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Abstract: Trypanothione reductase (TR) plays a key role in
the unique redox metabolism of trypanosomatids, the
causative agents of human African trypanosomiasis (HAT),
Chagas’ disease, and leishmaniases. Introduction of a new,
lean propargylic vector to a known class of TR inhibitors
resulted in the strongest reported competitive inhibitor of
Trypanosoma (T.) brucei TR, with an inhibition constant K;
of 73 nm, which is fully selective against human gluta-
thione reductase (hGR). The best ligands exhibited in vitro
IC5, values (half-maximal inhibitory concentration) against
the HAT pathogen, T. brucei rhodesiense, in the mid-nano-
molar range, reaching down to 50 nm. X-Ray co-crystal
structures confirmed the binding mode of the ligands and
revealed the presence of a HEPES buffer molecule in the
large active site. Extension of the propargylic vector,
guided by structure-based design, to replace the HEPES
buffer molecule should give inhibitors with low nanomo-
lar K; and 1Cs, values for in vivo studies. )
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The neglected tropical diseases human African trypanosomiasis
(HAT), Chagas' disease, and the different forms of leishmaniasis
constitute one of the most serious health problems in develop-
ing countries, with an estimated 500 million people at risk of
infection."! Currently used drugs have major drawbacks, such
as poor safety, complicated administration, and high cost, un-
derscoring the necessity for new, safe, and inexpensive treat-
ments."™? Whereas virtually all other organisms have a gluta-
thione/glutathione reductase (GR) redox system, trypanosoma-
tids are characterized by a unique trypanothione-based thiol
metabolism.® Trypanothione reductase (TR) plays a central role
in this unique metabolism by catalyzing the reduction of trypa-
nothione disulfide to trypanothione, which the parasites use in
several essential processes, such as protection against oxida-
tive damage.® Over the last 30 years, following the discovery
of TR™ a large number of inhibitors have been reported that
target the large solvent-exposed active site of TR but typically
achieved only inhibition constants (K) in the low micromolar
range,”>* far from the low nanomolar range necessary to ach-
ieve significant in vivo inhibition of TR.48

We have recently reported” on a known class of TR li-
gands®“® providing a novel lead 1 with improved potency
(competitive inhibition constant (K)=6.1 um) and physico-
chemical properties (Figure 1). The crystal structure of 1 in
complex with Trypanosoma (T.) brucei TR confirmed binding of
the inhibitor to the so-called mepacrine binding site” and sug-
gested directions for further development of this ligand class”
(see Figure S1 in the Supporting Information).

In this work, we describe the structure-based design-guided
(see Section S2 in the Supporting Information) improvement of
lead structure 1 to generate inhibitor (+)-2 (Figure 1), which
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Figure 1. Summary of the inhibitor development presented in this work
from lead compound 17 to novel ligand (4)-2. The structural differences in
(4)-2 are highlighted in blue. The competitive inhibition constants (K,.) for T.

brucei TR are indicated.
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Table 1. Inhibition of T. brucei TR with ligand efficiency (LE) and in vitro activities against T. brucei rhodesiense (T.b.r.) and mammalian L6 cells by ligands

(4)-2-12. Results of 17 are included for comparison.
Ch
J S T. brucei TR Tour. L6
N\
R
Ligand R R’ K [um]® LE® [kcalmol "] ICso [um]® ICso [um]®
H
e Q/\)‘ e 6.1407 022 20 1.6
HN
NH = N
(+)-2 Q}% \/H s 0.073+0.009 0.24 0.12 24
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(+)-3 Q}x \/ H ? 0.24+0.03 025 1.56 26
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(+)-4 Q > 5 21402 0.25 0.85 34
= N"cF
5 Q/\)\ Z w7 1.5£0.1 0.19 0.05 33
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= N CH,
6 HN H 0.78+0.05 0.21 0.78 26
y 07 CH;
7 3.5+03 0.19 0.14 2.1
HN
Vi OH
8 43+0.3 0.20 4.20 53.2
HN
= H
9 i \/\N z 39407 026 0.75 66
=" "N"CH
10 B \/ H : 28+0.2 0.25 0.70 123
= "N
1 A \/H Y 0.80+0.09 025 0.18 3.7
_Z N
12 hA \/H m 0.41+0.05 0.25 061 36
[a] At least two different inhibitor concentrations measured. [b]Ligand efficiency =—RTIn(K)/(number of non-hydrogen atoms), with R=
1.987 kcal K™ mol™" and T=300 K. [c] Values are the means of two independent assays; individual values vary by less than a factor of 2.

