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a b s t r a c t

With the aim to develop compounds able to target multiple metabolic pathways and, thus, to lower the
chances of drug resistance, we investigated the anti-trypanosomal activity and selectivity of a series of
symmetric diglycosyl diselenides and disulfides. Of 18 compounds tested the fully acetylated forms of di-
b-D-glucopyranosyl and di-b-D-galactopyranosyl diselenides (13 and 15, respectively) displayed strong
growth inhibition against the bloodstream stage of African trypanosomes (EC50 0.54 mM for 13 and
1.49 mM for 15) although with rather low selectivity (SI < 10 assayed with murine macrophages).
Nonacetylated versions of the same sugar diselenides proved to be, however, much less efficient or
completely inactive to suppress trypanosome growth. Significantly, the galactosyl (15), and to a minor
extent the glucosyl (13), derivative inhibited glucose catabolism but not its uptake. Both compounds
induced redox unbalance in the pathogen. In vitro NMR analysis indicated that diglycosyl diselenides
react with glutathione, under physiological conditions, via formation of selenenylsulfide bonds. Our
results suggest that non-specific cellular targets as well as actors of the glucose and the redox meta-
bolism of the parasite may be affected. These molecules are therefore promising leads for the devel-
opment of novel multitarget antitrypanosomal agents.
© 2017 Published by Elsevier Ltd on behalf of Australian Society for Parasitology. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Chemotherapy represents, definitely, the first and most impor-
tant line of defense to treat (sub)tropical diseases, like sleeping
sickness or Chagas disease, caused by pathogenic trypanosomes.
Molecules endowed with antitrypanosomal activity have been
known since the beginning of the 20th century; almost all of them
being produced by synthetic organic chemistry. This point is
noticeable because lead molecules or precursors with therapeutic
promise are often obtained from natural sources like plants or
microorganisms in other areas of medicinal chemistry research.
Chemotherapeutic approaches for African trypanosomiases have
eh�er), mcomini@pasteur.edu.

alf of Australian Society for Para
been amply covered in recent reviews (Lüscher et al., 2007; Bacchi,
2009a; Steverding, 2010; Simarro et al., 2012; Babokhov et al., 2013)
and will, therefore, only be briefly outlined here.

Emerging from German dyestuff industry research, naph-
talenesulfonic acid derivative suramin (Bayer 205) was one of the
first hits. Arsenobenzene derivatives of melamine: melarsene,
melarsene oxide and melarsoprol have also long been known and
are still being used against human African trypanosomiasis (HAT;
sleeping sickness). The third group of anti-HAT structures com-
prises aromatic bis(amidines) like pentamidine or DB289 (Thuita
et al., 2015). Nifurtimox has long been in use for the treatment of
Trypanosoma cruzi-induced Chagas disease but it has recently been
found effective against sleeping sickness, particularly in combina-
tion with eflornithine, itself an anti-HAT drug. Several molecules
are being tested as new drug candidates; those which have entered
Phase I clinical trials at least are reviewed by (Babokhov et al.,
2013). The chemical structures of these trypanocidal molecules
together with some others (see below) that did not reach yet the
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clinical phase are shown in Fig. 1.
Almost all of the molecules in Fig. 1 contain aromatic/hetero-

aromatic ring systems and the common heteroatoms oxygen and
nitrogen. The occurrence of other V/VI column heteroatoms are
much sparser: arsenic in the three melarsen derivatives, sulfur in
suramine, melarsoprol, nifurtimox and ebsulfur (Lu et al., 2013),
and selenium in ebselen (Joice et al., 2013) only. Although carbo-
hydrates, natural and synthetic derivatives alike, constitute one of
the largest and most variegated group of biologically active com-
pounds, these moieties occur only in some nucleoside derivatives
with trypanocidal activity, such as Genzyme 644131/MDL-738
(Bacchi et al., 2009b) or cordycepin and analogs (Vodnala et al.,
2013). Antitrypanosomal activities were recently recorded for
auranofin (see below), a gold-containing thiosugar (Ilari et al.,
2012) and for some N-acyl-glucosamine derivatives (D'Antonio
et al., 2015). Particularly, carbohydrate metabolism deserves
attention as a potential target for the inhibition of trypanosomes
because these pathogens depend on glucose as a preferred source
of energy (Yorke et al., 1929; Bringaud et al., 2006) and asbuilding
block of several metabolic and structural macromolecules (Creek
et al., 2015). Worth noting, glucose is the only source of energy
for the bloodstream form of African trypanosomes.

