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inhibitors of a kinetoplastid pteridine reductase 1
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Abstract

The optimization of compounds with multiple targets in the drug discovery cycle is a difficult
multidimensional problem. Here, we present a systematic, multidisciplinary approach to the
development of selective anti-parasitic compounds. Efficient microwave-assisted synthesis of
pteridines along with iterations of crystallographic structure determination were used to
validate computational docking predictions and support derivation of a structure-activity
relationship for multitarget inhibition. This approach yielded compounds showing picomolar
inhibition of T. brucei pteridine reductase 1 (PTR1), nanomolar inhibition of L. major PTR1,
along with selective submicromolar inhibition of parasitic dihydrofolate reductase (DHFR).
Moreover, by combining design for polypharmacology with a property-based on-parasite
optimization, we found three compounds that exhibited micromolar ECso values against T.
brucei brucei, whilst retaining their target inhibition. Our results provide a basis for the further
development of pteridine-based compounds and we expect our multitarget approach to be

generally applicable to the design and optimization of anti-infective agents.
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Introduction

The World Health Organization has identified 17 Neglected Tropical Diseases (NTDs) that
pose a health burden to over 1.4 billion of people."? Parasites of the Trypanosomatid family
are responsible for two potentially lethal insect-vector borne NTDs: Human African

Trypanosomiasis (HAT, sleeping sickness), caused by Trypanosoma brucei, and
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leishmaniasis, caused by the intracellular parasite Leishmania spp.*>” Current therapeutics are
limited by toxicity, poor efficacy and parasite resistance, thus underlining the need for new
chemotherapies.?®

One way to identify new anti-parasitic agents is to apply target-based drug design strategies.'”
12 The folate pathway enzyme dihydrofolate reductase (DHFR) is a known anti-cancer, anti-
bacterial and anti-malarial target.”>'® It provides reduced folates, which are crucial to biological
processes like DNA, protein and amino acid synthesis or one-carbon transfer.""'® |n
Trypanosomatids, DHFR inhibition was found to be ineffective due to a metabolic bypass via
the biopterin-reducing pteridine reductase 1 (PTR1, Figure 1): When DHFR is inhibited, PTR1,
which can also reduce folates, is overexpressed and sustains sufficient metabolite levels to
ensure parasite survival. Thus, when targeting the folate pathway in Leishmania, both DHFR
and PTR1 need to be considered.”?" In T. brucei, PTR1 was shown to be a potential anti-
parasitic target in its own right by RNA interference studies.??® Nonetheless, even nanomolar

PTR1 inhibitors have so far shown limited anti-parasitic activity in vitro®*?°

, suggesting that
targeting the T. brucei folate pathway may also benefit from the consideration of both PTR1
and DHFR.

Screening a set of folate-related compounds against parasitic folate pathway targets previously
led to the identification of compounds 6a (methyl-1-(4-(((2,4-diaminopteridin-6-
yl)methyl)amino)benzoyl)piperidine-4-carboxylate, herein compound 2) and 6b (methyl-1-(4-
(((2,4-diaminopteridin-6-yl) methyl) (methyl) amino) benzoyl) piperidine-4-carboxylate, herein
compound 1) as submicromolar inhibitors of Leishmania major PTR1 (LmPTR1) with K values
of 0.10 uM and 0.04 pM, respectively.?® 2 was additionally a micromolar inhibitor of L. major
DHFR (LmDHFR) with a weak selectivity for the parasite enzyme over the human DHFR
(hDHFR) (Ki of 4 uM vs. 10 yM). In contrast to the parasite DHFR, which is covalently coupled
with thymidylate synthase (TS) in a bifunctional DHFR-TS, the hDHFR off-target is
monofunctional and shares only about 30% sequence identity with parasite DHFR domains,
indicating potential for further selectivity optimization.?’?°

The aim of the current work was to optimize pteridine-based compounds for their inhibition of
T. brucei PTR1 (TbPTR1) and TbDHFR, in addition to the Leishmania targets, while ensuring
selectivity against the off-target hDHFR. The enzymatic evaluation of reference pteridines

reported earlier?®°

and our published comparative study of trypanosomatid folate pathway
proteins®! supported the design of three series of compounds to explore substituents at three
positions on the pteridine structure, and a fourth ‘merged’ series containing permutations of
the substituents in the three series. Docking simulations and three new crystallographic
complexes of pteridines with TbPTR1 and a complex with LmPTR1, supported the target-
based design approach and the determination of structure-activity relationships. A systematic

analysis of correlations between computed physicochemical molecular descriptors and
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observed anti-parasitic effects allowed us to prioritize promising compounds for synthesis. In
total, 26 new pteridine derivatives were characterized experimentally, most of which showed
improved target inhibitory profiles for PTR1 and DHFR of both L. major and T. brucei. Among
these, we report the first, to the best of our knowledge, picomolar inhibitors of TbPTR1 and
several new low nanomolar inhibitors of LmPTR1, which mostly also show selective
micromolar to submicromolar inhibition of the parasite DHFR variants. In vitro evaluations of
the effect on T. brucei brucei bloodstream forms revealed three new inhibitors with low

micromolar to submicromolar ECso values against the T. brucei parasite.
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Figure 1. Overview of the pterin activation in the Trypanosomatidic folate pathway when DHFR is inhibited and
PTR1 provides a metabolic bypass. The DHFR domain of the bifunctional DHFR-TS would, under normal
conditions, reduce biological folates to tetrahydrofolate (THF). THF is converted to 5,10-methylene THF by the
serine hydroxymethyl transferase (SHMT) and this metabolite has a central role in amino acid synthesis, protein
biosynthesis and one-carbon transfer. It is also required by the TS domain of DHFR-TS to convert deoxyuridine
monophosphate (dUMP) to deoxythymidine monophosphate (dTMP), which is necessary for DNA synthesis.
PTR1, which primarily reduces unconjugated pterins like biopterin, takes over folate reduction when DHFR is
inhibited, thus acting as a metabolic bypass and an important additional target that needs to be inhibited for
shutting down the Trypanosomatidic folate pathway. Both proteins are shown in cartoon representation (DHFR
domain of DHFR-TS: purple, PTR1: light pink, single monomer of functional tetramer) with the NADPH/NADP*
cofactor in sticks with black carbons and the folate substrate in yellow spheres. In PTR1, in addition, an arginine
residue from a neighboring subunit pointing into the active site is shown in magenta sticks.

Results

Reference compounds inhibit both PTR1 and DHFR and adopt a methotrexate-like
binding mode

To systematically assess multitarget inhibition, we measured the inhibition of TbPTR1,
TbDHFR, LmPTR1, LmDHFR, and the off-targets hDHFR and hTS, by the folate-related anti-
cancer agent methotrexate (MTX) and 7 pteridine-based reference compounds (1, 2, llI-VII,

Figure 2AB and Table S1, SI).%5:3%32 Although the seven reference compounds were primarily



designed as LmPTR1 inhibitors, we found all except VII to be more potent against TbPTR1
than LmPTR1. 1 was the strongest inhibitor of TbBPTR1 with an ICso of 50 nM against TbPTR1
and 1 yM against LmPTR1 (Figure 2A).
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Figure 2. Inhibitory activities, structures and orientations of reference pteridines in crystal structures of LmPTR1
(PDB-ID 2ghx) and TbPTR1 (PDB-ID 6rx5). (A) The activity heatmap shows ICso values in different targets and off-
targets in uM, colored from green to white for low to high ICsgs. Values are reported for TOPTR1, LmPTR1, TbDHFR,
LmDHFR and the off-target hDHFR. All values, as well as data for hTS, are reported in Table S1, Sl. (B) The
previously published compounds shown were used as references: 1, 2 and VIl are 6b, 6a and 6c from Cavazzuti
etal.?6 and Ill, IV, V and VI correspond to 5d, 5b, 6a and 5a from Corona et al.3° (C) Compound 1 (cyan carbons)
in its substrate-like conformation in LmPTR1 with folate superimposed from TbPTR1 PDB-ID 3bmc (yellow sticks);
(D) Compound 1 (cyan carbons) in an inhibitor- or MTX-like orientation in LmPTR1 with MTX superimposed from
LmPTR1 PDB-ID 1e7w (yellow sticks). The pteridine nitrogens are labeled according to the ring nomenclature. (E)
Crystallographic complex of TbPTR1 (gray cartoon, His267’ from the neighboring subunit in lavender) in complex
with NADPH/NADP* and compound 1 determined in this work. In TOPTR1, compound 1 shows the MTX-like binding
mode. Interacting residues (in C, D: only Phe113) and the NADPH/NADP* cofactor are shown in sticks (carbons
colored according to protein and black, respectively). In (E), water molecules are shown as red spheres and the
inhibitor is surrounded by the omit map (green wire) contoured at the 2.5 & level. Hydrogen bonds are represented
by brown dashed lines.

Notably, the reference compounds largely exhibited micromolar to submicromolar inhibition of
LmDHFR and TbDHFR (ICso LmDHFR 0.3 — 1.4 yM; TbDHFR 0.3 — 20.5 pyM). While MTX was
more potent against the parasite DHFRs, it was not selective (Selectivity index Sl:



TbDHFR/hDHFR 3 and LmDHFR/hDHFR 1). Among the reference compounds, we observed
selectivity indices of up to about 160-170 for TbDHFR and LmDHFR.

