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5-Vinylquinoline-substituted nitrofurans as inhibitors of
trypanothione reductase and antitrypanosomal agents
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Trypanothione reductase (TR) and trypanothione synthase (TS) are
critical for the maintenance of thiol-redox homeostasis and antioxidant
protection in trypanosomal parasites, which cause African sleeping sick-
ness and Chagas disease. Both enzymes are absent in mammals. Thus,
the design of efficient and specific TR and TS inhibitors represents one
of the pathways for a development of new antitrypanosomal drugs. 5-Vi-
nylquinoline-substituted nitrofurans (n = 7), studied in this work, acted as
un- or noncompetitive to trypanothione inhibitors of Trypanosoma con-
golense TR. Their inhibition constants (K, varied from 2.3 uM to 150 uM.
We for the first time observed a parallelism between their antitrypanoso-
mal in vitro activity and their efficacy as TR inhibitors. The inhibition of
TS appears not to be a significant factor of trypanocidal activity of exam-
ined compounds.

Key words: nitrofurans, trypanothione reductase, inhibition, trypa-
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Abbreviations: ArNO,, nitroaromatic compound; EC,;, compound
concentration causing 50% parasite growth inhibition; cL_, compound
concentration for 50% cell survival; FBS, fetal bovine serum; HGR, hu-
man erythrocyte glutathione reductase; k_, catalytic constant; K, inhibi-
tion constant; PfGR, Plasmodium falciparum glutathione reductase; TR,
trypanothione reductase; TS, trypanothione synthase; T(SH),, dihydrot-
rypanothione; TS , trypanothione disulfide.

INTRODUCTION

benznidazole (Fig. EI), which are used since 1970s
[EI]. Recently, a new 5-nitroimidazole derivative,

The protozoan parasites belonging to the genus
Trypanosoma cause African sleeping sickness and
Chagas disease, and infect more than 10 million
people worldwide [EI]. More than 50% infections
are cured by the classical drugs nifurtimox and
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fexinidazole (Fig. ), has been approved for the oral
. . . N .

treatment against sleeping sickness []. This shows
that in spite of possible side effects, nitroheterocy-
clic compounds possess a therapeutic potential and
perspectives in this area.

Nitroheterocyclic compounds exert their anti-
trypanosomal activity through several mechanisms
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Fig. 1. The formulae of antitrypanosomal drugs nifurtimox (1a), benznidazole (1h) and fexinidazole (1c), and 5-vinylquinoline-

substituted nitrofurans studied in this work (2a-g)

with an insufficiently understood relative impor-
tance. They are enzymatically reduced in a single-
electron way to their nitro anion-radicals, which
undergo redox cycling with oxygen and initiate
the oxidative stress ]. Another potentially
more important factor is their 2/4-electron re-
duction by NADH-dependent oxygen-insensitive
nitroreductase(s), which yields hydroxylamines
and their secondary products that alkylate DNA
[EI, H, ﬁ]. In addition, nitroheterocycles, in par-
ticular nitrofurans, inhibit enzyme trypanothione
reductase (TR) [H, E H], which is essential for par-
asite virulency and survival [[10]. TR regenerates
reduced glutathione-spermidine conjugate, try-
panothione (T(SH),), at the expense of NADPH.
T(SH), is the major low molecular weight anti-
oxidant that is synthesized by trypanothione syn-
thase []. Because of the absence of catalase and
glutathione-dependent enzymes, the antioxidant
system in trypanosomes relies mainly on TS -de-
pendent enzymes [, ]. Thus, the inhibition of
TR may weaken the parasite antioxidant system
and disturb its redox metabolism and signal trans-
duction [B]. TR is a dimer containing FAD and

catalytic disulfide in the 52 kD subunit. The struc-
ture of TR is similar to that of human erythrocyte
glutathione reductase (HGR) except the negative
charge in the TS, -binding site [ﬁ @]. It is as-
sumed that nitrofurans, like other aromatic TR in-
hibitors, may bind close to this site ([B, ], and
references therein). In addition, nitrofurans may
be slowly reduced by TR in a single-electron way
with subsequent redox cycling [H, H].