Glycosyl disulfide derivatives, a novel class of carbohydrate
structures (for a review see (Szil�agyi and Varela, 2006)), gained
importance recently as various biological activities were recorded
for them such as binding to lectins (Andr�e et al., 2006; Murthy et al.,
2009; Martín-Santamaría et al., 2011; Andr�e et al., 2015), enzyme
Fig. 1. Chemical structures of selected anti-trypanosomatid molecules
inhibition (Kim et al., 2007) or anti-tumor activity (Andr�e et al.,
2015). Moreover, some derivatives featuring monosaccharide
sugar moieties attached to aromatic cores by disulfide linkages
were found to inhibit the growth of T. cruzi at low mM range
(Guti�errez et al., 2013).

Encouraged by these results and by the fact that the blood-
stream stage of the African trypanosomes is dependent on glucose
consumption for survival we have set up a panel of carbohydrate
structures exposing mono- or disaccharide moieties mounted on
aromatic scaffolds by linker motifs containing sulfur or selenium
atoms (1e12, Fig. 2). In a separate study these compounds were
found to bind to lectins and have activity against tumor cell lines
(Kaltner et al., 2017).

Organoselenium compounds and, particularly, symmetric dio-
rganyl diselenides are known to have multiple biological activities
and are relatively nontoxic to higher organisms (Shaaban et al.,
2015). Some diaryl diselenide derivatives displayed anti-
proliferative activity towards the intracellular form of Leishmania
infantum (Plano et al., 2011; Baquedano et al., 2016). Some of them
proved to inhibit trypanothione reductase (TR), the major reduc-
tase of trypanosomatids that contributes to redox homeostasis
(Krauth-Siegel and Comini, 2008), suggesting that its mode of ac-
tion involves interference with the intracellular redox balance.
Worth noting, trypanothione metabolism has been involved in
conferring trypanosomatids with resistance to different clinical
drugs (M€aser et al., 2003; Maya et al., 2004; Walker et al., 2012;
Alsford et al., 2012). To our knowledge, potential
containing sulfur, selenium atoms and/or carbohydrate moieties.



Fig. 2. Chemical structures of sugar derivatives with aromatic cores tested against Trypanosoma brucei.
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antitrypanosome activities of sugar diselenides have not yet been
investigated.We have therefore added compounds 13e18 (Fig. 3) to
our testing panel.
Fig. 3. Chemical structures of diglycosyl disele
The rationale behind this approachwas to target simultaneously
two major metabolic pathways for these organisms: glycolysis and
redox homeostasis with the major aim to increase compound
nides tested against Trypanosoma brucei.
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efficacy and lower the possibilities for emergence of drug resis-
tance. The biological activity of the new derivatives was tested
against the infective form of Trypanosoma brucei brucei, causative
agent of Nagana cattle disease and model organism of the sub-
species pathogenic to humans. The potential mode of action of the
most active derivatives was investigated.

2. Material and methods

2.1. Chemistry

Of the compounds listed in Fig. 2, 1e5 are disulfide glycoside
analogs of those previously tested against T. cruzi (Guti�errez et al.,
2013). The sugar moiety is either galactose (1, 2) or lactose (3e5)
bound by b-glycosidic linkage to a benzene- (3) or a naphthalene (1,
2, 4 and 5) central core. 6 and 7 are analogs of 1 and 4, respectively,
containing one sulfur atom less in the linker chains. 8e12 are
analogous selenoglycosides with benzene- (8, 9) or naphthalene
(10e12) aromatic cores. The chemical syntheses of 1e12 were
recently published (Kaltner et al., 2017). Compounds 13 (Wagner
and Nuhn, 1964), 15 (Kawai et al., 2005) and 17 (Illy�es et al., 2016)
are diselenides of O- and/or N-acetylated glucose, galactose and
glucosamine, respectively, whereas 14 (Wagner and Nuhn,1964),16
(Andr�e et al., 2015) and 18 (Boutureira et al., 2012) are the corre-
sponding non-acetylated versions (Fig. 3).