Previously determined crystal structures show that compounds 1 and 2 share a substrate-like
pterin orientation in the complex with LmPTR1.26 Compound 1, in addition, features a second,
so-called inhibitor-like (or MTX-like) orientation, with the bicyclic ring system flipped by 180°
and rotated by 30° (Figures 2CD and S1 of the SI).%° Similar observations have been made in
crystallographic complexes of TbPTR1 with small pteridine-based inhibitors.*> Our crystal
structure of the ternary complex of TbPTR1 with NADPH/NADP* and the reference compound
1 (PDB-ID 6rx5, resolution 1.42 A, experimental details: Tables S2-S3, Sl) confirms that the
diaminopteridinyl moiety of 1 adopts only the MTX-like orientation (Figure 2E), resembling its
MTX-like binding mode in LmPTR1 (Figures 2D and S2, Sl). Docking studies consistently
indicated that the reference compounds adopt MTX-like binding modes in the different targets
and the off-target hDHFR (Table S4, Figure S5, Sl). Since the reference compounds showed
micromolar to submicromolar inhibition of parasitic PTR1 and DHFR, whilst being modestly
selective for parasite over hDHFR, we next aimed to improve the target inhibition profiles in a

multitarget-based design approach.

Four series of compounds designed to improve dual target selective inhibition

To optimize the compounds for TOPTR1/TbDHFR and LmPTR1/LmDHFR while minimizing
inhibition of hDHFR, we employed our published optimization guidelines for MTX-like scaffolds
derived from the extensive comparison of on- and off-targets in the parasitic folate pathway:*'
Based on the overlapping properties in the different protein targets and differences between
targets and off-targets, modifications for improved target interactions and selectivity were
defined for 1 (Figure 3A). We designed three series of compounds, each with modifications in
one of three parts of the pteridines: the N10 position, the para-amino benzoic acid (PABA)
moiety and the tail portion (Figure 3B).

In the N10 series, five novel pteridines (3-5, 9 and 22, Figure 3B) were modified in the N10
position to improve interactions with PTR1 and parasite DHFR and to exploit the differing
pocket sizes and residues in parasitic targets and the hDHFR off-target.®’ Nonpolar
substitutions, like the ethyl and propargyl substituents of 3 and 5 were designed to interact with
aliphatic residues surrounding N10 in the parasite targets, e.g. Leu209 of TbPTR1; lle47 and
Leu90 of TbDHFR; Leu226 and Leu229 of LmPTR1; lle20 and Val62 of LmDHFR (Figure 3A).
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Figure 3. Structural features of PTR1 and DHFR considered in the multitarget design of selective compounds
and overview of the modifications explored in four designed compound series, exemplified by highlighting on
reference compound 1. (A) Selected residues within 5 A of the marked modification sites based on the bound
orientations of 1 in TOPTR1 (pale gray), TbDHFR (dark gray), LmPTR1 (light pink) and LmDHFR (magenta).
Based on Panecka-Hofman et al.3', this map provides an overview of residues having similar properties in the
surrounding of specific ligand portions in all targets (covering only those applied for the design as shown in (B),
for full maps, see Figures S$3,S4). In some positions, parasite DHFR differs in amino acid type from the off-
target hDHFR, thus highlighting suitable substitution points to improve selectivity. Differing hDHFR residues are
labeled in the top right corner of the corresponding parasite DHFR residue. A surface representation of
complexes of 1 with TbPTR1 (top right, PDB-ID 6rx5) and TbDHFR (bottom right, MTX-like docking result that
was top-ranked by the Glide docking score in PDB-ID 3rg9) highlights the solvent-exposure of the tail in PTR1,
which is in contrast well-enclosed in DHFR. All residues in (A) are colored by type: red=acidic, blue=basic,
green=polar, yellow=nonpolar. Compound 1 and the NADPH/NADP" cofactor are shown in sticks with cyan and
black carbons, respectively. (B) Synthesized members of each designed series with the series for the three
modification sites (N10, PABA, tail) shown in a framed box along with the key objectives addressed with the
respective maodifications. A fourth, merged series, shown at the bottom of the figure, was constructed by
combining all modifications studied in silico in all possible permutations. Of the resulting 2014 compounds, six
selected representatives were svnthesized. The small arav numbers indicate the pteridine rina nomenclature.

The large benzyl substituent of 9 may in additiog allow for enhanced selectivity due to the lower



volume of the hDHFR compared to the parasite DHFR pocket (pocket volume TbDHFR 353
A3, LmDHFR 384 A® and hDHFR 347 A3). In 22, we replaced N10 by sulfur and the PABA
benzene ring by pyridine, to improve off-target selectivity. Whereas hDHFR favors hydrogen
bond donors in the proximity of N10 and the PABA ring system, the parasite DHFRs show

1.3° demonstrated

regions favorable for interaction with hydrogen bond acceptors.' Corona et a
improved selectivity for PTR1 over hDHFR by hydrophilic N10 substitutions. Our data for
reference compound lll, with a hydroxyethyl substituent, did not confirm this conclusion (Figure
2A) and our docking simulations indicated that interaction with a conserved structural water
might require an unfavorable conformation of the substituent (Figure S5A, Sl). To improve
interactions between the substituent and water, we therefore elongated the aliphatic linkage to
a hydroxypropyl in 4.

In the PABA series with 5 new pteridine derivatives (11, 21, 25, 27-28, Figure 3B), we explored
modifications of the PABA moiety and the amide linkage to the tail portion. To improve
selectivity by exploiting the different pocket sizes and contact points of hDHFR and the parasite
proteins, in 11, we replaced the PABA phenyl group with benzyl and, in 21, the entire PABA
moiety by a meta-aminobenzoic acid (Figure 3). The compound tails are solvent-exposed in
PTRA1, thus having poorly defined interactions (Figure 3A), whereas strong interactions occur
with the hDHFR off-target.®' We therefore shortened the tail region to achieve full enclosure in
the PTR1 binding pocket by replacing PABA by naphthalene or benzene (non-substituted or
substituted with -CF3; 25, 27 and 28, respectively).

In the tail series, we explored tail modifications resulting in 10 additional new pteridines (6-7,
10, 1418, 23 and 26, Figure 3B). In both T. brucei targets, hydrophobic contact points
accessible to the compound tail region exist (Figure 3A). Since the flexibility of the tail likely
contributes entropically to binding affinity in PTR1, directional interactions of the tail may be
unfavorable. Hydrophobic interactions are geometrically less restrained than, for instance,
hydrogen bonds, and thus less likely to entropically penalize binding. Therefore, the methyl
ester in the tail of 1 was replaced by the more flexible ethyl and propyl in 7 and 6, respectively.
Additionally, in parasite DHFR, the tail is enclosed by more hydrophobic moieties than in the
hDHFR off-target (Figure 3A) and the surrounding residues show different conformational
variability in the crystal structures, which suggests further on/off-target selectivity benefits.*’
Combining the exploitation of these differences with improved enclosure in PTR1 (Figure 3A),
we modified the tail to an unsubstituted piperidine (10) or replaced piperidine with an
unsubstituted benzene (23). Compound 26, with benzene attached via a flexible ethyl linkage
to an MTX-like amide, can benefit from nonpolar and aromatic contact points in PTR1 and
DHFR and adapt to their differing placement. The flexible aromatic tail may further form cation-
T interactions with positively charged residues in the entrance of the DHFR pocket (Figure

3A). In compounds 14 and 15, we explored an altered geometry with a one-carbon spacer
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between N10 and PABA and amide-linked methoxylated tail portions (Figure 3B). The
methoxylations may form additional contacts with hydrophobic residues in the target pocket
entrance regions (e.g. Pro99 of TbPTR1, Figure 3A). In addition, an etheryl linkage to a non-
substituted (18), methoxylated (16) or trimethoxylated (17) benzyl group was explored to
likewise exploit hydrophobic, aromatic and positively charged contact points found around the
tail region in the various targets (Figure 3A).

In a fourth series, the ‘merged’ series, the modifications in the above three series were
permuted and merged by decomposing the compounds into fragments and recombining them
in silico in all possible combinations of these fragments (see details in the Sl). The 2014
compounds generated were filtered based on docking results and physico-chemical properties
and, of the remaining 600 candidates, six were selected for synthesis: Two compounds (12
and 13, Figure 3B) were chosen for their favorable interaction patterns and scores predicted
by docking simulations, while four other compounds (8, 19, 20 and 24, Figure 3B) were
selected based on physicochemical marker properties that show some correlation with in vitro
anti-parasitic activity as described below. 12 combined the N10 hydroxypropyl substituent of
4, the tail carboxamide group of VI and the elongation by a carbon spacer in the PABA moiety
of 11. The same combination with a pyrrolidine replacing piperidine, like in reference
compound VII, additionally gave 13. Similarly, the ethyl modification of N10 in 3 and the ethyl
ester in the tail fragment of 7 were joined to give 8, which largely addressed the hydrophobic
contact points in different targets. The ethyl modification of N10 was also joined with the
shortened tail of 23 to give compound 24. Finally, the N10 benzyl-substitution of 9 and the
methyl of the reference compound 1 were joined with the PABA and tail-modified scaffold of

16 to give 19 and 20, respectively.