Our recent study shows that the antiplasmo-
dial in vitro activity of nitroaromatic compounds
may be partly attributed to their inhibition of
Plasmodium falciparum glutathione reductase
(PfGR) []. In this work, we aimed at establish-
ing whether there exists a parallelism between
the antitrypanosomal activity of nitrofurans and
their efficacy of TR inhibition. Based on previous
data [@], we also examined a possibility of the in-
hibition of TS by nitrofurans.

EXPERIMENTAL

NADPH was obtained from Sigma-Aldrich, try-
panothione was obtained from Bachem Bioscience
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(Switzerland), and were used as received. The oth-
er reagents for enzymatic assays and parasite
growth studies were of analytical grade and pur-
chased from Sigma-Aldrich, Gibco, Invitrogen,
Enzo Life Sciencies and Roche. Vinylquinoline-
substituted nitrofurans 2a-g (Fig. ) were prepared
and characterized as previously described [@? @].
The octanol/water distribution coefficients of com-
pounds at pH 7.0 (log D) were calculated using
the LogD Predictor (https://chemaxon.com).

The overexpressed trypanothione reductase
(TR) from Trypanosoma congolense was pre-
pared as previously described []. The enzyme
concentration was determined spectrophoto-
metrically using ¢, , = 11 mM™ cm™. TR and try-
panothione were a generous gift of Professor John
S. Blanchard (Department of Biochemistry, Albert
Einstein College of Medicine, Bronx, NY, USA).
The recombinant forms of trypanothione synthe-
tase (TS) from Trypanosoma cruzi, Trypanosoma
brucei and Leishmania infantum were prepared as
previously described [@].

Kinetic studies of TR were performed in 0.05 M
Hepes. pH 7.5, containing 1 mM EDTA at 25°C
using a Perkin Elmer Lambda 25 UV-VIS spectro-
photometer. The rates of NADPH oxidation were
determined according to Ae,, = 6.2 mM™' cm™.
The concentration of TS, varied from 20 to
150 puM, the concentration of NADPH was kept
saturating, 50 pM. The enzyme catalytic constant
(k_,), expressed as a number of moles of NADPH
oxidized per mole of active center per second, was
obtained by the fitting of kinetic data to the para-
bolic expression using the SigmaPlot 2000 version
11.0. At infinite TS, concentration, k_, was equal
to 120 + 7.0 s™'. Compound inhibition constants
(K) were calculated according to Dixon plots,
1/k_, vs [I], where [E] and [I] are enzyme and in-
hibitor concentrations, respectively. In the case of
nonlinear Dixon plots (incomplete inhibition),
the maximal inhibition degree was obtained by
fitting of the inhibition degree vs [I] dependence
to the parabolic expression [].

The inhibitory activity of the compounds to-
wards TS was determined according to the changes
in 650 nm absorbance in the presence and absence
of an inhibitor using the 96-well end-point assay as
previously described [I@]. The reaction mixtures
contained 0.15 mM ATP, 2.0 mM spermidine,
reduced glutathione at concentrations of 0.05,

0.57 and 0.25 mM for TS from T. brucei, T. cruzi
and L. infantum, respectively, and the examined
compound at 30 uM concentration in a total vol-
ume of 45 pl. The reaction was started by adding
5 ul TS solution, and stopped after 15 min with
200 uL BIOMOL Green™ reagent. The plates were
incubated 20 min at room temperature and then
A, was measured with a MultiScan EX plate
reader (Thermo Fisher Scientific). All determina-
tions were performed at least in triplicate.

The antitrypanosomal activity of the com-
pounds was evaluated against the bloodstream
formof T. b. brucei strain 427, line 449 hGrx-roGFP2,
sensitive to nifurtimox with EC, = 15 £ 2.5 uyM
(compound concentration causing 50% parasite
growth inhibition) [@]. The parasites were grown
in the HMI-9 medium complemented with 10%
(v/v) fetal bovine serum (FBS) and antibiotics in
a humidified incubator with 5% CO, and at 37°C
[]. The parasites (5 x 10° cells/mL, exponen-
tial growth phase) in a 96-well culture plate were
exposed for 24 h to fixed (30 puM, preliminary
screening) or different concentrations (EC,, as-
say) of the compounds dissolved in DMSO. For
the preliminary screening, a number of viable
parasites in duplicated samples was assessed by
counting cells in a Neubauer chamber and using
an optical microscope. For the EC, assay, flow
cytometry was used as readout technique [@].
The data were obtained in triplicate, and pro-
cessed and analysed with the C6Accuri software.