2.2. Biology

2.2.1. Viability assays for trypanosomes and murine macrophages
Bloodstream T. b. brucei (strain 427) cell line 449 expressing an

ectopic copy of the redox biosensor hGrx-roGFP2 (Gutscher et al.,
2008) was grown in HMI-9 medium complemented with 10% (v/
v) Fetal Bovine Serum Tetracycline-free (FBS; GIBCO®) in a hu-
midified incubator with 5% CO2 and at 37 �C. Phleomycin (0.2 mg/
mL) and hygromycin (5 mg/mL) were added to select for the
constitutive expression of the tetracycline repressor protein and for
the hGrx-roGFP2 gene, respectively, whereas the expression of the
last was induced by supplementing the medium with 1 mg/mL
oxytetracycline for 24 h. Exponentially growing parasites were
resuspended in fresh medium at a density of 5 � 105 cells/mL,
200 mL of this cell suspension was seeded per well (96-well culture
microplate). Next, 2 mL of the different compounds (final concen-
tration of 5 mM) or DMSO (1% v/v) were added in triplicates. After
24 h incubation, 100 mL from each well were transferred to a tube
containing 200 mL of sterile PBS with glucose 1% (w/v). Prior to
analysis by flow cytometry, propidium iodide (PI) was added at a
final concentration of 2 mg/mL and used as a viability marker.
Samples were analyzed with a C6Accuri flow cytometer (BD) using
a 488 nm laser and the following filters lem ¼ 530/40 nm and
lem ¼ 613/30 nm for GFP and PI signal, respectively. The data were
processed and analyzed with the C6Accuri software.

The murine macrophages (cell line J774) were cultivated in
DMEM medium supplemented with 10% (v/v) FBS (GIBCO®), 10 U/
mL penicillin and 10 mg/mL streptomycin, under a humidified 5%
CO2/95% air atmosphere at 37 �C. Cell viability was assessed using
the WST-1 reagent.

For the selected compounds, EC50 was determined using a 7-
point inhibition plot with each concentration tested in triplicate
as described in (Maiwald et al., 2014) for T. brucei and in (Demoro
et al., 2012) for murine macrophages. EC50 values were obtained
from dose/response curves fitted to a sigmoidal Hill equation (er-
rors calculated using errors propagation) or extrapolated from non-
linear fitting plots. The error is expressed as S.D and estimated as s
(n-1). For all assays, cell viability was calculated as follows: viability
(%) ¼ 100 x (number of cells for compound Y at concentration X/
number of cells in the DMSO-treated control).

2.2.2. Assays involving T. brucei redox reporter cell line
Bloodstream T. b. brucei expressing the redox biosensor hGrx-

roGFP2 was grown as described above. Two million parasites/mL
were seeded per well in a 24-well plate and incubated (5% CO2 and
37 �C) with 0.54 mM 13, 1.49 mM 15, 25 mM menadione, 78 nM
suramin or 1% v/v DMSO for 4 h. Next, 100 mL from each well were
transferred to a tube containing 200 mL of sterile PBS with glucose
1% (w/v). For each condition tested, a second sample was incubated
with 1 mM DTT for 15 min prior to analysis by flow cytometry, PI
was added at a final concentration of 2 mg/mL. All samples were
analyzed with a C6Accuri flow cytometer (BD) as described above.
GFP fluorescence (filter lem ¼ 530/40 nm) was measured only for
viable cells (PI negative). The data were processed and analyzed
with the C6Accuri software. Samples were analyzed by triplicate
and the error is expressed as S.D.

2.2.3. In vitro assays with recombinant redox biosensor
Recombinant hGrx-roGFP2 was expressed with an N-terminal

His-tag from Escherichia coli strain BL21 (DE3) grown in TB medium
supplemented with ampicillin. At an optical density (600 nm) of
0.8, IPTG (0.5 mM) was added to the culture and incubation
resumed for 16 h at 20 �C. Cells were then harvested by centrifu-
gation at 5000g for 20 min at 4 �C and the pellet resuspended in
Buffer A (50 mM sodium phosphate pH 8.0, 300 mM NaCl, with
protease inhibitors and lysozyme). Cells were further lysed by three
cycles of sonication (45% power, 2 s pulse on/off, for 1 min) and
debris removed by centrifugation at 16.000g for 1 h at 4 �C. Protein
purificationwas done using a 1mL HisTrap column (GE Healthcare)
pre-equilibrated with Buffer A. hGrx-roGFP2 was eluted by a step
gradient from 0 to 500 mM imidazole. The purity of recombinant
hGrx-roGFP2 was of 95% as judged by Coomassie-stained SDS-
PAGE.

For the redox assays, hGrx-roGFP2 was pre-reduced with DTT
20 mM in PBS containing 1 mM EDTA for 1 h at room temperature.
The excess of reducing agent was removed by gel filtration on a
Sephadex G25 (PD10 column, GE-Healthcare) equilibratedwith PBS
(pH 7.4) 1 mM EDTA. Protein concentration was measured at
280 nm, where ε280 ¼ 23.290 M�1cm�1 for hGrx-roGFP2.