Synthesis of pteridine derivatives with high yield

26 new 2,4-diaminopteridine derivatives and the reference compounds 1 and 2 were
(re)synthesized as reported in Schemes 1-8. Our methodology for improved reaction
yield of the chemical pteroid step was applied to provide a key intermediate for most
designed compounds.3® Displacement of the chloride of the 6-(chloromethyl)pteridine-
2,4-diamine hydrochloride (29, Scheme 1) by the appropriate substituted anilines and
aliphatic amino-derivatives was carried out in N,N-dimethylacetamide (DMA) at 60°C
microwave (MW) to provide the desired target compounds 1-26 in high yields of
70-90% with reduced reaction time (Schemes 2-7).%

The PABA amine functionalization was achieved by selective alkylation of primary
amines to secondary amines using nitriles as an alkylating reagent with Pd/C for
intermediates 32-33.34% Conventional alkylation of the latter with propargyl bromide or

(bromomethyl)benzene resulted in derivatives 34 and 35, respectively (Scheme 2).
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Scheme 1. Synthesis of derivatives of compound 29. Reagents and conditions: (i) SOCly, reflux, 12 h. 70% vyield;
(ii) 29 (1.2 equiv.), K2CO3 (3 equiv.), KI (0.1 equiv.), DMA, 60°C, 20’-30° MW.
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CH,CCH COOCH; 5 34 | 36 | 44
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CHs COOCH,CH; 7 30 | 38 | 46
CH,CH; COOCH,CH; 8 32 | 38 | 47
CH,CgHs COOCH; 9 35 | 36 | 48
CHs H 10 30 | 39 | 49

Scheme 2. Synthesis of compounds 1-10. Reagents and conditions: 30, 31, 36 and 39 were purchased from
Sigma; (i) acetonitrile or 3-hydroxypropanenitrile, 10% Pd/C, NH4OAc (1 equiv.), CH3OH, Ha, rt, 24-36 h (32-33);
(i) alkyl halide (propargyl bromide, (bromomethyl)benzene) (0.5 equiv.), K2COs3 (2 equiv.), DMF dry, rt, 24 h (34-
35); (iii) SOCI; (4 equiv.), propanol (for 37), EtOH (for 38), reflux, 7-12 h; (iv) EDC-HCI (1.1 equiv.), HOBt (0.1
equiv.), TEA (2-3 equiv.), DMF, rt, overnight (40-49); (v) 29 (1.2 equiv.), K2CO3 (3 equiv.), Kl (0.1 equiv.), DMA,
60°C, 20° MW (1-10).

The reductive alkylation of amines using nitriles was also used to obtain 51 and 74 in
Schemes 3 and 7. The isonipecotic acid derivatization was achieved via Fischer
esterification using the reagent-solvents propanol (37) and EtOH (38), respectively;
methyl isonipecotate (36) and piperidine (39) were purchased from Sigma (Scheme 2).
The intermediate acid derivatives 30-35, d-e were condensed to amides through a
coupling reaction with the respective amines 36-39 and g using EDC-HCI in
dimethylformamide (DMF) as the coupling agent to provide the intermediate products
40-49, 71-72 and 75, which were then made to react with 29 to obtain the final
compounds (1-10, 21-22, 26; Schemes 2, 6, 7).
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Using the same method, we synthesized the elongated compounds 11-15 characterized
by a carbon spacer in the PABA moiety (Scheme 3-4). To obtain compounds 14-15
(Scheme 4), an additional protection step reaction to guide selective amide
functionalization was necessary. The selectivity was thereby achieved by a Boc-
protection in the first step of the reaction of b to obtain 55, which was then coupled with
the respective aliphatic amine to give compounds 56-57. The target amines were finally
obtained by a deprotection step carried out in 30-40% trifluoroacetic
acid/dichloromethane (TFA/DCM) in quantitative yield.

R!

Q i Ho_ i RHN o i NH, /m
OH . - . NN N o]
HoN RHN R P R
— —
H,N” N7 N
a 50 R=H 52R=H,R'=36 11R=H,R'=52a
51 R = CH,CH,CH,0H 53 R = CH,CH,CH,OH, R" = 53a 12 R = CH,CH,CH,0H, R" = 53a
54 R = CH,CH,CH,OH, R' = 54a 13 R = CH,CH,CH,0H, R" = 54a
R1 —
o o} o
- N
(o} NH, NH,
N N
36 53a 54a

Scheme 3. Synthesis of analogs 11-13. Reagents and conditions: (i) 3-hydroxypropanenitrile, 10% Pd/C, NHsOAc
(1 equiv.), CH3OH, Hp, rt, 24 h (51); (ii) EDC-HCI (1.1 equiv.), HOBt (0.1 equiv.), TEA (2-3 equiv.), DMF, rt, overnight
(52-54); (iii) 29 (1.2 equiv.), K2CO3 (3 equiv.), KI (0.1 equiv.), DMA, 60°C, 20°' MW (11-13).
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Scheme 4. Synthesis of analogs 14-15. Reagents and conditions: (i) di-tert-butyl pyrocarbonate (1.05
equiv.), dioxane\H20\1N NaOH 1\1\1 V\WYV, rt, 6h (55) (i) EDC-HCI (1.1 equiv.), HOBt (0.1 equiv.), TEA (2-
3 equiv.), DMF, rt, overnight (56-57); (iii) TFA, DCM, rt; (568-59); (iv) 29 (1.2 equiv.), K2CO3 (3 equiv.), Kl
(0.1 equiv.), DMA, 60°C, 20 MW (14-15).

The phenoxyphenyl-methanamine derivative intermediates (Scheme 5) were
synthesized starting from 4-fluorobenzaldehyde and the respective phenol derivates 60-
62 by an SnAr reaction. Subsequently, the primary amines 66-68%, or functionalized
amines 69-70 via a one-pot reductive step, were reacted with 29 to obtain compounds

16-20. Compounds 23-25, with a higher steric hindrance, were obtained with slightly
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increased reaction time in a good yield. Finally, to obtain compounds 27-28, it was
required to first perform an oxidation reaction. Treatment of Pt-OH in acetone/0.5 M
phosphate buffer at pH 7 (1:1 v\v) with KMnO4 gave the oxidized analog 76, which was
subsequently coupled with the selected aliphatic amine to obtain the desired amides
(Scheme 8).

NH, R
N7 Ny N R'" 16R=H,R"'=0CH,
BN \ j/\H/\©\ 17 R = OCHj;, R'= OCH;
S 7 —pl=
PN 0 R 18R=R'=H
‘ i
R
R
E HO R i 1 i R’ 66 R = H, R'= OCH3
R H,N
— o7 E—— 2 67 R = OCHj, R'= OCHj,
A0 R! o R 0 R 68R=R'=H
R

c 60 R =H, R'= OCHj4 63 R =H, R'=0CH;
61 R = OCHj, R'= OCH,4 64 R = OCHj, R'= OCH,4 )
62R=H,R'=H 65R=R'=H v

RZHN OL 69R?=CH,
70 R? = CH,CgHs
(¢}
\ i
NH,
NZ Ny N O 19R%=CH;
s | P R2 20 R® = CH,CgHs
H,N” N7 N 0

Scheme 5. Synthesis of analogs 16-20. Reagents and conditions: (i) K2COs (3 equiv.), DMF, reflux, 16-18 h
(63-65); (i) NH.OH.HCI (1.2 equiv.), EtOH, rt, > 1 h followed by Zn dust (2.5 equiv.) in 12 M HCI (4 equiv.), rt,
15’ (66-68); (iii) 29 (1.2 equiv.), K2CO3 (3 equiv.), KI (0.1 equiv.), DMA, 60°C, 20' MW (16-20); (iv) methylamine
(for 69) or benzylamine (for 70) EtOH dry, 60°C, 3 h, then NaBH. (1.5 equiv.), rt, 2h.

o) i i
N i o i NH, o~
2 OH —> N — LN N
HoN )|\ _ /j/\H o
0 H,N” N7 N
d 71 21
o) o i
[ HS _~ o~ i NH, TN
= OH > | > N | Pz O
| _ Ns N [N S N
HS” N LA o
0 HZN)\N N ~
e 72 22

Scheme 6. Synthesis of analogs 21-22. Reagents and conditions: (i) EDC-HCI (1.1 equiv.), HOBt (0.1 equiv.),
TEA (2-3 equiv.), DMF, rt, overnight (71-72); (ii) 29 (1.2 equiv.), K2COs3 (3 equiv.), Kl (0.1 equiv.), DMA, 60°C,
20° MW (21-22).
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Scheme 7. Synthesis of analogs 23-26. Reagents and conditions: (i) 29 (1.2 equiv.), K2COs3 (3 equiv.), Kl (0.1
equiv.), DMA, 60°C, 20’-30° MW (23-26); (ii) acetonitrile, 10% Pd/C, NH4OAc, CH3OH, Ha, rt, 24-36 h (74); (iii)
EDC-HCI (1.1 equiv.), HOBt (0.1 equiv.), TEA (2-3 equiv.), DMF, rt, overnight (75).
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Scheme 8. Synthesis of analogs 27-28. Reagents and conditions: (i) KMnOj4, acetone/0.5 M phosphate buffer
at pH 7 (1:1 V\V); (ii) EDC-HCI (1.1 equiv.), HOBt (0.1 equiv.), TEA (2-3 equiv.) DMF, rt, overnight.

Designed pteridine derivatives have improved on-target and off-target enzyme
inhibitory activity profiles and bind in an MTX-like orientation

The measured inhibitory activities of compounds 3-28 against the targets TbPTR1, TbDHFR,
LmPTR1, LmDHFR, and the off-targets hDHFR and hTS, are given in Figure 4 and Table S1.
Most of the new pteridine derivatives displayed 1-2-fold greater inhibition of TbPTR1 than
LmPTR1 and were more or equally active against PTR1 than the reference compound 1. The
inhibitors with nanomolar to picomolar PTR1 inhibition showed improved selectivity for PTR1

over the off-target hDHFR by up to about 3 orders of magnitude. The activities against T DHFR
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and LmDHFR exceeded those against hDHFR, where the ICso was typically worse than 100
MM. For parasite DHFR, the best compounds were overall similar to 1: compound 8 with an
ICs0 of 0.23 pM against TbDHFR and 6, 7, 8 and 24 with ICses of 0.13-0.23 yM against
LmDHFR (compared to 1: 0.3 yM for both TbDHFR and LmDHFR). Only compound 13 was
slightly more selective for TODHFR than 1 with an Sl of 169 (compared to 164). Docking studies
suggested that the majority of the novel pteridines adopted MTX-like binding modes in both
PTR1 and parasite DHFR variants and the off-target hDHFR (see docking results, Tables S5,
S6, Sl).