displays a significant, 84-fold enhancement in affinity for T.
brucei TR resulting in a K value of 73 nm. This represents, to
the best of our knowledge, the strongest competitive inhibitor
of this enzyme reported to date.”** 5% The remarkable poten-
cy increase was achieved through two major structural
changes, the modification of the substituent on the indole
moiety, combined with the introduction onto position 4 of the
central thiazole moiety of a propargylic substituent, designed
to target a hydrophobic sub-pocket near the catalytic cysteines
in the TR active site. To evaluate these structural changes, a set
of 11 derivatives ((+)-2-12, Table 1) was synthesized and
tested in on-target and cell-based assays. With the exception
of 8 and 9, the calculated topological polar surface area
(TPSA,'" see Section S4 in the Supporting Information for cal-
culated molecular proprieties (clogD,, TPSA, and pK,) was
maintained below 80 A? to enhance the probability of the
compounds to cross the blood-brain barrier and be active in
combatting the central nervous system stage of HAT For
crossing the blood-brain barrier, however, the molecular
weights of the ligands between 405 and 545 gmol™" might
become limiting (Table S4 in the Supporting Information). Fur-
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thermore, co-crystallization of three derivatives with T. brucei
TR elucidated the binding mode of this class of ligands and re-
vealed a very new direction for further inhibitor improvement.

The strategy employed for the synthesis of ligands (+)-2-12
(see Section S10 in the Supporting Information) is exemplified
by the preparation of (+)-2 starting from intermediate 13
(Scheme 1; see Scheme S4 in the Supporting Information for
the synthesis of 13). A halogen-exchange reaction proved nec-
essary to obtain iodide 14, which is more reactive towards
cross-coupling reactions."? Subsequent TIPS-deprotection with
KOH provided 15 in 95% vyield,"® which was coupled with to-
sylated 2-methylpyrrolidine derivative (—)-16 by nucleophilic
substitution,"” leading to iodide (—)-17. Sonogashira cross-
coupling™™ was used to introduce the Boc-protected propar-
gylic vector 18, giving (—)-19, which upon Boc-deprotection
under basic conditions afforded (4)-2."” We also investigated
heteroalicyclic and aryl vectors as alternatives to the lean prop-
argylic linker but these derivatives proved either synthetically
inaccessible or displayed conformational issues in the model-
ing that would result in a predicted decrease in binding affini-

ty.
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Scheme 1. Synthesis of ligand (4)-2. Reagents and conditions: i) nBuli, THF, —78°C, 15 min; ii) I,, THF, —78°C, 25 min, 72 %; iii) KOH, THF/MeOH, 25°C, 15 h,
95%; iv) (—)-16, NaH, DMF, 0°C to 25°C, 25 h, 50%; v) 18, [PdCl,(PPh,),], Cul, Et;N, 80°C, 15 h, 48%; vi) TMSOTY, 2,6-lutidine, CH,Cl,, 25°C, 13 h, 76 %. TIP-
S=triisopropylsilyl, THF =tetrahydrofuran, Boc = tert-butoxycarbonyl, Ts = p-toluenesulfonyl, DMF = N,N-dimethylformamide, TMSOTf = trimethylsilyl trifluoro-

methanesulfonate.

