mutations L491F and S492N in
topolla. (B) Multiple heterozygous mutations in topolla were seen in mutant CT4.2.

These mutations resembled fopoll sequence.
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Figure S9. Multiple sequence alignment of T. b. brucei Topolla and Topollp. Black
traingle symbol below amino acids highlight the homozygous mutations seen in CT
mutants (CT1.1, CT1.2, CT4.1, CT5.1 & CT5.2). Blue filled circles below amino acids

represent the heterozygous mutations seen in CT4.2 mutant. Sequences were aligned
using CLC Genomics workbench.
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Figure S10. Multiple sequence alignment of topoisomerases Il sequences. For the
sequence alignment, sequences with the following Uniprot identifiers were used: T. b.
brucei (Q2PQ59), T. cruzi (Q4DES3), L. donovani (E9BJWS5), S. cerevisiae (P06786), H.
sapiens (P11388). Sequences were aligned using Clustal Omega and visualized using
ESPript.
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Figure S11. CRISPR Cas9 mutants of topolla in T. b. brucei. (A) Schematic

representation of parental and CRISPR topolla. (B) T. b. brucei strain (427-2T1t7-cas9),
5 with constitutive transcription of a pT7 sgRNA construct targeting the F540 locus of the

topolla gene for cleavage on induction of Cas9 expression, was transfected with a

repair template oligonucleotide introducing the F540L mutation. Transfectants were

selected in a normally lethal concentration of CT1 and their growth profile over a period

of 168 hours is shown. Note the growth of T. b. brucei cells in the presence of CT1 after

10 96 hours of incubation.
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Figure S12. Biochemical characterization of CT3 in DNA cleavage assay. Full-
length T. cruzi Topoll was incubated with supercoiled DNA (ScDNA) in the presence of
varying concentrations (uM) of CT3, and the ability to induce dsDNA breaks (in the
absence of ATP) was measured by running products on a 1.2% agarose gel. The
experiment was conducted with two biological replicates; one of the representative
images is shown. Note that CT3 caused concentration dependent increase in levels of
linear double-strand DNA (asterix).
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Fig. S13. Biochemical characterization of CT1 inhibition using T. cruzi
topoisomerase Il. Full-length T. cruzi Topoll was incubated with supercoiled DNA
(ScDNA) in the presence of varying concentrations (uM) of CT1, and the ability to
induce dsDNA breaks in the absence (A) and presence (B) of ATP was measured by
running products on a 1.2% agarose gel. T. cruzi topo Il has shown a robust relaxation
of supercoiled DNA in presence of ATP, one of the relaxed topoisomer band overlaps
with linear double stranded DNA. The experiment was conducted with two biological
replicates; one of the representative images is shown. Note that CT1 caused
concentration dependent increase in levels of linear double-strand DNA (asterix).
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Figure S14. Human TOP2A relaxation activities were not affected by CT. Human
TOP2A cleavage assay to specifically address whether there is formation of double
stranded break upon addition of CTs. In the absence of TOP2A, there are two bands
appearing on the gel. The upper band corresponds to the nicked open circular DNA
whereas the bottom band represents the negatively supercoiled DNA. In the presence
of TOP2A, the negatively supercoiled band was relaxed and in the presence of ethidium
bromide, it was running slightly faster than the negatively supercoiled DNA. The
presence of etoposide (25, 50 uM) acts as a poison and a linear DNA band was
observed in the middle of the gel. In the presence of various concentration of CT1 and
CT3 (1 uM, 10 uM, 30 uM and 100 uM), there is no presence of linear DNA. All the
experiments were performed with biological duplicates and the representative gel image
shown above.
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Figure S15. Structure determination using cryo electron microscopy. (A)
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Representative electron micrograph (B) The final reconstruction shows an average
resolution of 2.94 A, determined by Gold Standard Fourier Shell Correlation with a cutoff
of 0.143 (C) Euler distribution plot (D) Representative 2D classes of tilted (top row) and
untilted (bottom row) data (E) .Histogram of directional FSC calculated by 3DFSC (F)
Flowchart of the single particle EM analysis
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Figure S16. CT1 binds to the DNA cleavage site of T. cruzi Topoll. (A)
Representative section around the CT1 binding site shows the experimental EM map.
(B) CT1 (shown in cyan) binds to the same binding site as the bacterial gyrase inhibitor
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fluoroquinolone levofloxacin (shown in yellow), here superimposed from 5EIX on the Tc
Topoll DBD-DNA cryo-EM complex structure bound to CT1. (C) Local resolution of
cryo-EM map as determined by ResMap. Box indicates approximate section depicted in
panel D. (D)The EM density unambiguously reveals the binding mode of CT1 and
shows continuous EM density with cysteine C477 colored by local resolution supporting
a covalent binding mode. (E) Model-to-Map FSC, with resolution at 0.5 FSC cutoff
denoted
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Table S1. Growth inhibition activity of cyanotriazoles against apicomplexan
parasites and bacterial pathogens.