Reference | N10 modified PABA modified Tail modified
TX 1 2 £ 4 5 9 22 11 21 25 27 28 6 7 10 14 15 16 17 18

1C5o [UM]

TbPTR1} 005 005 011 009 003 004 0.03  0.04 013 022 052 035 019 0.05 .

1.69 . 550 033

027 205 061 043 118 120 240 062 195 045 1000 1000 3.00 900 145 1000 443 1000 1000 1000 099 098 023 180 059 441 349 034 0.1

0.001

LmPTR1} 295 098 169 133 022 .. g f . 041 045 014 148 157 026 017 098 003 003 010 017 017 015 045 005

TbDHFR
026 062 046 076 071 091 936 085 320 151 1000 100.0 |05 013 205 100.0 1000 1000 1000 823 326 072 018 114 089 234 679 023 1.0

LmDHFR | 0.02

hDHFRFD03Y 440 510 430 150 780 730 89.0 350 59.0 440 1000 100.0 9.00 120 299 1000 100.0 100.0 1000 100.0 6.02 403 13.0 357 1000 1000 100.0 3.44
100.0

Figure 4. Inhibitory activities of compounds of the designed N10-, PABA-, and tail-modified series, the merged
series, and selected reference compounds. The activity heatmap shows ICsg values in different targets and off-
targets in uM, colored from green to white for low to high ICses. Values are reported for TbPTR1, LmPTR1,
ThDHFR, LmDHFR and the off-target hDHFR. All values, as well as data for hTS, are reported in Table S1.

Pteridine derivatives 3 and 4 bind in an MTX-like orientation in both PTR1 variants. The
structures of TbPTR1 with the new pteridines 3 and 4, and that of LmPTR1 with 4, were
determined to 1.20 A, 1.11 A and 2.10 A resolution, respectively (see Tables S2-S3). The
overall structure of the TbDPTR1 complexes resembles the complex with 1 (compare Figure 2E
with 5A). The N-ethyl moiety of 3 forms van der Waals interactions with Val206 and Trp221 on
the hydrophobic side of the pocket (Figure 5A). The bulkier N-propylhydroxyl moiety of 4 forms
direct and water-mediated hydrogen bonds with Asp161 and receives an intramolecular
hydrogen bond from the amine in position 4 on the pteridine system.

The structural characterization of LmPTR1 in complex with 4 (Figure 5B) shows the presence
of a functional enzyme tetramer in the crystal asymmetric unit with a similar structure to those
previously determined.’”® The MTX-like binding mode adopted by 4 in LmPTR1 closely
resembles that observed in TOPTR1 except for the terminal piperidine moiety (Figure S2CD of
the Sl). The latter is highly flexible and was only poorly visible in our models - a possible

orientation is reported, but further orientations cannot be excluded.

N10 modifications yield improved PTR1 inhibitors with similar trends for DHFR
selectivity. The N10-modified compounds (3-5, 9 and 22; Figure 3B) were improved PTR1
inhibitors in comparison to 1 with the exception of 3 (1 ICso TOPTR1 50 nM, LmPTR1 1 pM;
N10 series ICso TODPTR1 <0.1 - 90 nM; LmPTR1 0.02-13.3 uM). 9 was the best in the series

with a picomolar ICso against TOPTR1 and an ICso of 20 nM against LmPTR1.
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Figure 5. Orientations of pteridine-based inhibitors in TbPTR1 and LmPTR1 based on crystallographic
complexes (A, B) and docking solutions (C-E) and comparison of pocket shape for the PTR1 variants (F). (A,
B) Crystallographic complexes determined in this work show the MTX-like binding modes for both TbPTR1 (A,
gray cartoon, His267’ from the neighboring subunit in lavender) and LmPTR1 (B, pink cartoon, Arg287’ from

the neighboring subunit in magenta) in complex with NADPH/NADP* and the inhibitors 3 (A, green) and 4 (B,
yellow). Water molecules are shown as red spheres and the inhibitors are surrounded by the omit map (green
wire) contoured at the 2.5 o level. (C) Induced fit (IF) MTX-like docking solution for compound 9 in TbPTR1 in
the presence of a conserved water molecule (ball-and-stick representation): Trp221 moves (indicated by a
brown arrow) to make room for the phenyl of 9. (D, E) Docking poses of: 25 (D, lime carbons) in LmPTR1 and
26 (E, dark purple carbons) in TbPTR1. All presented docking solutions were obtained in the presence of
conserved structural water. Similar poses were generally observed in the docking without water. (F) Differing
shape of the binding pocket in the two PTR1 variants: The compounds (in the example, 26) show conserved
core interactions in both PTR1s and their tails orient along the elongated binding site funnel in LmPTR1,
whereas the tail conformations in TbPTR1 are typically kinked. Proteins are shown in surface representation.
In all panels, interacting residues and the NADPH/NADP* cofactor are shown in sticks (carbons colored
according to protein and black, respectively). Hydrogen bonds are represented by brown dashed lines. Docking
results are only presented for N1-deprotonated compounds, but similar orientations were observed for the N1-
protonated variants (see Figure S6). Further IF docklncg-golutlons are shown in Figures S7, S8.



The predicted orientations of the compounds in PTR1 were overall similar to the
crystallographic data (Figure 5AB), commonly showing the MTX-like orientation. 9, when
docked in presence of conserved structural water, was an exception due to its bulky benzyl
substituent and required the reorganization of Trp221 in TbPTR1 (see the induced fit docking
pose in Figure 5C). This reorganization is plausible since Trp221 was previously identified as
a flexible residue in the TBPTR1 pocket gating region on the basis of crystallographic data.*?

All compounds were roughly similar to 1 in parasite DHFR inhibition (1 ICso ThDHFR and
LmDHFR 0.3 pyM; N10 series ICso TbDHFR 0.4-2.4 yM, LmDHFR 0.5-9.4 uyM). The trends
observed for parasite DHFR were however reflected in similar changes of the hDHFR inhibition
and selectivity ranged from 7- to 66-fold for TODHFR and 9- to 110-fold for LmDHFR over
hDHFR, which was lower than for 1 (SI TobDHFR/hDHFR 164 and LmDHFR/hDHFR 167).

Thus, mainly PTR1 inhibition benefited from the selected N10 modifications.

PABA modifications lead to strong variations in the target inhibition profile. The
modifications of the PABA moiety in the PABA series (compounds 11, 21, 25, 27 and 28;
Figure 3B) distinctly affected the target activities. Particularly smaller, well-enclosed
compounds showed varying activity improvement for different PTR1s: 25, in contrast to most
of the studied pteridines, was 13-fold more potent towards LmPTR1 than TbPTR1 (ICs0 10 nM
and 130 nM, respectively) and benefits from its steric fit to the elongated LmPTR1 binding
pocket (Figure 5DF). The small, fully enclosed 27 and 28 were stabilized by hydrophobic
residues lining the pocket entrance of TOPTR1 (see Figure 3A), which results in an around 10-
fold higher potency than for reference compound 2 with the corresponding N10 substitution
(ICs0 27, 28: 10 nM; 2: 110 nM).

Against LmDHFR, 25 showed similar activity to 2 (ICso 1.5 and 0.6 pM, respectively), whereas
it displayed higher activities for both TbDHFR (ICso 2: 20.5 yM; 25: 0.5 uM) and hDHFR (ICso
2: 51 yM; 25: 4 uyM). A one-carbon spacer to shift the position of the PABA carbonyl in 11
retained the LmDHFR activity similar to 2 (11: ICso 0.8 uM) but increased the inhibition of
TbDHFR (ICs0 0.6 pM). While the compounds were generally well stabilized by hydrophobic
interactions in all DHFR variants, differences in pocket size and surrounding residue patterns

in the proximity of the PABA moiety (Figure 3A) modulate the differing activity profiles.

Alterations in tail geometry boost PTR1 inhibition but can reduce DHFR activity. In the
tail-modified series (compounds 6-7, 10, 14-18, 23 and 26; Figure 3B), hydrophobic and
aromatic residues lining the pocket entrance region of PTR1, like Tyr98, Pro99 and Phe171 of
TbPTR1 or Met233 and His241 of LmPTR1 (Figure 3A) were exploited by either tail elongation
or shortening. Interactions of these residues with the flexible aromatic tail of 26 (Figure 5EF)

likely contribute to the boost of the ICso against TbPTR1 to the picomolar range and to 30 nM
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against LmPTR1 — a more than 1000-fold and 57-fold improvement, respectively, in PTR1-
inhibitory potencies compared to reference compound 2. The shortened tails of 10
(unsubstituted piperidine) and 23 (benzene) were stabilized by the same residues and benefit
from a better enclosure in the PTR1 pocket. Both compounds show increased ThPTR1 and
LmPTR1 inhibition when compared to 1 (ICso TbPTR1 10, 23: 1 nM both vs. 1: 50 nM; LmPTR1
10: 0.1 uM, 23: 0.03 uM vs. 1: 1.0 yM).