The murine macrophages (line J774) were cul-
tivated in the DMEM medium supplemented with
10% FBS and antibiotics under humidified 5%
C0O2/95% air atmosphere at 37°C. In cytotoxic-
ity experiments, the cell pellet (5.0 x 10* cells/ml)
in a fresh culture medium was incubated for 24 h
in a 96-well flat bottom microculture plate. Sub-
sequently, the conditioned medium was replaced
in each well by the fresh medium alone or with
the added compounds, and further incubated for
24 h. The cytotoxicity experiments were repeated
in triplicate, the final concentration of DMSO
was 1% vol/vol. Cell viability was assessed using
the WST-1 reagent [@]. Primary murine spleno-
cytes were prepared as previously described [@],
resuspended at a concentration of 1.0 x 10° cells/ml
in the RPMI 1640 medium with 5% FCS and antibi-
otics, and incubated for 24 h at 37°C in the humidi-
fied atmosphere containing 5% CO, in the absence
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or presence of compounds. The final content of
DMSO in the medium, 0.6%, did not affect the cell
viability. Cell viability was determined according to
the Trypan blue exclusion test. In all examined cas-
es, the EC_ and cL_, (compound concentration for
50% cell survival) values were obtained from dose/
response curves fitted to the sigmoidal equations
with errors calculated using error’s propagation.

RESULTS

Two representatives of 5-vinylquinoline-substi-
tuted nitrofurans were previously characterized as
weak (2a) and relatively potent (2g) inhibitors of
T. congolense trypanothione reductase [E] (Table 1).

In this work, we extended these studies using other
compounds of this group. Compound 2b (Fig. a)
and compounds 2a, 2¢ and 2d were uncompetitive
to TS, substrate inhibitors (increased intercepts
and unchanged slopes in Lineweaver-Burk plots),
whereas compounds 2e-f with bulky quinoline ring
substituents (Fig. ) were noncompetitive to TS, in-
hibitors (increased intercepts and slopes, data not
shown). This is in line with previous observations
[E]. The obtained inhibition constants (K) are given
in Table 1. The action of nitrofurans with the mi-
cromolar values of K, (Table 1) is characterized by
nonlinear Dixon plots (Fig. B). This points to an
incomplete character of the inhibition [H], which
in our cases corresponds to the 85+92% maximal

Table 1. Inhibition constants (K) of vinylquinoline-substituted nitrofurans against trypanothione reduc-
tase (TR), glutathione reductase of Plasmodium falciparum (PfGR) and human erythrocytes (HGR), and their
octanol/water distribution coefficients at pH 7.0 (log D)

K, M
Compound logD
TR PfGR [15] HGR[17]
2a 150, uncomp. [8] 9.0+1.0 3.0 0.27
2b 3.2+ 0.4, uncomp. 25+3.0 2.5 2.64
2 85 £ 3.0, uncomp. n.d. 60 2.72
2d 110+ 7.1, uncomp. 115+17 25 2.87
2e 85 + 2.5, noncomp. 7510 42.5 2.62
2f 2.3+ 0.3, noncomp. 35+5.0 25 245
2g 4.5, noncomp. [8] 100+ 12 45 2.62
a
0.04 A 2f
6 0.03 A
®) 2b
5
0.03 1 s
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» / 3 0.02 1
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Fig. 2. Inhibition of trypanothione reductase by nitrofurans. (a) Inhibition of TR at the fixed NADPH concentration,
50 uM, and varied concentrations of TS,. Concentration of nitrofuran 2b: 0.0 uM (1), 3.1 uM (2), 6.2 pM (3), 12.5 uM (4),
25.0 uM (5) and 50.0 uM (6). (b) Dependence of the reaction k_ on the inhibitor concentration in Dixon coordinates