The reduced biosensor (1 mM) was treated with 13 or 15 at their
respective EC50 concentrations for 1 min and 1 h at room temper-
ature, and then the fluorescence spectra at lex ¼ 380e510 nmwere
recorded on a Cary Eclipse equipment. Controls included incuba-
tion of the biosensor with 0.2 mM glutathione disulfide (GSSG),
1 mM DTT or glutathione (GSH) added at equimolar concentration
with respect to the compound tested.

2.2.4. Glucose measurement
Bloodstream T. b. brucei grown as described above were plated

at 5.3e5.8� 106 parasites/mL per well in a 24-well plate and added
of 0.54 mM 13, 1.49 mM 15, 78 nM suramin, 5 mM ebselen, 0.31 mM
tri-thiazol (compound 10b from Franco et al., 2017) or 1% v/v DMSO.
After 4 h incubation, viable parasites were quantified by light mi-
croscopy counting on a Neubauer chamber, then centrifuged at
2000 g for 10 min at room temperature. The supernatant was
collected and glucose concentration was measured as described
below.

Inhibition of glucose uptake was studied using a modified
method from that described in (Seyfang and Duszenko, 1991).
Bloodstream parasites in mid exponential growth phase were
centrifuged at 2000 g for 10 min at 20 �C, washed with cold PBS 1X
and resuspended at a final density of 6.1 � 107 cells/mL in cold and
fresh complete culture medium. Parasites were kept at 4 �C for
5min, then incubated for 30min at 37 �Cwith DMSO 1% (v/v) or the



Table 1
Antiproliferative activity of disaccharide disulfides and ediselenides against infec-
tive African trypanosomes.

Compounda Acetylated sugar Parasite survivalb (%)

1 N 88.4 ± 2.9
2 N 91.9 ± 1.8
3 N 93.4 ± 2.2
4 N 91.9 ± 1.8
5 N 93.5 ± 1.3
6 N 96.9 ± 0.3
7 N 91.1 ± 6.8
8 N 100.4 ± 1.8
9 N 99.6 ± 1.8
10 N 94.5 ± 6.5
11 N 96.0 ± 6.8
12 N 94.1 ± 5.0
13 Y 2.7 ± 0.4
14 N 57.1 ± 3.0
15 Y 3.3 ± 0.3
16 N 96.4 ± 14.7
17 Y 63.3 ± 3.0
18 N 120.5 ± 5.3
NFX n.a. 28.2 ± 5.5

N ¼ No.
Y ¼ Yes.
n.a. ¼ not applicable.

a Bloodstream stage T. b. brucei were exposed during 24 h to 5 mM diglycosyl
compounds (1e18) or 15 mM of the control drug nifurtimox (NFX).

b Cell viability was assessed by flow cytometry and is expressed as %
survival ± standard deviation (n ¼ 3) relative to non-treated parasites.
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following compounds added at 5X their EC50: phloretin (500 mM),
NFX (50 mM), 13 (2.7 mM) or 15 (7.45 mM). The experiment was
stopped by boiling the samples for 5min in awater bath. Cell debris
were pelleted by centrifugation at 13000g for 10 min at 4 �C and
glucose concentration was determined in the supernatant using a
Bioprofile Basic 2 analyzer (Nova Biomedicals).

For both experiments, the samples were analyzed by triplicate
and the error is expressed as S.D.

2.3. NMR spectroscopy

NMR samples for the 1H,1H-NOESY, 1H,13C-HSQC and the
1H,77Se-CPMG-HSQMBC (Williamson et al., 2000; K€ov�er et al.,
2006) correlation measurements contained ca. 25 mM diselenide
derivatives 13 or 15 with three-to four times excess of glutathione
in a solvent consisting of 1:1 DMSO-d6: phosphate buffer (100 mM
in D2O or H2O:D2O 9:1, pH 7.0). NMR experiments were performed
at 298 K (NOESY, 1H,13C-HSQC) and at 313 K (HSQMBC), respec-
tively, on a Bruker Avance II NMR spectrometer operating at
500.13 MHz for 1H equipped with a 5 mm inverse BBI-Z probe. The
1H resonances were assigned using standard homonuclear and
heteronuclear correlation experiments. 1H,1H-NOESY spectra were
recorded using a mixing time of 200 ms and with 32 scans per t1
increment. 1H,77Se CPMG-HSQMBC correlation experiments were
performed using a heteronuclear long-range coupling evolution
time of 35 ms. The number of scans per t1 increment varied be-
tween 320 and 640 depending on the concentration/solubility of
the reaction product.