Compounds CTO CT1 CT3 CT4 CT5
Apicomplexan parasites (ECso in uM)

Plasmodium falciparum 3D7 >10 >10 5.85 >10 >10
Cryptosporidium parvum ntd > 20 > 20 > 20 nt
Bacterial pathogens (MIC in uM)

Pseudomonas aeruginosa

20 > 200 nt nt > 200 > 200
Escherichia coli 72imp > 200 nt nt > 200 > 200
E. coli 70 > 200 nt nt > 200 > 200
Staphylococcus aureus 80 > 200 nt nt > 200 > 200
P. aeruginosa 40 > 200 nt nt > 200 > 200
P. aeruginosa 19 > 200 nt nt > 200 > 200
Klebsiella pneumonia 01 > 200 nt nt > 200 > 200
E. coli 77 > 200 nt nt > 200 > 200

ant: not tested; all values are in uM

76



Table S2. In vitro and in vivo pharmacokinetic properties of cyanotriazoles.

CTO0 CT CT3
Physicochemical properties
Molecular weight 332.3 398.3 416.3
cLogP 0.7 0.86 1.15
HBA 8 7 7
In vitro pharmacokinetic properties
Permeability (MDR MDCK) A-B / ER nt 13/0.7 14.3/0.81
Microsomal clearance Clint (M /R/H) 24.4128.3/ <25/<25/ <25/<25/
245 <25 <25
Mouse plasma protein binding (%) 82 90.9 96
Rat brain tissue binding (%) 91.2 93.5 91.8
In vivo pharmacokinetic properties (mice)
Dose i.v. / p.o. (mg.kg™) 1/50 1/25 1/2
Clearance (mL.min-'.kg") 14.4 235 6.06
Volume of distribution (L.kg™") 3.04 2.1 1.12
Exposure, AUC (POPK, nM*h) 723 33914 13300
Cmax (POPK, nM) 7863 5763 2500
Tmax (h) 2 0.75 0.5

cLogP: calculated lipophilicity; HBA: hydrogen bond acceptors; nt: not tested; The intravenous (i.v.) PK
parameters were obtained by dosing animals with solution formulation (NMP:4%BSA in PBS (10:90 v/v);
per oral (p.o.) PK parameters were obtained by dosing with suspension formulation
(Methylcellulose:Tween80:Water (0.5:0.1:99.4 w/w/v)); Cmax, maximum concentration achieved; Tmax,
time of peak concentration, AUC, area under the curve.
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Table S3. Activity of CTs against DNA repair system knock out mutants of T. b.
brucei.