115 D. Benitez, M. A. Comini, Z. Anusevicius, J. Sarlauskas, V. Miliukiené, E. Miliuviené, N. Cénas

inhibition degree. 5-Vinylquinoline-substituted ni-
trofurans also act as non- or uncompetitive to glu-
tathione inhibitors of P. falciparum (PfGR) and hu-
man erythrocyte glutathione reductase (HGR) [,
@]. Their K, values (Table 1) show that the inhibi-
tor specificity of TR and PfGR or HGR is totally dif-
ferent (Table 1). The examined nitrofurans possess
a similar lipophilicity (log D) (Table 1), except for
that of compound 2a due to the presence of a car-
boxylate group.

The electron-deficient heteroaromatic com-
pounds such as benzodioxanes may efficiently in-
hibit another important enzyme of trypanothione
metabolism, trypanothione synthetase (TS) [@],
which is considered as a potential target of try-
panocidal agents. However, the examined nitrofu-
rans were weak inhibitors of this enzyme (Table 2).

Finally, we examined the antitrypanosmal ac-
tivity of compounds 2a-2 and their mammalian
cell cytotoxicity (Table 3). The EC, values were
obtained only for those compounds, which inhib-

ited the growth of trypanosomes by ~100% at their
30 uM concentration. The comparison of EC_; of
compounds and the data at their fixed concentra-
tion enables one to characterize the order of their
potency, 2g > 2b = 2f > 2¢ = 2e = 2d > 2a. One
may also note that the examined compounds in-
hibit the proliferation of mice macrophages at mi-
cromolar concentrations, and are cytotoxic with
cL, =8.9+23.8 uM in primary murine splenocytes
(Table 3). This may limit the future application of
the investigated nitrofurans.

DISCUSSION

In this work, we studied the inhibition of two en-
zymes of trypanothione metabolism, TR and TS,
by 5-vinylquinoline-substituted nitrofurans, and its
possible relationship with their antitrypanosomal
activity. The examined compounds were weak in-
hibitors of trypanothione synthetase (Table 2). Be-
sides, their similar inhibition efficacy contrasted

Table 2. Inhibition of trypanothione synthetase (TS) by 5-vinylquinoline-substituted nitrofurans

% TS activity at 30 pM compound

Compound
Trypanosoma cruzi TS Leishmania infantum TS Trypanosoma brucei TS
2a 955+45 953+9.0 83.9+52
2b 87.7+1.7 855+54 96.9+6.4
2 752 +54 93.6+9.2 86.6+5.3
2d 75238 89.8+2.7 915 +6.1
2e 63.3+5.2 101.9+4.2 99.4+6.0
2f 80.6+28 91.3+£113 100.2 4.7
29 81.7+£4.2 959+7.0 904 +£9.7

Table 3. Trypanocidal activity and mammalian cell cytotoxicity of compounds

T. b. brucei 427

Mammalian cell cytotoxicity

Compound | Growth inhiboition at 30 uM, ECs0, pM Murine macrophages J774, | Murine splenocytes cLs,,
% ECso, pM M
2a 23 n.d n.d. 18.7+£25
2b 100 35x05 <3 238=+35
2 77 n.d. nd 20.0+3.5
2d 50 ~30 n.d. 175+3.2
2e 61 n.d. nd 89+1.9
2f 100 42+1.2 <6 19.2+£1.8
29 100 1.7x£0.1 <6 11.1£25