3. Results and discussion

3.1. Biological evaluation

The anti-trypanosomal activity of the symmetric diglycosyl
diselenides and disulfides (compounds 1e18) was tested against
the bloodstream stage of T. b. brucei, including nifurtimox (NFX) as
control drug. Added at a concentration of 5 mM, only a subset of
disaccharides harboring a diselenide bond and lacking an aromatic
linker (compounds 13, 14, 15 and 17) displayed medium to strong
anti-proliferative activity (37e97% growth inhibition, Table 1).
Interestingly, acetylation of the sugar hydroxyl groups (in 13,15 and
17) appears to be an important determinant of biological activity. In
fact, the corresponding non-acetylated derivatives displayed lower
(e.g., 43% for 14 compared to 97% for 13) to null (compare 15 vs. 16
and 17 vs. 18) growth inhibition.

Of all the molecules tested, 13 and 15 emerged as the most
potent derivatives with EC50 of 0.54 and 1.49 mM (Fig. 4A),
respectively, followed by 14 and 17with EC50 ~5 mM (Table 1), all of
them exceeding the activity of the control drug nifurtimox (EC50
~10 mM, under our assay conditions). The selectivity index of the
most active compounds determined against murine macrophages
was of 9.1 for 13 and 4.6 for 15 (Fig. 4B), these values being close to
that of nifurtimox (SI ~10).

3.2. Potential mode of action of diglycosyl diselenides

The chemical nature of the disaccharide diselenides suggests
that their anti-trypanosomal activity may be a consequence of
some interference with the glucose- and/or redox metabolism of
the parasite. In order to infer the potential mode of action of the
most active compounds, namely 13 and 15, we first investigated the
remaining level of glucose in the culture supernatant of parasites
treated for 4 h with 13, 15, the antitrypanosomal drug suramine (a
compound with multi-target activity; Willson et al., 1993), ebselen
(an inhibitor of hexokinase 1 and trypanothione reductase from
T. brucei; Joice et al., 2013; j Lu et al., 2013) and a tri-thiazol that
affects the integrity of the parasite lysosome (Franco et al., 2017). All
compounds were tested at their corresponding EC50 or with the
vehicle alone (1% v/v DMSO) (Fig. 5AeD). Under these experimental
conditions only the tri-thiazol and ebselen displayed some anti-
proliferative activity with respect to the DMSO control, albeit not
statistically significant. After 4 h incubation, the content of residual
glucose in the medium supernatant was almost halved for all cul-
tures with respect to the initial content (>5 g/L, Fig. 5A and C).
However, comparison of the rate of glucose consumption (4 ¼ g/L
glucose consumed per million parasites in 1 h) showed that para-
sites treated with 15 (4 ¼ 0.096) or with suramin (4 ¼ 0.141)
presented a significantly lower capacity (<30%) to metabolize
glucose compared to the control condition (4 ¼ 0.478 for DMSO)
(Fig. 5B). Although compound 13 reduced nearly 10% glucose con-
sumption (4 ¼ 0.431) vs. DMSO, this difference was not statistically
significant. Under similar experimental conditions, the hexokinase
1 inhibitor ebselen (4 ¼ 0.184), but not a highly cytotoxic and non-
mechanistically related tri-thiazol (4 ¼ 0.764), reduced by 44%
glucose consumption compared to the vehicle (4¼ 0.332) (Fig. 5D).

An additional experiment was conducted to address whether
the metabolic phenotype induced by compounds 13 and 15 in
bloodstream trypanosomes involves the inhibition of glucose up-
take. Measurement of glucose level in the culture medium upon a
short exposure (30 min) of parasites to the diglycosyl diselenides
added to 5X their EC50 did not reveal differences in glucose uptake
compared to vehicle treated cells (Fig. 5E). A similar outcome was
obtained for nifurtimox (50 mM), a compound that does not directly
affect glucose uptake but impair redox homeostasis (Hall and
Wilkinson, 2012; Alsford et al., 2012) whereas phloretin
(500 mM), a known competitive inhibitor of hexose transport in
T. brucei (Seyfang and Duszenko, 1991), reduced glucose uptake by
63% (Fig. 5E). Taken together, our data show that at lowmicromolar
concentrations the diglycosyl diselenides do not interfere with
glucose uptake and that the galactosyl derivative 15 affects signif-
icantly glucose catabolism.