Ligands (+)-2-12 were tested in enzymatic assays against T.
brucei TR (see Section S3 in the Supporting Information for ex-
perimental details).”'”" All ligands inhibited TR through a com-
petitive mechanism (see Figure S4 in the Supporting Informa-
tion for the Lineweaver-Burk plot of (4)-2), with a largely im-
proved affinity, compared to lead compound 1. The improved
affinity does not correlate to a significant improvement of the
ligand efficiency (LE) which remains below 0.30 kcal mol™. Five
of the inhibitors displayed K values in the sub-micromolar
range (Table 1). The structure-activity relationship (SAR) indi-
cated that the improved indole N-substituent provides about a
3-fold gain in affinity ((4)-3 and (4)-4 vs. 6 and 1, respectively).
Variation of the propargylic vector revealed that a hydrogen
bond donor significantly increases the potency compared to a
hydrogen-bond acceptor (6 vs. 7). Furthermore, an ethyl group
on the propargylic amine provides more potent inhibition than
a 2,2,2-trifluoroethyl group (6 vs. 5). In compound 6, the basic
propargyl amine is most probably protonated (calculated pK,
value: 10.6, see TableS2 in the Supporting Information),
whereas the 2,2,2-trifluoroethyl amine in 5 is expected to be
neutral at physiological pH (calculated pK, value: 5.4).® The
potency nicely correlates with the size of the propargylic alkyl
groups (9-12), with a 9.5-fold improvement from unsubstitut-
ed propargylic amine 9 (K, =3.9 um) to the larger cyclobutyl
derivative 12 (K, =0.41 um).

The in vitro activities of (4+)-2-12 were studied against T.
brucei rhodesiense, T. cruzi, and Leishmania (L.) donovani, the
causative agents of HAT, Chagas’ disease, and leishmaniasis, re-
spectively, as well as the malarial parasite Plasmodium (P) falci-
parum, and mammalian L6 cells (Table 1 and Table S3 in the
Supporting Information). Most ligands showed ICs, values
(half-maximal inhibitory concentration) against T. brucei rhode-
siense (T.b.r.) in the sub-micromolar range and in the single-
digit micromolar range against T. cruzi, while being mostly in-
active towards L. donovani. The activity against T. cruzi is prob-
ably partially influenced by the cytotoxicity against the host
cells, whereas the results against L. donovani are likely due to
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the low concentration of uncharged species at the pH (5.4) of
the culture medium, which leads to a very limited cell permea-
tion. Compound 5 was the most active derivative of the series
against T. brucei rhodesiense with an ICs, value of 50 nm, corre-
sponding to a 40-fold improvement compared to 1, whereas
the strongest inhibitor of T. brucei TR, (+)-2, displayed an ICs,
value of 120 nm. Additionally, most of the compounds inhibit-
ed the proliferation of P falciparum with 1Cs, values in the
middle-to-low nanomolar range. This high cell-based inhibition
of the malarial parasite has already been observed previously
and hints at the inhibition of additional targets, as P. falciparum
does not possess TR.5>7" Correlation of on-target and cell-
based assay results is not straightforward, potentially being
caused by these additional targets and differences in cell per-
meation.

Measurements of the parallel artificial membrane permea-
tion (PAMPA)?® scores on selected ligands showed that poten-
tially triply positively charged, highly polar ligands displayed
low permeation constants Pe, while the permeation improved
when one of the protonatable centers was absent resulting in
medium-to-high permeation (Section S6 in the Supporting In-
formation for experimental details and results). Conversely, the
increased polarity provided improved metabolic stability in mi-
crosomal stability assays with human, mouse, and rat micro-
somes, with (+)-3 and 6 showing low intrinsic clearance (Cl;, <
10 uLmin~'mg™") in human microsomes (Section S7 in the
Supporting Information for experimental details and results).”?"!