116 D. Benitez, M. A. Comini, Z. Anusevicius, J. Sarlauskas, V. Miliukiené, E. Miliuviené, N. Cénas

with the different antitrypanosomal activity (Ta-
ble 3). For this reason, we further address the prop-
erties of trypanothione reductase. According to
the crystallographic data of TR complexes with nu-
merous aromatic and heteroaromatic compounds,
they bind closely to the TS -binding site, and most
frequently act as noncompetitive to TS, inhibi-
tors ([13], and references therein). The amino acid
residues involved in their binding, Ser-14, Leu-17,
Glu-18, Trp-21, Asn-22, Ser-109, Tyr-110, Met-113
and Phe-114, are conserved in TR of T. congolense,
T. cruzi and T. brucei [@]. The character of inhibi-
tion exerted by compounds 2a-g (Fig. a, Table 1)
is consistent with their binding at this domain. In
particular, the weak binding of nitrofuran 2a (Ta-
ble 1) may be explained by the electrostatic repul-
sion between its carboxylate group and negatively
charged Glu-18,466’ [@]. However, the reasons for
the different binding affinity of structurally similar
2b, 2c and 2d, or 2e, 2f and 2g (Table 1) remain un-
clear, and are beyond the scope of this study.

It is important to note that the compounds 2b,
2f and 2g that inhibit TR with K = 2.3+4.5 uM
(Table 1) possess micromolar values of EC, against
trypanosomes (Table 3), whereas the compounds
2¢, 2d and 2e with K. = 85+110 uM are less active
(EC,, < 30 uM). The lowest activity of compound
2a (EC,, >> 30 uM) is in line with its highest K,
150 uM; however, it also may be attributed to its low
log D (Table 1). To the best of our knowledge, this
is the first demonstration of the semiquantitative
relationship between the antitrypanosomal in vitro
activity of a series of homologous compounds, and
their efficacy as TR inhibitors. Interestingly, this
type of parallelism has not been observed in the re-
cent studies of hybrids of indole and 1,3-thiazole
[@, ], and amides of 5-nitrofuran-2-carbonic
acid [f]. In our opinion, this may be attributed to
the presence of a great variety of functional groups
in the investigated compounds, and/or to the dif-
ferences in their lipophilicity.

In this context, one should also mention an-
other potential mechanism of the action of inves-
tigated nitrofurans, such as their 2/4-electron re-
duction by oxygen-insensitive nitroreductase(s) [EI,
E, ﬂ]. At present, the substrate specificity of these
enzymes is uncharacterized, except the studies of
nifurtimox, benznidazole, and a limited number of
other compounds [EI, H, ﬁ]. This problem deserves
intensive studies in the future. Nevertheless, our

data demonstrate that the efficient inhibition of TR
and a relatively high lipofilicity may be important
factors enhancing the antitrypanosomal activity of
nitroaromatic compounds.

CONCLUSIONS

Several 5-vinylquinoline-substituted nitrofurans,
used in this study, acted as efficient antitrypano-
somal agents at micromolar concentrations. How-
ever, their future application may be limited due
to a relatively high mammalian cell cytotoxicity.
There exists a parallelism between their antitry-
panosomal activity and efficacy as trypanothione
reductase inhibitors. The inhibition of another en-
zyme of trypanothione metabolism, trypanothione
synthetase, appears not to be a significant factor of
the trypanocidal activity of examined compounds.
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5-VINILCHINOLIN-PAVADUOTI
NITROFURANAI KAIP
TRIPANOTIONREDUKTAZES INHIBITORIAI IR
ANTITRIPANOSOMINIAI AGENTAI

Santrauka

Tripanotionreduktazé (TR) ir tripanotionsintetazé
(TS) atlieka svarbias antioksidacines funkcijas ir pa-
laiko tioliy redokso homeostaze tripanosominiuose
parazituose, sukelianciuose afrikietiskaja miego ir
Cagos ligas. Siy fermenty neturi zinduoliai, todél
efektyvis ir selektyvais TR inhibitoriai yra vienas i§
naujy antitripanosominiy vaisty kirimo biidy. Siame
darbe istirti 5-vinilchinolin-pavaduoti nitrofuranai
(n = 7) buvo be- arba nekonkurentiniai tripanotiono
atzvilgiu Trypanosoma congolense TR inhibitoriai. Jy
inhibicijos konstantos (K)) kito nuo 2,3 uM iki 150 pM.
Pirma karta atskleidéme ry$j tarp tirty junginiy an-
titripanosominio in vitro aktyvumo ir jy aktyvu-
mo inhibuojant TR. TS inhibicija tirtais junginiais,
tikétina, néra svarbus jy antitripanosominio poveikio
veiksnys.