Interestingly, while 15 exerted a higher depletion of glucose



Fig. 4. Dose-response curves for the most active diglycosyl diselenides. A) Bloodstream T. b. brucei and B) murine macrophages (cell line J774) were treated with different con-
centrations of 13 and 15. After 24 h incubation, cell viability was assessed by flow cytometry (Accuri BD) using propidium iodide as exclusion dye. The data were fitted to the Hill
equation with R2 values > 0.96. The EC50 against T. b. brucei is 0.54 ± 0.05 mM for 13 and 1.49 ± 0.01 mM for 15, contrasted to the values of 4.9 ± 0.45 mM for 13 and 6.9 ± 0.54 mM for
15 against macrophages.

Fig. 5. Glucose catabolism and uptake studies in bloodstream T. b. brucei. A) and C) Residual glucose and parasite proliferation. Cell density (black bars) and residual glucose in
culture supernatant (white bars). The red and blue dotted lines depict the initial cell density (5.8 � 106 cells/mL and 5.3 � 106 cells/mL) and glucose concentration (5.5 g/L and 5.1 g/
L) in the culture medium of the corresponding experiments. B) and D) Glucose consumption. Parasites were treated with vehicle (1% v/v DMSO), 13 (0.54 mM), 15 (1.49 mM), suramin
(78 nM), ebselen (5 mM) and tri-thiazol (0.31 mM) for 4 h and glucose consumption (4) is expressed as g/L glucose consumed per million cells in 1 h. E) Glucose uptake. Parasites were
treated with vehicle (1% v/v DMSO),13 (2.7 mM),15 (7.45 mM), nifurtimox (50 mM) or the control drug phloretin (500 mM) for 30 min. All values are expressed as average ± SD (n ¼ 3).
Statistical analysis was performed applying OneWay ANOVA test followed by Dunnet's multiple comparisons posttest. ****, ** and * denote differences with p values < 0.0001, <0.01
and < 0.5, respectively, vs. DMSO control. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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consumption than 13, the last one produced a comparatively
stronger cytotoxic effect on cells (Fig. 4A). Next we were interested
to gain insight into a potential interference of the compounds with
the cell redox homeostasis using parasites that express a fluores-
cent redox biosensor in their cytosol. The biosensor hGrx-roGFP2
allows quantifying the ratio of reduced and oxidized glutathione
in a non-invasive manner (Gutscher et al., 2008). Though try-
panosomes lack glutathione reductase, the redox state of gluta-
thione is in equilibriumwith that of trypanothione, themajor redox
cofactor of these parasites, via a class I glutaredoxin (Comini et al.,
2013; Musunda et al., 2015). Thus, this tool provides a rationale
measure of the overall intracellular redox state of the parasite. As
shown in Fig. 6, bloodstream T. b. brucei treated with the diglycosyl
diselenides at their EC50 for 4 h displayed a marked oxidation of the
biosensor (30% for 13 and 25% for 15) that was only partially
reverted upon 15 min incubation with the membrane permeable
reducing agent dithiothreitol (DTT). As expected, treatment with
the vehicle or suramin did not induce redox changes while the
redox cycler drug menadione produced a significant oxidation
(60%) of the biosensor that was fully reversible after exposure to
1 mM DTT for 15 min.

Despite hGrx-roGFP2 has been shown to be highly selective and
sensitive (nM concentration) towards glutathione disulfide (GSSG)
(Gutscher et al., 2008), the diselenides 13 and 15 may, in principle,
act as direct oxidants of the cysteines present in the biosensor. This
hypothesis was ruled out upon treatment of recombinant hGrx-
roGFP2, purified from transformed bacteria, with 13 and 15 at
their EC50. No changes in the fluorescence spectra of hGrx-roGFP2
were observed after 1 min or 1 h incubation with either of these
compounds, while the biosensor was rapidly (�1 min) oxidized by
Fig. 6. Intracellular redox changes induced by 13 and 15 on bloodstream T. b. brucei. Two
menadione, 1 mM DTT or left untreated (vehicle, 1% v/v DMSO) for 4 h (black bars) and then
(±SD) reduction of the biosensor relative to the control condition with DMSO without added
by Dunnet's multiple comparisons posttest. ***, ** and * denote differences with p values <

Fig. 7. Compounds 13 and 15 do not induce oxidation (to disulfide form) of the redox biose
(hGrx-roGFP2, 1 mM, green line) incubated with compound 13 (orange line) or 15 (blue line)
and 1 mM DTT (black line), or an equimolar concentration of reduced glutathione, dashed or
reaction (�1 min) and (B) 1 h incubation and expressed as relative fluorescence units, u.r.f.,
legend, the reader is referred to the web version of this article.)
200 nM GSSG and reduced following addition of 1 mM DTT. In
addition, co-incubation of 13 or 15 with an equimolar concentra-
tion of glutathione for 1 h did not trigger redox changes in hGrx-
roGFP2, suggesting that 13 or 15 are neither able to oxidize the
low molecular weight thiol to its disulfide form (Fig. 7).