All ligands showed low-to-moderate selectivity against mam-
malian L6 myoblast cells with selectivity indices (S.I.=L6/T.b.r.)
up to 68 for 5 (Table 1 and Table S3 in the Supporting Informa-
tion). Cytotoxicity might arise from alternative inhibition tar-
gets in mammalian cells. Interestingly and in accordance with
our previous results,®*>” the basic, most probably protonated
indole N-substituents of ligands 1-8 vastly improved selectivity
against hGR, with no measurable inhibition of the human
enzyme. The unsubstituted indoles 9-12 displayed slight bind-
ing affinity towards hGR (Table S1 in the Supporting Informa-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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tion). Ligand 12 was chosen for a detailed kinetic analysis and
was found to inhibit hGR noncompetitively with a K; value of
83 um (Figure S3 in the Supporting Information for Linewea-
ver-Burk plot), corresponding to a selectivity of TR over hGR
above 200-fold for 12.

Co-crystal structures of ligands (4)-2 (PDB ID: 60EZ, 2.5 A
resolution), (4)-4 (PDB ID: 60EY, 2.1 A resolution), and 5 (PDB
ID: 60EX, 2.1 A resolution) in complex with T. brucei TR were
determined (see Section S8 in the Supporting Information for
additional information). Analysis of the binding modes pro-
vides insight into the observed on-target activities. The two
active sites of the homodimeric enzyme, both protein residues
and ligands, show distinct differences in the definition and
quality of the respective electron densities as well as in their
temperature factors. Assignment of active sites A and B is con-
sistent with previous publications.®“” The discussion is mainly
focused on active site B with its higher quality electron densi-
ty.
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The indolyl-thiazole core of the ligands binds to the hydro-
phobic wall of the mepacrine binding site in TR, as previously
observed, and its interactions are not further discussed
here.’”! The improved indole N-substituent increases the po-
tency of the ligand by positioning the protonated nitrogen of
the pyrrolidine in closer proximity to the carboxylate of Asp116
(d(N-+Opp116)=3.5 and 4.1 A for (+)-2 (Figure 2a) and (+)-4, re-
spectively (Figure S8, Supporting Information)) allowing for ef-
ficient Coulombic interactions. The newly introduced substitu-
ent on the thiazole moiety in (+)-2 establishes in active site B
a weak, H-bonding-type electrostatic interaction between the
probably protonated propargylic amine and the hydroxyl
oxygen of Tyr110 (d(N--Ox,y;0)=4.1 A), hydrophobic interac-
tions with the residues Val53, Val58, lle106, and Leu339'*?
(d(C+~C)=3.6-4.5A), and a contact with C(2) of the imidazole
of His461" (d(C-+Cpiuer) =3.7 A) (Figure 2). Whereas, in active
site A, the cyclobutylmethyl moiety does not point directly to-
wards the described hydrophobic sub-pocket, but rather to-

3.9:

Vals8 | eu33y’

Y,

LI

©..+*” His461’

Leu339’

Figure 2. Molecular interactions of ligands (4+)-2, 5, and HEPES with T. brucei TR. a) The binding mode of (+)-2 and the HEPES molecule in active site B (PDB
ID: 60EZ, 2.5 A resolution), close-ups of individual binding modes are represented in Figures S5 and S7 in the Supporting Information. Water molecule W1 in-
volved in the binding of HEPES is marked as a red sphere. Phe396’ and Pro398’ are omitted for clarity. b) Overview of the active site B (PDB ID: 60EZ, 2.5 A
resolution) showing the close proximity of ligand (+)-2 to the HEPES molecule. Monomer A is depicted in darker grey and monomer B in lighter grey. c) The
binding mode of 5 in active site B (PDB ID: 60EX, 2.1 A resolution); the water molecules at distances <5 A from 5 are shown as red spheres. Color code: Crq
gray, Cy,,, orange, Cs green, Cyepes yellow, F white, N blue, O red, S yellow. Distances are given in A and indicated by dashed lines. All crystallographic repre-
sentations were prepared using PyMOL.®
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wards the side chains of Thr335 and lle339, with additional
close C—H--m interactions with His461’" (Figures S5 and S6 in
the Supporting Information). In the structure of 5, similar inter-
actions with Tyr110 (d(N-+Oxy,110) =3.1 R) and the hydrophobic
sub-pocket (Val53, Val58, and 1le106) are observed (Figure 2c).
Overall, the observed binding mode of (+)-2 in active site B of
the X-ray co-crystal structure corresponds to the one predicted
in our design (see Section S2 in the Supporting Information).