Tail shortening diminished the inhibition of parasite DHFR, whereas it did not affect or even
increased the effect on the off-target hDHFR. The piperidine/benzene groups in the tails of 10
and 23 can form more extended hydrophobic interactions with Phe31 of hDHFR than with the
corresponding methionine in the parasite DHFR variants (Figure 6). In the parasite protein,
moreover, Asn64 in the pocket entrance of hDHFR is replaced by phenylalanine, which, upon
interaction with the compound tail, becomes solvent-exposed. The aforementioned pocket size
and interaction pattern differences between LmDHFR and other DHFR variants (Figure 3A)
also affected the tail series: For instance, 23 was more active against both TbDHFR and
hDHFR than 2 (ICso TODHFR 1 vs. 21 uM, hDHFR 6 vs. 51 uM), while both compounds showed
similar activity for LmDHFR.

Figure 6. Docking results for compound 10 from the tail series (magenta sticks) in TbDHFR (A, B) and hDHFR

(C). (A) The ThDHFR pocket accommodates 10 with its tail enclosed by surrounding residues. hDHFR has a
similar shape. TbDHFR is shown in gray surface representation. (B, C) TbDHFR and hDHFR are shown in
cartoon representation in gray and green, respectively. Important interacting residues and the NADPH/NADP*
cofactor (black carbons) are shown as sticks. Hydrogen bonds are indicated by brown dotted lines. While the
orientation of 10 is rather similar in both DHFR variants, the compound tail is more solvent-exposed in TbDHFR:
The PABA benzene and piperidine of 10 compete for interactions with Phe94 of TbDHFR, which thereby
becomes exposed to the solvent. In hDHFR, the corresponding exposed residue is the polar Asn64 and the tail
of 10 can interact with Phe31 deeper in the pocket, rendering the mode of binding more favorable in hDHFR.
The results are presented for N1-deprotonated compounds, but similar observations were made with N1

protonation (Figure S6).
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Specific combinations of modifications lead to improved on-target inhibition and
selectivity. Since the crystal structures and docking studies suggested a preference of the
MTX-like orientation in all receptors, we used constrained docking to evaluate this binding
mode for all 2014 members of the in silico library, containing all possible combinations of
merged compound fragments explored in the N10, PABA and tail series. In most cases, MTX-
like orientations with good scores were obtained and, therefore, the docking alone did not allow
us to rule out many of the compounds. However, by combining a docking criterion with property
and liability filters, we obtained 600 promising candidates composed of fragments of existing
compounds in new combinations (Figure 7A). Of these, six compounds with a diverse set of
properties were selected for synthesis and further studies based on expert opinion.
Compounds 12 and 13 (Figure 3B) combined fragments of 4, 11, reference VI, and, for 13, in
addition, reference VII. The activities and predicted interactions in all parasite targets were
most reminiscent of 4, suggesting the key importance of the hydroxy-propyl substituent to N10
for the target inhibition. Notably, while 12 was poorly selective for ThDHFR (2-fold) and
modestly selective for LmDHFR (31-fold), 13 was inactive against hDHFR, resulting in a S| of
170 and 113 for TODHFR and LmDHFR, respectively. Moreover, the compound had Sls over
hDHFR of about 2000 for TbPTR1 and 588 for LmPTR1. However, in contrast to most
compounds, 13 displayed a weak inhibition of hTS (ICso 29 uM).

Compound 8 combined fragments of 3 and 7. Due mainly to the tail ester, this modification
improved the inhibition for both TOPTR1 (ICs0 1 nM) and LmPTR1 (ICs0 0.1 uM). The activity
against TbDHFR was similar to the N10-modified parent 3, whereas LmDHFR and hDHFR
inhibition were again influenced by the tail modification (ICso LmDHFR 8: 0.2 uM, 7: 0.1 pM;
hDHFR 8: 13 uM, 7: 12 yM). Compound 24 merged fragments of 3 and 23. In TbPTR1, this
boosted the nanomolar ICs of 23 to the picomolar range, while the activity towards LmPTR1
remained similar to 23. This can be related to the N10 ethyl, which seems disfavored in
LmPTR1 as judged by the modest inhibition of parent 3 (ICso 13.3 uM).

Compounds 19 and 20 combined the scaffold of 16 with N10 modifications from 9 or 1,
respectively. Both compounds were nanomolar inhibitors of both PTR1 variants. The parent
compounds, 9 and 1, inhibited the parasite DHFR variants at micromolar to submicromolar
levels, while 16 was inactive against all variants of DHFR. The combination with a favorable
N10 substitution was able to restore medium micromolar anti-DHFR activity for the altered
scaffold of parent 16 in the parasitic enzymes in 19 and 20. Thus, specific combinations of the
N10 and tail modifications allow a fine-tuning of the target inhibition profile for enzymes of

specific parasite species.
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Figure 7. Workflow illustrating the prioritization of compounds in the in silico merged library (A) and anti-parasitic
activity against T. brucei (B). (A) Compounds were filtered to reduce liabilities based on QikProp® results and the
synthetically least accessible compounds as predicted with the Ambit-SA tool*® were removed. As the next step,
the compounds were filtered by the docking scores obtained for the different targets TOPTR1, LmPTR1, TbDHFR
and LmDHFR, followed by evaluation of whether the QikProp properties that were found to correlate with anti-
parasitic activity (QPLogPo/w: octanol-water partition coefficient; QPlogKp: skin permeability; QPlogKhsa: binding
to human serum albumin; coh. index: Index of cohesive interaction in solids, (no. of hydrogen bond acceptors x no.
of hydrogen bond donors x 0.5 / surface area)*' and CIQPlogS: conformation-independent predicted aqueous
solubility) were within the range typical for drug-like compounds. Finally, it was evaluated whether the compounds
occurred at least twice among the best resulting 30% of compounds for each individual property, as indicated in the
bar chart on the right-hand side by the green and blue regions for docking and QikProp results, respectively. All
docking results are reported in kcal/mol. The aqueous solubility, S, is reported in mol dm-. For target docking, the
best docking scores and for off-target docking, the worst docking scores were considered favorable. QikProp results
were evaluated based on the correlation with the anti-parasitic activity, with high values for correlating (QPlogPo/w,
QPlogKp, QPlogKhsa) and low values for anti-correlating properties (coh. index, CIQPlogS). The bar plot (right)
shows the range of the final set of 600 candidate compounds with black dots reporting the individual values for
every property. 6 representatives were selected for synthesis in the merged series, such that they span the covered
property range, as indicated by the colored diamonds. (B) Percentage inhibition against T. brucei brucei for
reference compounds and members of the N10-, PABA and tail-modified series (left) and the selected
representatives of the in silico merged library (right). The average of at least three independent determinations is
shown with the standard deviation. The inactive compounds in the tail modified series, 14, 17 and 18 were omitted.
Activities can be found in Table S7, SI.

The activity against T. brucei is related to the hydrophobicity of the compounds

We determined the anti-parasitic effect on T. brucei brucei Lister 427 bloodstream forms and

L. infantum intramacrophage amastigotes (Figure 7B and Table S7, Sl). The pteridines were
mostly inactive against L. infantum and, despite mostly being nanomolar inhibitors of TOPTR1

and micromolar inhibitors of TbDHFR, many of the new derivatives did not exceed 50% T.

brucei inhibition at 10 yM compound concentration. Consistently, the multiple correlation

coefficient between the TbBPTR1 and TbDHFR ICs values and the T. brucei bloodstream form
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inhibition was R = 0.35 (equation 1, Sl) and indicated that the levels of target enzyme inhibition
were only weakly correlated with the exhibited anti-parasitic effect when assuming a linear
correlation. PTR1 inhibition alone showed a Pearson correlation of 0.34 with the T. brucei
inhibition, while R was only 0.24 for DHFR inhibition, possibly because all compounds
considered are much stronger inhibitors of PTR1 than DHFR.

To consider other factors affecting the anti-parasitic activity of the compounds, we computed
the physicochemical properties and ADMET predictors of the reference and N10, PABA and
tail-modified series compounds and assessed property correlations with the measured effect
on T. brucei, see Table 1. However, overall, only weak correlations of the individual properties
with T. brucei inhibition were observed (Pearson R 0.47-0.55 and -0.41 — -0.54; R? 0.17-0.30;
computed as defined in the SI).

Table 1. Descriptors with significant correlations with the observed effect on T. brucei for the reference
compounds and pteridines of the N10-, PABA- and tail modified series calculated with QikProp.®® QPlogKp:
Predicted skin permeability, log Kp; QPlogPo/w: Predicted octanol/water partition coefficient. QPlogKhsa:
Prediction of binding to human serum albumin. Cohesive index: Index of cohesive interaction in solids, (no. of
hydrogen bond acceptors x no. of hydrogen bond donors x 0.5 / surface area)*'; CIQPlogS: Conformation-
independent predicted aqueous solubility, log S with S in mol dm- being the concentration of the solute in a
saturated solution that is in equilibrium with the crystalline solid. R (Pearson correlation) and R? were calculated
using the percentage of inhibition of the T. brucei brucei Lister 427 bloodstream form at 10 yM compound
concentration as defined in the SI. Only descriptors with at least a Pearson correlation/anti-correlation of 0.40/-
0.40 and two-tailed P-values lower than the chosen significance level a of 0.05 are reported. Covered range:
property values obtained for the currently considered compounds. Recommended range: values the properties
take for typical drug-like molecules. Resampling recovery rate indicates in how many cases (expressed as
percentage) the same property was identified when leaving a single compound out from the data set. The
optimization direction indicates whether higher or lower values would putatively lead to improved anti-parasitic
effects.