The oxidative shift in the intracellular redox milieu of the
parasite may well originate from a compromised supply of ATP to
synthesize low molecular weight thiols (e.g. glutathione, trypano-
thione) that cannot counteract the endogenous metabolic demand
for reducing power (Krauth-Siegel and Comini, 2008). Moreover, it
was suggested that nucleophilic attack on the Se-Se bond in diaryl-
diselenides by cysteine residues in proteins/enzymes, such as TR,
might also influence redox balance via putative selenol derivatives
(Font et al., 2015). However, the chemical nature of diglycosyl dis-
elenides prompts us to hypothesize that they may also react
directly with components of the redox metabolism, in particular
with low molecular mass thiols.

To address this question, we performed NMR spectroscopic
measurements with mixtures made up of the two most active
diselenides (13 and 15) and excess glutathione under near physi-
ological conditions. In the 1H NMR spectrum of 13 þ glutathione a
second set of resonances for the Cys-bCH2 protons (A, B) of gluta-
thione appears (Fig. 8a), which indicates the formation of a new
molecular species. 1H,77Se-heteronuclear correlation experiments
(Williamson et al., 2000; K€ov�er et al., 2006; Boros and K€ov�er, 2011)
performed with the above sample clearly revealed long-range
couplings between the 77Se nucleus and the Cys-bCH2 protons (A,
B) of glutathione (Fig. 8a). These results can be explained by the
formation of a molecular species containing the sugar moiety
attached to the cysteine residue of glutathione via a
million parasites were exposed to 0.54 mM 13, 1.49 mM 15, 78 nM suramin, 25 mM
treated for 15 min with 1 mM DTT (grey bars). The values are expressed as percentage
DTT (n ¼ 3). Statistical analysis was performed applying One Way ANOVA test followed
0.001, <0.01 and < 0.5, respectively, vs DMSO control.

nsor or glutathione in vitro. Fluorescence spectra of the recombinant redox biosensor
at their EC50 values, and added or not of 0.2 mM oxidized glutathione (GSSG, red line)
ange line or dashed blue for 13 or 15, respectively). Data obtained upon (A) immediate
vs. excitation wavelength. (For interpretation of the references to colour in this figure



Fig. 8. a) 1H,77Se multiple-bond CPMG-HSQMBC correlation spectrum of a solution of 13 in 1:1 DMSO-d6: phosphate buffer (100 mM in D2O, pH 7.0) and glutathione in 1:4 M ratio
reveals 1H,77Se coupling connectivities between selenium and the cysteine b-protons (A, B) of glutathione. b) Structure of selenenylsulfide 20 highlighting crucial 1H,77Se coupling
connectivities. Shown above the 2D map is the 1H NMR spectrum with indications of the relevant protons in b). The 77Se spectrum (on the left of the 2D map) provides further
confirmation for the structure of 20 via a distinctly different 77Se chemical shift with respect to that in 13 (dSe 483 ppm in 20 vs. 400 ppm in 13).
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selenenylsulfide bond (20, Fig. 8b).
Similar results were obtained for the reactions of 15 with

glutathione or with N-acetylcysteine indicating the formation of
selenenylsulfides 19 and 22, respectively (Supplementary Figs. S1
and S2). Further support for the structure of 19 was obtained by
2D 1H,1H-NOESY (Supplementary Fig. S3) as well as by 1H,13C-
correlated 2D HSQC spectra (Supplementary Fig. S4). At this point
we got intrigued to inquire about the behavior of 16, the deacety-
lated form of 15, in the presence of glutathione in view of the fact
that 16was found to be practically inactive in the growth inhibition
test (Table 1). The 1H,77Se correlation experiment run under iden-
tical conditions indicated the formation of a selenenylsulfide de-
rivative, 21 (Supplementary. Fig. S5), in complete analogy to what
has been observed for 15. This result shows that, while selene-
nylsulfide formation is likely to take place in these systems, such
reactions alone cannot account for the striking difference in
trypanosome inhibition efficiency (Table 1) between the acetylated
(such as 15) and non-acetylated (such as 16) forms of diglycosyl
diselenides. It is of note that the chemical synthesis of analogous
glycosylselenenyl-glutathione derivatives has been reported using
a similar protocol which has, furthermore, been found useful for the
glycosylation via SeS-linkages of cysteine residues in proteins like
subtilisin (Boutureira et al., 2012). This further supports the pro-
pensity of the glycosyl diselenides to react with glutathione or
similar thiol compounds. Worth noting, formation of glutathione
disulfide was also observed in a control sample containing the
reduced form of glutathione and lacking 13 and 15, which suggests
that this species is not a product of the reaction between the mixed
selenenylsulfide with a second glutathione molecule but rather
originates upon spontaneous oxidation. This conclusion is in line
with the results from the in vitro assays with the highly sensitive
redox biosensor that, in a 1 h time-window, did not show formation
of glutathione disulfide in a sample containing glutathione and 13
or 15 (Fig. 7). Diglycosyl diselenides like 13 or 15 may, on the other
hand, react with critical cysteine residues in glycolytic or redox
enzymes that will become glycosylated via SeS-linkages similarly to
what has been reported for subtilisin (Boutureira et al., 2012) or act
as TR pseudo-substrates (Baquedano et al., 2016).