Compounds ECso (nM)
2T1WT BRCA2 RAD51
Mean + SE Mean + SE KO/WT ratio Mean + SE KO/WT ratio
CT1 169.5+1.0 88.9+5.8 0.52" 77827 0.46™
CT3 162.9+1.2 93.2+4.2 0.57" 80429 0.49”
CT4 309+1.9 122+0.6 0.39” 10.8 £ 0.7 0.357
CT5 179+ 4.4 105.9+3.7 0.59” 93.2+3.9 0.52™
Melarsen 26.5+4.1 39.9+46 1.51ns 427+64 1.61ns
Oxide

Pentamidine 3.1+£05 6.8+1.2 2.23m 49+0.3 1.59ns

ECso concentrations are represented as mean + standard error (SE); 2T1 WT: T. b. brucei 2T1 wild-type
strain; BRAC2 KO: T. b. brucei BRCA2 knock out strain; RAD51 KO: T. b. brucei knock out strain.
Melarsen oxide and pentamidine are anti-trypanosomal agents. Statistical analysis using student t-test
comparing respective knock out strain vs 2T1 wild-type ECso; **: p<0.01; ns: non-significant p>0.05.
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Table S4. Chemical structures and profiles of other cyanotriazole molecules used
for selection of mutants, metabolomics and biochemical studies.

F.

N
B N = N =
I N, { L7 _{ =N %{ =N
CT2 CT4 CT5
CT2 CT4 CT5

In vitro anti-parasitic activity ECso (nM)
T. brucei 33,410 + 2300 3017 130 £ 63
T. brucei gambiense >50, 000 47 +1 25+ 16
T. brucei rhodesiense >50,000 45+ 5 44 £ 5
T. cruzi 6,000 + 395 11+3 73+19
L. donovani nt 65 + 31 247 + 115
Cytotoxicity CCso (nM)
HepG2 >50,000 >50,000 >50,000
NIH 3T3 4,100 >20,000 >20,000

nt: not tested; HepG2: human hepatocellular carcinoma cells; NIH 3T3: fibroblast cells
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Table S5. Growth inhibition activity of CTs against T. b. brucei 2T1 cells
expressing RNAi construct targeting topolla

Compound ECso (nM)
RNAi 0.125 ng.mL"" dox 0.25 ng.mL"" dox 0.5 ng.mL"" dox
uninduced
Mean + SE Mean+ SE Res. F Mean + SE Res. F Mean + SE Res. F
CT1 65.9+3.4 96.8+6.8 1.5 160.2 £ 27.2 24 229.3+45 3.5"
CT3 67.3+3.3 101.9+29 1.57 170+ 12.6 25" 216.1+7.8 3.2"
CT4 13.7+1.2 18.5+0.8 1.4~ 221+22 1.6" 30.3+23 227
CT5 77.7+34 108.5+ 3.9 1.4~ 176 £ 22 2.3 214.6 £ 10.1 2.8"
Suramin 63.5+25 67.2+26 1.1ns 64.2+34 1.0ns 67.8+3.2 1.1ns

ECso concentrations are represented as mean + standard error (SE); Res. F: Resistance factor indicates
shift in ECso with Th fopolla RNAI induction by increasing concentrations of doxycycline. Statistical

analysis using student t-test comparing unindiuced vs induced ECso; *: p<0.05; **: p<0.01; ns: non-
significant p>0.05.
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Table S6. Cryo-EM data collection, refinement and validation statistics

Topoll DNA domain bound to double stranded DNA and CT1

Data collection and processing

EMDB ID

Microscope

Magnification (nominal)

Magnification (calibrated)

Voltage (kV)

Total electron exposure (e-/A2)

EER fractionation

Pixel size (A)

Automation software

# of particles in final map

Resolution at 0.143 FSC (masked/unmasked)
Resolution at 0.5 FSC (masked/unmasked)
Resolution half-bit FSC (masked/unmasked)

Local resolution range for voxels covered by
atomic model

3DFSC Sphericity value
Map sharpening B factor (A2)

Detector

Defocus range (um)
Exposure rate (e-/pixel/s)

# Micrographs used

Total # of extracted particles

Total # of refined particles

Refinement
Initial Alphafold model used
PDB-ID
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EMD-29930
ThermoFisher Titan Krios G2