Predicted R R? | Pvalue Resampling Covered range Recommended range | Optimization
property recovery rate (%) Min o | max Min o max direction
QPlogKp 0.55 | 0.30 | 0.003 100 -6.62 - | -360 | -8.00 - -1.00 1
QPlogPo/w 049 | 0.24 | 0.010 96 -1.02 - | 292 | -200 - 6.50 1
QPlogKhsa 047 | 022 | 0.010 96 -0.85 - 1035 | -150 - 1.50 1
Cohesive index | -0.41 | 0.17 | 0.040 56 0.02 - | 0.04 0.00 - 0.05 !
CIQPlogS -0.54 | 0.29 | 0.004 96 -6.71 - | -319 | -6.50 - 0.50 !

The strongest correlation was found for the predicted skin permeability, log Kp, as a descriptor
linked to lipophilicity, with a Pearson R of 0.55 (R? 0.30). The logPo/w and the binding to human
serum albumin had slightly weaker correlations with the anti-parasitic effect (R: 0.49 R% 0.24
and R: 0.47 R?: 0.22, respectively). For these properties, an increase in the value corresponds
with higher anti-T. brucei activity. In contrast, some properties showed anti-correlation, for
instance the aqueous solubility and the cohesive index*® (R: -0.54 R% 0.29 and R: -0.41 R%:
0.17, respectively). Taken together, all the data indicate an improved anti-parasitic effect with

increased lipophilicity of the compounds.
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We considered the correlating predicted properties as an additional prioritization filter for the
in silico merged library, see Figure 7A. Of the six synthesized compounds, 19, 20 and 24
showed an improved percentage of T. brucei inhibition at 10 uM, as was suggested by their
properties. For those compounds, ECsy values were determined, see Table 2. Indeed, the
three more lipophilic compounds were found to have low micromolar ECsos against T. brucei
brucei with 24 being the best (ECso 0.66 + 0.48 uM) and they showed Sls of 3-38 on the basis

of their cytotoxicity on THP-1 derived macrophages.

Table 2. Properties with significant correlation with the observed effect on T. brucei for compounds in the merged
series calculated with QikProp.3® The properties are defined as in Table 1. Values shown in bold face are within
90% of the previously determined top value or exceeded the previously obtained range for reference compounds
and compounds in the N10-, PABA- and tail modified series, see Table 1. The activity against T. brucei brucei Lister
427 bloodstream form at 10 yM compound concentration (%inhibition) is given. For the most promising compounds,
19, 20 and 24, in addition, measured ECso values, No-observed-adverse-effect level (NOAEL), and Selectivity
indeces are reported. ECso and NOAEL represent the arithmetic average of at least two independent measurements
done in triplicate. NOAEL was determined by cytotoxicity assessment on THP-1-derived macrophages by a
colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay, as previously reported.*?
N.D.: Not determined.

Compound QP QP QP Cohesive | CIQP | %inhibition | ECso T. brucei CCso or Selectivity
logKp | logPo/w | logKhsa index logS | of T. brucei [uM] £ SD NOAEL [uM] index
at 10 yM * (CCso or
SD lower limit
| ECs0)
8 -5.18 2.02 0.04 0.03 -5.32 57 +10 N.D. N.D. N.D.
12 -6.74 -1.16 0.05 0.04 -4.53 308 N.D. N.D. N.D.
13 -6.48 -1.32 0.43 0.04 -6.35 23+4 N.D. N.D. N.D.
19 -4.60 3.36 -1.23 0.02 -3.20 100+ 0 4.53+0.42 12.5 < CCso < 3
25
20 -5.16 2.09 -1.14 0.02 -3.44 100+ 0 1.30+0.05 12.5 < CCso < 10
25
24 -3.91 2.19 0.07 0.02 -5.43 78+3 0.66 + 0.48 25 <CCs0 < 50 38
Pentamidine | N.D. N.D. N.D. N.D. N.D. N.D. 0.0019 + 0.0005 10 5263

Increased hydrophobicity often leads to liabilities

Potential liabilities were assessed by determining the inhibition of the hERG potassium
channel, five isoforms of CYP450 (1A2, 2C9, 2C19, 2D6 and 3A4), cytotoxicity against A459
cells (human lung adenocarcinoma epithelial cell line) and mitochondrial toxiticity against 786-
O cells (renal carcinoma cell line) for all compounds at a concentration of 10 uM. The results
are shown in Figure 8. Further, the compounds passed a check for Pan-assay interference
compounds (PAINS).

The reference compounds and the N10 series largely exhibited a safe profile. Aromatic
modifications to the compound tail region, for instance in 27, 17 and 20 (PABA, Tail and
Merged series, respectively) were associated with notable hERG liabilities. Increasing the
hydrophobicity of the compounds further led to liabilities against some CYP isoforms, in
particular, 2C9 and 2C19. The shortened tails of 25 and 27 resulted in a strong effect on CYP
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isoform 2D6. Finally, several of the bulky, more hydrophobic compounds resulted in a
cytostatic or cytotoxic effect on A549 cells, thus demonstrating a need for further optimization

with increasing hydrophobicity being associated with greater liabilities.

| Reference | N10 modified PABA modified Tail modified

] T S )
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85 100 84 100 80 100

Figure 8. Heatmap representation of the liability assessment results. Inhibition of hERG, five CYP isoforms (1A2,
2C9, 2C19, 2D6 and 3A4), mitochondrial toxicity (MITO) and growth inhibition of A549 cells were determined at 10
uM. The data are represented as percentages on a color scale from green (desired) to white (undesired value) with
values reported in the map. For the inhibitory activities against hERG, CYP isoforms and mitochondrial toxicity:
green = 0%, white = 100% inhibition/toxicity, while for A549 cell growth inhibition green = 100% and white = 0%
growth. The values are reported in Tables $8,S9.

In line with these observations, two of the best inhibitors of T. brucei bloodstream forms, 19
and 20 show 54% and 81% hERG inhibition, respectively. 19 and, in many cases also 20, also
affected various CYP isoforms: 2C19 was inhibited to 100% and 81%, 2D6 to 81% and 57%
and 3A4 to 62% and 51%, respectively. 19 further showed 69% CYP 2C9 inhibition. Finally,
20 was cytostatic with A549 cell growth reduced to 15% and 24 showed cytotoxicity, effectively
completely inhibiting cell growth. Taken together, the most efficient inhibitors of T. brucei
bloodstream forms were found to suffer from liabilities associated with their large

hydrophobicity and require careful optimization of their cellular specificity.

Conclusion

Applying a multitarget-based approach to the development of novel therapies for HAT and
leishmaniasis, we here focused on pteridine-based inhibitors of L. major and T. brucei PTR1
and DHFR and successfully designed the first known picomolar inhibitors of TbOPTR1. While
LmPTR1/LmDHFR inhibition was previously explored for this compound class, we here
demonstrated the potential of pteridine-based inhibitors against the TbPTR1/ThDHFR
system.?” We solved a crystal structure of the reference compound 1 bound to TbPTR1 to
confirm the overlap in observed binding modes between the two PTR1 variants and the
preference of the inhibitor-like bound orientation in ThPTR1. Guided by our detailed
comparative study of on- and off-targets in the parasitic and human folate pathway®?,
crystallographic reference structures and enzymatic evaluation of published reference

pteridines?’3!

, we designed 26 new pteridine derivatives that mostly have improved activity
and selectivity. For their synthesis, we made use of an advanced MW-assisted protocol to

improve the reaction yield of the pteroid step with reduced reaction time. Further determination
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of crystal structures of complexes and computational docking enabled us to obtain a complete
characterization of the binding modes of the pteridines to their molecular targets and supported
the derivation of a SAR. The compounds were also tested against the human off-targets
hDHFR and hTS. While they were sometimes only modestly selective for the parasitic DHFR
variant, many showed 1000-fold and higher selectivities for PTR1 over the off-targets and thus,
the novel PTR1 inhibitors can overall be considered selective for the parasite proteins.

While many compounds exhibited excellent inhibitory activity at the target level, they were
often only modest inhibitors of T. brucei brucei bloodstream forms and inactive towards L.
infantum intracellular amastigotes in vitro. We found that increased lipophilicity correlated with
improved effects on T. brucei. We were able to prioritize compounds from an in silico library
for synthesis by using predicted ADMET-related properties which suggested a likely
improvement of the trypanocidal effect. In this way, we found three improved compounds,19,
20 and 24, with low micromolar inhibition of T. brucei brucei (ECso 0.66 — 4.53 uM). The result
demonstrates that the approach employed here of combining property prediction correlation
with multitarget-based compound design is a valuable approach to informing compound
design, even when anti-parasitic data are available only as a percentage of inhibition
determined at a single compound concentration. Further, integration of transport related
considerations in the design®, or using, for instance, structurally related scaffolds reported in
the literature, which show inhibition of the Leishmania parasite, and a similar property-based
correlation concept to that presented here, may help to overcome the current limitations of the
pteridine-based compounds as inhibitors of intracellular parasites. Our data show that, overall,
optimization for increased lipophilicity leads to more potent pteridine-based T. brucei inhibitors.
However, increased lipophilicity can also introduce compound liabilities, e.g. for AERG and
CYPs. Strategies to avoid these, for instance by making use of a similar property-based

optimization strategy, should thus be incorporated in future design efforts.