It is also possible that glycosylselenenyl glutathione derivatives
like 20 act as recognition scaffolds for trypanothione-dependent
enzymes such as TR (Krieger et al., 2002) and tryparedoxin
(Comini et al., 2007) which are indispensable for parasite survival.
At this point is worth to mention that a low resolution crystal
structure of a TR-auronafin, a gold complex of 1-thio-2,3,4,6-tetra-
O-acetyl-b-D-glucopyranose and triethylphosphine revealed that
the carbohydrate moiety of the drug occupies the binding site of
trypanothione (Ilari et al., 2012). Thus, it is tempting to speculate a
similar binding mode for the sugar scaffold of 19 (Supplementary
Fig. S1) or 20 to TR.

4. Conclusion

We have investigated a panel of 18 carbohydrate derivatives for
potential antitrypanosomal activity. The chemical structures of
these molecules are characterized by the attachment of two
glycosyl units either by various divalent aromatic linkers incorpo-
rating sulfur or selenium atoms or simply connected by diselenide
linkages through their anomeric carbons. Among these structures
four acetylated diglycosyl diselenides presented remarkable po-
tency towards killing of bloodstream stage African trypanosomes.
The two most active compounds (13, EC50 0.54 mM and 15, EC50
1.49 mM) generated an oxidizing environment in the parasites. In
addition, only 15 repressed glucose catabolism, but not its uptake,
to a significant level that mirrored that exerted by the hexokinase 1
inhibitor ebselen or suramin, compounds that inhibit glycolysis
among other cellular processes.
Unfortunately, our data do not allow to dissect whether the

glycolytic enzymes are a primary target of the digalactosyl dis-
elenide 15 or if the observed metabolic phenotype is consequence
of a more pleotropic effect of its cytotoxicity. In this regard, given
the chemical nature of 15 it is also possible that this compound
interfere with the galactose metabolism, which has been shown to
be indispensable for African trypanosomes and is directly linked to
glucose metabolism via an epimerase that converts UDP-glucose to
UDP-galactose (Roper et al., 2002; Urbaniak et al., 2006). Cross-
regulation between these pathways is not fully understood and it
is tempting to speculate that inhibition of galactose metabolism
may entail a negative regulation of glucose catabolism.

The selectivity indices of these derivatives were, however,
rather low (SI 4.6 to 9). Assays with a redox-reporter cell line
indicated that diglycosyl diselenides decrease the GSH/GSSG ratio
probably by depletion of reduced glutathione and/or by interfering
with redox processes. NMR studies of the interaction between 13
and 15 and glutathione orNAc-cysteine indicated that glycosylation
of thiol groups in these molecules takes place under mild, quasi
physiological conditions via formation of SeS-linkages between the
reactants. The resulting selenenylsulfide derivatives may poten-
tially act as inhibitors of enzymes in the glucose and redox meta-
bolism of the parasites. The low selectivity of the most active
compounds indicates that these molecules may share molecular
targets in the pathogen and in the host as well. Nonetheless, the
enhanced cytotoxic effect of the compounds towards parasites can
be explained by the fact that glutathione concentration in try-
panosomes is at least one to two-orders of magnitude lower than in
mammalian cells and, additionally, due to the higher dependency
of infective African trypanosomes on glucose catabolism for
obtaining energy, reducing power and as precursor of several
important macromolecules (Creek et al., 2015). Future studies
should address the potential of selenosugar derivatives towards
trypanosome inhibition as well as a quest for potential targets in
the parasite and mammalian cells.
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