75000
165680
300
50
50
0.845
EPU 3.0
179787
2.94/3.36
3.29/3.9
2.96/3.45
2.0-5.2
0.931
115.4
30° tilted data untilted data
ThermoFisher Falcon 4i ThermoFisher Falcon 4
-14t0-18"* -0.6t0-2.0
9.23 8.74
3014 2220
955991 703407
343936 280556
6

AF-Q4DE53-F1
8GCC



Model composition

Non-hydrogen atom 11705

protein residues 1414

DNA 48

ligands 2
Atomic modeling refinement package(s) Phenix 1.20
CCvolume/CCmask 0.83/0.85
B factors

protein residues 45.86

DNA 52.27

Ligands 32.79
RMSD

Length (A) 0.004

Angles (°) 0.507
Molprobity score 1.79
All-atom clashscore 4.7
Rotamer outliers (%) 2.54

Ramachandran percentiles (%)

Favored 96.43
Allowed 3.57
Outliers 0.00
CaBLAM ouitliers (%) 1.29
EMRinger score 3.46

* for central foil hole in 3x3 group
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Table S7. In vitro pre-clinical safety profiling

hERG activity ICs0 (uM) | Kinases ICs0 (uM)
Binding >30 CDK4 >30
Qpatch 14.2 DMPK >30
Patch Clamp Nac1.5 Quattro (Sodium current) >50 EGFR >30
Patch Clamp Cac1.5 Quattro (Calcium current) >50 EPHA4 >30
GPCRs* ERBB2 >30
5HT1a (Serotonin 5-HT 1A receptor) >30 FGFR2 >30
5HT2b_agonist (Serotonin 5-HT2b receptor) >30 FGFR4 >30
Al1a_agonist (Adrenergic a1A receptor) >30 Fit-1 >30
Al1a_antagonist (Adrenergic a1A receptor) >30 GRK1 >30
Al2a (Adrenergic a2A receptor) >30 GSK3b >30
D1 (Dopamine D1 receptor) >30 IGF1R >30
D3 (Dopamine D3 receptor) >30 INSR >30
H3 (Histamine H3 receptor) >30 JAK1 >30
M1_agonist (Muscarinic M1 receptor) >30 JAK2 >30
M1_antagonist (Muscarinic M1 receptor) 14.4 JAK3 >30
TP_agonist (Prostanoid TP) >30 KDR >30
TP_antagonist (Prostanoid TP) 14.6 KIT >30
Nuclear receptors* LCK >30
AR (agonist) >30 MAP14 >30
Era (Estrogen receptor) 26.7 MAPK1 >30
PR-B (Progesterone receptor) 11.7 MAPKAPK2 >30
Transporters* MAPKAPK5 >30
DAT (Dopamine transporter) >30 MET >30
SHTT (Serotonin transporter) 28.5 MKNK2 >30
NET (norepinephrine transporter) (antagonist) >30 PDPK1 >30
Enzymes PIM1 >30
ACES (acetylcholinesterase) >30 PRK2 >30
MAO-A (Monoamine oxidase A) >30 PRKAA2 >30
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Thrombin >30 PRKCA >30
Kinases PRKCQ >30
ABL1 >30 RAF1 >30
AKT1 >30 RET >30
ALK >30 ROCK?2 >30
ATM >30 RPS6KB1 >30
AURKA >30 SYK >30
AXL >30 TGFBR1 >30
CAMK1 >30 TYK2 >30
CAMK2D >30 ZAP70 >30
CDK2 >30

*Radioligand assays

Data S1 (separate file)
Metabolomics profile of T. b. brucei treated with cyanotriazoles.

Data S2. (separate file)

Single nucleotide polymorphism in CT mutants. Whole genome sequencing of
CT1.1,CT1.2, CT4.1 and CT4.2 was carried out using lllumina sequencing system.
Mutations mapping is shown.
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