Experimental Procedures

General Synthesis Information. Reagent grade chemicals and solvents were
purchased from commercial suppliers and used without further purification. Reactions
were monitored by TLC on silica gel plates (Kieselgel 60, F254, Merck) and visualized
using UV light, cerium ammonium sulphate or alkaline KMnO4 aqueous solution.
Solvents are abbreviated as follows: tetrahydrofuran (THF), ethyl ether (Et20), dimethyl
sulfoxide (DMSO), dimethylacetamide (DMA), ethyl acetate (EtOAc), dichloromethane
(DCM), dimethyl formamide (DMF), methanol (MeOH) and acetonitriie (ACN). The
structures of the isolated compounds were confirmed by NMR spectroscopy and mass
spectrometry. NMR spectra were recorded on Bruker 400 and 600 spectrometers with
'H at 400.134 - 600 MHz and *C at 100.62 - 151 MHz. The purity of all synthesized
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compounds was determined by elemental analyses performed on a PerkinElmer 240C
instrument and by measurement of the melting point interval on a Stuart SMP3
instrument. Liquid chromatography—mass spectrometry (LC-MS) was used to obtain the
molecular mass and analyze the purity of the products. The specifications of the LC-MS
instrument were the following: Agilent 1200 HPLC coupled to a 6120 quadrupole mass
spectrometer (ESI-API), UV detection at 254 and 210 nm, Agilent Zorbax XDB-18 C1s
column (50 x 4.6 mm, 3.5 ym), gradient mobile phase consisting of MeOH/water/0.1%

formic acid buffer, and a flow rate of 1.00 mL/min.

General synthetic procedure A: Reductive alkylation of amines using nitriles (32-
33, 51, 74). After two vacuum/H- cycles to remove air from the reaction tube, the stirred
mixture of the amine (1.0 equiv.), Pd\C catalyst (10 wt % of the amine), the respective
RCN (5.0 equiv.) and NH4OAc (1.0 equiv.) in MeOH (5.0 mL) was hydrogenated under
ambient pressure (balloon) at room temperature for the appropriate time (24-36 h). The
reaction mixture was filtrated using Celite cake before the filtrate was concentrated
under reduced pressure. The residue was partitioned between Et,O (10 mL) and water
(10 mL). The aqueous phase was extracted thrice with EtO (10 mL), and the combined
organic phases were washed with brine (10 mL), dried with anhydrous Na>SOy, filtered
and concentrated under reduced pressure to yield the amines without further

purification.

General synthetic procedure B: Amide coupling reaction for the synthesis of 27-
28, 40-49, 52-54, 56-57, 71-72, 75. Carboxylic acid compounds (1 equiv.), EDC-HCI
(1.1 equiv.) and HOBt (0.1 equiv.) were added to a dried round-bottomed flask and
dissolved in DMF dry under N2. The reaction mixture was cooled down to 0°C and stirred
for 30 min before adding it to the respective amine (1 equiv.) with/without TEA (2-3
equiv.). After stirring overnight at rt (room temperature), the mixture was washed 1x with
saturated NaHCOs3, 1x with H.O and 1x with brine. The washed organic mixture was
then dried with Na>SO4, concentrated in vacuo and purified using column
chromatography (SiO-, eluent: Cy/EtOAc or DCM/MeOH or DCM/EtOAc/MeOH) to give

the desired amide.

General synthetic procedure C: MW alkylation 1-26. To a suspension of amine
intermediates (1 equiv.) in DMA (3 mL) in a microwave Biotage vial, 29 (1.2 equiv.),
K2COs (3 equiv.) and Kl (0.1 equiv.) were added. The vial was sealed and heated by
microwave irradiation in a Biotage® Initiator+ microwave at 60°C for 20 min (30’ for

compounds 23-25), before cooling to room temperature and diluting with water (20 mL).
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The precipitate was then collected by filtration and dried before the final compound was

purified by fractional crystallization from methanol, DCM and Et0.

General synthetic procedure D: SyAr for the preparation of 4-substituted
benzaldehyde (63-65). A mixture of substituted phenol 58-60 (1 equiv.), 4-
fluorobenzaldehyde (1 equiv.), and K2CO3 (3 equiv.) in DMF (10 mL) was refluxed for
16—18 h under nitrogen. After cooling, the solution was concentrated in vacuo to give a
crude residue, which was purified by crystallization in 1N NaHCO3. The obtained crystal

was washed with H20 to obtain the desired benzaldehyde derivatives.

General synthetic procedure E: Preparation of primary amines from 4-substituted
benzaldehyde (66-68). A solution of carbonyl (aldehyde) compounds 66-68 (1 equiv.)
and hydroxylammonium chloride (1.2 equiv.) in ethanol (30 mL) was stirred for 1h at rt.
Subsequently, 12 M hydrochloric acid (4 equiv.) and zinc dust (2.5 equiv.) were slowly
added to the solution and let to stir at rt for 15 min. To the resulting slurry, a solution of
ammonia (30%, 14 mL) and sodium hydroxide (6 M, 30 mL) was added dropwise and
the mixture was stirred at rt for another 15 min. Then, the resulting solution was
extracted with DCM, dried over anhydrous Na>SOs, and filtered. The solvent was

removed under vacuum to give the amines without further purification.

Protein expression and purification. Recombinant TbPTR1, LmPTR1, TbDHFR-TS,
LmDHFR-TS, hDHFR and hTS were expressed and purified according to previously

reported procedures.26:4243

Crystallization of TbPTR1 and LmPTR1. Well-ordered monoclinic crystals of histidine-
tagged ThPTR1 were obtained by the vapor diffusion hanging drop technique at rt.**
Drops were prepared by mixing equal volumes of protein and precipitant solution (2 -
2.5 M sodium acetate and 0.1 M sodium citrate pH 5) according to a previously
described procedure.*> The TbhPTR1—cofactor—inhibitor ternary complexes were
obtained by the soaking technique. The compounds, solubilized in DMSO, were diluted
in the cryoprotectant solution (30% vol/vol glycerol added to the precipitant solution) to
a final concentration of 2-4 mM (keeping the DMSO concentration below 10% vol/vol).
Crystals were then transferred in the resulting soaking/cryoprotectant solution and flash

frozen in liquid nitrogen after 8-24 h exposure.

Crystals of LmPTR1 were prepared as described elsewhere.®® The LmPTR1—cofactor—
4 ternary complex was obtained by the soaking technique, adding 2 mM compound

(solubilized in DMSO, without exceeding the 10% drop volume) directly into the
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crystallization drop. After 5 h, crystals were transferred to the cryoprotectant solution

and flash frozen in liquid nitrogen.

Data collection, structure solution and refinement. X-ray crystallographic data were
collected using synchrotron radiation at the Diamond Light Source (DLS, Didcot, United
Kingdom) beamlines 104-1 and 103 equipped with a Dectris Pilatus 6M-F and a Pilatus3
6M detector, respectively. Reflections were integrated using MOSFLM and scaled with
Scala (CCP4 suite). 4*° Data collection and processing statistics are reported in Table
S2. The crystals of ThOPTR1 and LmPTR1 belonged to the primitive monoclinic space
group P21 and the primitive orthorhombic space group P2:2424, respectively. Both had
a functional enzyme tetramer in the asymmetric unit. The structures were solved by
molecular replacement using MOLREP and either a TbPTR1 (PDB-ID 5jdc) or a
LmPTR1 tetramer (PDB-ID 5l4n) as the searching model (all non-protein atoms were
excluded).®4250 Models were refined using REFMAC5 (CCP4 suite).®" Visual
inspection and manual rebuilding of missing atoms was performed using Coot.52%3
Water molecules were added with the automated standard procedures implemented in
the software ARP/WARP and checked with Coot.%* In the higher resolution complexes
of TbPTR1 with compounds 3 and 4, all atoms were refined anisotropically in the final
refinement cycles and hydrogen atoms were added in the calculated positions. The
occupancies of exogenous ligands were individually adjusted to values resulting in
atomic displacement parameters comparable to those of surrounding protein atoms in
fully occupied sites. The final models were checked with Coot and Procheck.®® Statistics
for data refinement are reported in Table S3. Figures were generated using CCP4mg.%¢
Coordinates and structure factors were deposited in the Protein Data Bank under the
PDB-IDs 6rx5 (TbPTR1-NADPH/NADP*-1), 6rx0 (TbPTR1-NADPH/NADP*-3), 6rx6
(TbPTR1-NADPH/NADP*-4), and 6rxc (LmPTR1-NADPH/NADP*-4).

TbPTR1, TbDHFR, LmPTR1, LmDHFR, hDHFR and hTS target/off-target enzyme assays.
In vitro assays for TOPTR1 and LmPTR1 were based on the coupled assay reported by
Shanks et al.5” The assay non-enzymatically links the reduction of cytochrome ¢ (Cc)
with the reduction of dihydrobiopterin to tetrahydrobiopterin, catalyzed by PTR1. The
formation of reduced Cc (Fe?*) results in a signal increase in the photometric readout at
550 nm wavelength. TbPTR1 and LmPTR1 assays were performed in a buffer
containing 20 nM sodium citrate (pH 6.0) in a well-plate-based format as previously
reported.*? LmDHFR, TbDHFR, hDHFR and hTS activities were assessed

spectrophotometrically according to published procedures.’®®® Each inhibitory
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compound was assayed at five different concentrations in duplicate (confidence interval

p < 0.05) and ICso values were calculated as described in the SI.