The origin of the significantly weaker TR binding of 5 (K;
value: 1.5 um) compared to (+)-2 (73 nm) remains unclear
after structural analysis. The most probably protonated prop-
argyl amine of (+)-2 forms a longer, much weaker H bond
(4.1 ) to the phenolic O-atom of Tyr110 than the neutral
amine in 5 (3.1 A). Also, the CF; group does not engage in re-
pulsive electrostatic interactions®” but rather accommodates
well in a hydrophobic surrounding shaped by lle106, Leu339’,
Val58, Val53, and His461".2%

In previously published structures, a large unexplained
density had been observed close to the entrance to the Z-
site?®! in active site B. The higher resolution of our present co-
crystal structures allows to assign this density to a HEPES (2-[4-
(2-hydroxyethyl)piperazin-1-yllethanesulfonic acid) buffer mole-
cule (Figure 2 and Figures S7-9 in the Supporting Information).
This observation highlights that further opportunities for
ligand-protein interactions are available in the wide TR active
site. It provides inspiration for the structure-based develop-
ment of even stronger inhibitors combining the interactions
established by current ligands and the HEPES molecule, for ex-
ample, by extending the propargylic vector to also displace
the buffer molecule (see Figure S7, Supporting Information, for
a detailed representation of its binding mode). In the struc-
tures of (+)-2 and 5, the closest distances between the HEPES
molecule and the propargylic vector of the ligands in active
site B are only 4.5 and 3.9 A, respectively. In the complex with
(+)-4 an additional ligand molecule is found stacking to the
main binding ligand in active site B (Figure S8 in the Support-
ing Information), as already observed in other co-crystal struc-
tures of TR inhibitors.?®

In conclusion, we investigated two main structural modifica-
tions of lead compound 1, namely the improvement of the
indole N-substituent and the introduction of a lean propargylic
substituent in position 4 of the thiazole moiety. These modifi-
cations provided a remarkable enhancement of the binding af-
finity towards T. brucei TR with five inhibitors showing K
values in the sub-micromolar range. The most potent ligand of
the series (+)-2 resulted in a K value of 73 nm. To the best of
our knowledge, it is the strongest competitive inhibitor of this
enzyme reported to date. Only a noncompetitive polyamine-
based ligand reported by Chitkul and Bradley had a similar po-
tency, with a K; value for T. cruzi TR of 76 nm; this ligand has
not been tested on cells.”” Our new ligands showed strong in
vitro activities with 1Cs, values for (+)-2 and 5 of 120 nm and
50 nwM, respectively. Their binding modes were elucidated from
co-crystal structures which also revealed the complexation of a
HEPES buffer molecule in close proximity. This new structural
insight paves the way for the structure-based design of the
next-generation inhibitors with low nanomolar activities for

[5¢,71
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future in vivo studies. We propose a further extension of the
propargylic vector to replace the buffer molecule.
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Potency improvement by rational
design: Trypanothione reductase (TR) is
a drug target for trypanosomatidae-
caused diseases. By optimizing known
TR ligands and using structure-based
design, a new series of potent TR inhibi-
tors with target and cell-based activities
in the middle to upper nanomolar
range was developed. X-Ray co-crystal
structures confirmed the binding modes
and revealed opportunities for a further
increase in ligand potency towards in
vivo studies.
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