Computational preparation of pteridine compounds and protein receptors and SiteMap
calculation of DHFR pocket volumes. The three-dimensional structures of the compounds
were created from SMILES strings and optimized with the OPLS_2005 force field using
LigPrep of Maestro (Schrédinger, LLC) as described previously, except that tautomers were
created for the pH range 5.0-8.0 and both an N1-deprotonated and an N1-protonated tautomer
was considered for every compound.*?%*® |n addition, all different substituents to the N10
position, PABA modifications and compound tail alterations present in reference compounds,
compounds of the N10-, PABA- or tail-modified series were combined in all possible

permutations in silico in a ‘merged’ series and prepared similarly.

All receptors were prepared in the presence of MTX (from the following PDB-IDs for
TbPTR1: 2c7v, LmPTR1: 1e7w, TbDHFR and LmDHFR: 3cl9 and hDHFR: 1u72) to
improve the interactions of binding site residues and the conserved water molecules
with the pteridine core of the compounds. Receptor preparation was carried out
following published procedures with minor modifications.#260616466 For the LmPTR1
(PDB-ID 1e€92) and TbPTR1 (PDB-ID 2x9g) receptors, an energy minimization with a
harmonic restraint of 25 kcal mol~" A2 on heavy atoms and no restraint on hydrogens
was performed until the heavy atom RMSD relative to the previous minimization step
was less than 0.30 A.%” For the TbDHFR receptor, PDB-ID 3rg9 was used; for LmDHFR,
our previously published homology model based on a TcDHFR-TS template (PDB-ID
3inv) was chosen.?? For off-target docking, we used the hDHFR structure 1u72. For
PTR1, we also considered the previously described set of conserved water molecules
as identified by the WatCH clustering approach.*?¢* Further, using WatCH, we identified
conserved water sites in hDHFR in a similar approach as described in the SI.%* Except
for the parasite DHFR variants, where the identification of a conserved water set was
not possible, all receptors were prepared both with the identified set of conserved
structural waters and without explicit water molecules.

Grid preparation was done as described before for LmPTR1 and TbPTR14? with the
following grid centers and rotatable groups: (i) LmPTR1: center Phe113, rotatable OH
in Ser111, Thr184, Tyr191, Tyr194, Thr195, Tyr283 and NADP" ribose; (ii) TOPTR1:
center Phe97, rotatable OH/SH in Ser95, Cys168, Tyr174 and NADP" ribose; (iii)
LmDHFR: center Phe31, rotatable OH/SH in Thr35, Thr36, Ser61, Cys130, Tyr137,
Thr155, NADP™ ribose; (iv) TbDHFR: center Phe58, rotatable OH in Thr46, Thr62,
Thr86, Ser89, Ser98, Tyr166, Thr184, NADP"* ribose; and (v) hDHFR: center Phe34,

rotatable OH in Thr38, Thr39, Ser59, Tyr121, NADP" ribose.
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The volumes of the binding pockets of ThbDHFR (PDB-ID 3rg9), hDHFR (1u72) and the
LmDHFR homology model were computed with Schrodinger SiteMap®%88° as
described in the SI.

Computational docking studies. Docking studies were performed using a rigid receptor in
Glide standard precision (SP) and extra precision (XP) modes and employing the Induced Fit
(IF) protocol to allow for refinement of binding site residues.®>""® For rigid receptor docking,
van der Waals radii scaling of ligand atoms and settings for sampling, consideration of Epik
state penalties in the docking score, rewarding of intramolecular hydrogen bonds and
enhancement of the planarity of conjugated n-groups were chosen as described previously*?,
but a total of 50 poses per ligand were subjected to post-docking energy minimization. For the
in silico library, we used SP docking with a constraint on all heavy atoms of the pteridine core

to match the orientation of MTX in the corresponding protein receptor with a tolerance of 1 A.

In addition, since some compounds showed major variation in substituent size when
compared to the starting scaffold and explicit water molecules are treated as frozen in
the standard SP/XP docking, we performed additional studies allowing protein side
chain and water reorganization in response to ligand binding: We used the IF workflow
implemented in Maestro with the standard protocol. The planarity of conjugated Tr-
groups was enhanced and a Prime refinement was performed for residue side chains
within 5 A of ligand atoms. XP redocking was done as previously described, yielding up
to 20 receptor-ligand complexes per compound.*?

The validation of the chosen docking protocol is presented in the SI.

Computational property prediction, Pan-assay interference compounds (PAINS) and
correlation analysis with anti-parasitic data. Physico-chemical descriptors and parameters
related to ADMET were computed for all prepared compounds using QikProp (Schrédinger).*
We then used Python scripts and SciPy to compute Pearson correlations (R), R? values and
two-tailed P-values for each property with the measured percentage of inhibition of T. brucei
at 10 yM compound concentration. Only properties with a statistical significance level a no
more than 0.05 were considered further. To ensure robustness against leaving single
compounds out of the analysis, we performed an additional resampling analysis by leaving
every compound out once before recomputing the correlations. Properties with R above 0.40
or below -0.40, P-value < 0.05 and being identified in more than 50% of the resampling
correlation analyses were considered to be the most robust markers for the optimization for
anti-parasitic effect. These properties were employed to prioritize compounds for synthesis as

part of series 4 as demonstrated in Figure 7 and explained in detail in the SI.
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In addition, a multivariate correlation coefficient between parasite target protein
inhibition and anti-parasitic activity was determined. Details on the correlation
calculations are reported in the SI.

Finally, all synthesized compounds were checked for PAINS (PAINS filters A, B and C),
undesirable substructure moieties, covalent inhibition, and compliance with the rule-of-
five with the FAF-Drugs4 webserver (fafdrugs4.mti.univ-paris-diderot.fr/) by inputing
SMILES strings for the compounds.””

In vitro biological evaluation against T. brucei and L. infantum intramacrophage
amastigotes. The efficacy against T. brucei brucei Lister 427 bloodstream forms was
evaluated in a modified resazurin-based assay as previously described.”® Cells were grown at
37°C and 5% CO- in a complete HMI-9 medium supplemented with 10% fetal calf serum (FCS)
and 100 Ul/mL of penicillin/streptomycin. Cultures were then diluted to a cell density of 2x10°
/mL. For the assay, compounds were prepared in 10 mM DMSO and diluted in HMI-9 to a 40
MM solution (0.4% DMSO). The assay solution was further used to perform serial dilutions (1:2)
in a 96-well plate. Mid-log bloodstream forms (100 pL) were added in complete HMI-9 medium
at a final cell density of 1x10* /mL in a well volume of 200 pL after compound addition, leading
to a maximum DMSO concentration of 0.2%. Following incubation for 72 h at 37°C and 5%
COg, 20 pL of 0.5 mM resazurin solution were added and plates were further incubated for 4 h
under similar conditions. Fluorescence was then measured using a Synergy 2 multi-mode
reader (BioTek) at 540 and 620 nm excitation and emission wavelength, respectively. The
efficacy of compounds against L. infantum intracellular amastigotes was determined according

to Sereno et al. with slight modifications described in detail in the SI.7

Liability assays. The hERG cardiotoxicity assay was performed using the Invitrogen Predictor
hERG fluorescence polarization (FP) assay. A membrane fraction containing hERG (Predictor
hERG membrane) was used together with a red fluorescent high-affinity ligand of the hERG
channel (Predictor hERG Tracer Red). Displacement of the latter from hERG by binding of the

test compound can be determined in a FP-based format.*

Cytochrome P450 (CYP450) assays against isoforms 1A2, 2C9, 2C19, 2D6 and 3A4
were performed using the Promega P450-Glo assay platform. Microsomal preparations
of cytochrome P450s from baculovirus-infected insect cells were used. In this assay,
light is generated when a CYP450 enzyme acts on its substrate and a decrease thereof
was indicative of inhibitory effects of the tested compound on the respective isoform.*2
For monitoring mitochondrial toxicity caused by the test compounds in the 786-O cell

line, uptake of MitoTracker Red (chloromethyl-X-rosamine) combined with high content

28



imaging was used. Cells were maintained in Rosswell Park Memorial Institute (RPMI)-
1640 medium containing 2 mM glutamine, FCS (10% v/v), streptomycin (100 pg/mL),
and penicillin G (100 U/mL).%?

The cytotoxicity assay against A549 cells was performed using the CellTiter-Glo assay
from Promega. The number of viable cells present is directly proportional to the cellular
ATP content, which is detected. The A549 cells were obtained from DSMZ (German
Collection of Microorganisms and Cell Cultures, Braunschweig, Germany) and grown
in Dulbecco’s modified Eagle medium (DMEM) with FCS (10% v/v), streptomycin (100
ug/mL) and penicillin G (100 U/mL).%?

Supplemental Information
Supplemental Figures S1-8, Supplemental Tables $1-12, Supplemental experimental

procedures and compound characterization.

Additional supplementary data are freely available at

https://fairdomhub.org/investigations/417: QikProp prediction results for synthesized and in

silico pteridines and corresponding SOP. PAINS filtering results, Python modules for
correlating QikProp data with experimental activities and for computing a multiple correlation
between target and parasite inhibition. Compound library construction data and SOP, prepared
docking receptors (PDB) with SOP, all Glide XP rigid-body docking results as PDB-files of the
receptor-ligand complexes and SOP as well as selected discussed induced fit docking results

and corresponding SOP.

PDB-Codes

Crystal structures described in this paper are available in the Protein Data Bank with identifiers:
6rx5 (TbPTR1-NADPH/NADP*-1), 6rx0 (TbPTR1-NADPH/NADP*-3), 6rx6 (TbPTR1-
NADPH/NADP*-4), 6rxc (LmPTR1-NADPH/NADP*-1).
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