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Abstract

With the aim to develop compounds able to targetiptie metabolic pathways and, thus, to lower
the chances of drug resistance, we investigatearhigrypanosomal activity and selectivity of a
series of symmetric diglycosyl diselenides and lfdes. Of 18 compounds tested the fully
acetylated forms of df-D-glucopyranosyl and di-D-galactopyranosyl diselenide&3(and 15,
respectively) displayed strong growth inhibitionaatgst the bloodstream stage of African
trypanosomes (Efg 0.54 uM forl3 and 1.49 uM for5) although with rather low selectivity (Sl
<10 assayed with murine macrophages). Nonacetyhaesions of the same sugar diselenides
proved to be, however, much less efficient or catgby inactive to suppress trypanosome growth.
Significantly, the galactosyl1b), and to a minor extent the glucosyi3), derivative inhibited
glucose catabolism but not its uptake. Both compeunduced redox unbalance in the pathogen.
vitro NMR analysis indicated that diglycosyl diselenidesct with glutathione, under physiological
conditions,via formation of selenenylsulfide bonds. Our resuiiggest that non-specific cellular
targets as well as actors of the glucose andetiexr metabolism of the parasite may be affected.
These molecules are therefore promising leads & development of novel multitarget

antitrypanosomal agents.

Keywords. glutathione, redox biosensor, selenosugar, tryp@ame inhibition, selenium NMR
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1. IIntroduction

Chemotherapyrepresents, definitely, the first and most impdrtéine of defense to treat
(sub)tropical diseases, like sleeping sickness dragas disease, caused by pathogenic
trypanosomes. Molecules endowed with antitrypan@doactivity have been known since the
beginning of the 2D century; almost all of them being produced by bgtit organic chemistry.
This point is noticeable because lead moleculegrecursors with therapeutic promise are often
obtained from natural sources like plants or miggaaisms in other areas of medicinal chemistry
research. Chemotherapeutic approaches for Afriggramosomiases have been amply covered in
recent reviews (Luschegt al., 2007; Bacchi, 2009a; Steverding, 2010; Simastral., 2012;

Babokhovet al., 2013) and will, therefore, only be briefly ontd here.

Emerging from German dyestuff industry researciphtalenesulfonic acid derivative suramin
(Bayer 205) was one of the first hits. Arsenobeezagrivatives of melamine: melarsene, melarsene
oxide and melarsoprol have also long been knownaaadstill being used against human African
trypanosomiasis (HAT; sleeping sickness). The thgrdup of anti-HAT structures comprises
aromatic bis(amidines) like pentamidine or DB28@yifaet al., 2015). Nifurtimox has long been

in use for the treatment dfrypanosoma cruzi-induced Chagas disease but it has recently been
found effective against sleeping sickness, paditylin combination with eflornithine, itself an
anti-HAT drug. Several molecules are being testechew drug candidates; those which have
entered Phase | clinical trials at least are regatwy (Babhokowet al., 2013). The chemical
structures of these trypanocidal molecules togettitr some others (see below) that did not reach

yet the clinical phase are shown in Figure 1.

Almost all of the molecules in Figure 1 contain raatic/heteroaromatic ring systems and the
common heteroatoms oxygen and nitrogen. The oauteref other V/VI column heteroatoms are
much sparser: arsenic in the three melarsen demgatsulfur in suramine, melarsoprol, nifurtimox
and ebsulfur (Luet al., 2013), and selenium in ebselen (Joeteal., 2013) only. Although

carbohydrates, natural and synthetic derivativeke alconstitute one of the largest and most
3
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variegated group of biologically active compountlieese moieties occur only in some nucleoside
derivatives with trypanocidal activity, such as @gne 644131/MDL-738 (Bacclet al., 2009b) or
cordycepin and analogs (Vodnadaal., 2013). Antitrypanosomal activities were recemtégorded

for auranofin (see below), a gold-containing thgesu(llari et al., 2012) and for som&l-acyl-
glucosamine derivatives (D"Antoni al., 2015). Particularly, carbohydrate metabolismedess
attention as a potential target for the inhibitadrtrypanosomes because these pathogens depend on
glucose as a preferred source of energy (Yetlad., 1929; Bringaud, 2006) and of building blocks

of several metabolic and structural macromolec(@eeket al. 2015). Worth noting, glucose is

the only source of energy for the bloodstream fofrAfrican trypanosomes.

Glycosyl disulfide derivatives, a novel class oftadydrate structures (for a review see (Szilagyi
and Varela, 2006)), gained importance recently agous biological activities were recorded for
them such as binding to lectins (Andatéal., 2006; Murthyet al., 2009; Martin-Santamar&t al.,
2011; Andréet al., 2015), enzyme inhibition (Kiret al., 2007) or anti-tumor activity (Andret al.,
2015) Moreover, some derivatives featuring monosacchasigdgar moieties attached to aromatic
cores by disulfide linkages were found to inhibi¢ growth ofT. cruz at low uM range (Gutiérrez

etal., 2013).

Encouraged by these results and by the fact tledblttodstream stage of the African trypanosomes
is dependent on glucose consumption for survivahaxe set up a panel of carbohydrate structures
exposing mono- or disaccharide moieties mountearomatic scaffolds by linker motifs containing
sulfur or selenium atomd4-12, Fig. 2). In a separate study these compounds fwarel to bind to

lectins and have activity against tumor cell lifi€¢altneret al., 2017).

Organoselenium compounds and, particularly, symmdtorganyl diselenides are known to have
multiple biological activities and are relativelgmtoxic to higher organisms (Shaalstal., 2015).
Some diaryl diselenide derivatives displayed antifarative activity towards the intracellular form
of Leishmania infantum (Planoet al., 2011; Baquedanet al., 2016). Some of them proved to

inhibit trypanothione reductase (TR), the majorustdse of trypanosomatids that contributes to
4
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redox homeostasis (Krauth-Siegel and Comini, 2088ygesting that its mode of action involves
interference with the intracellular redox balanéérth noting, trypanothione metabolism has been
long being involved in conferring trypanosomatidg¢hwresistance to different clinical drugs
(Méseret al., 2003; Mayat al., 2004; Walkeet al., 2012; Alsfordet al., 2012). To our knowledge,
potential antitrypanosome activities of sugar @isgles have not yet been investigated. We have

therefore added compounti3-18 (Fig. 3) to our testing panel.

The rationale behind this approach was to targetkaneously two major metabolic pathways for
these organisms: glycolysis and redox homeostagls tve major aim to increase compound
efficacy and lower the possibilities for emergen€elrug resistance. The biological activity of the
new derivatives was tested against the infectivenfof Trypanosoma brucel brucei, causative
agent of Nagana cattle disease and model orgarigire subspecies pathogenic to humans. The

potential mode of action of the most active derxed was investigated

2. Material and methods
2.1. Chemistry

Of the compounds listed in Figure 5 are disulfide glycoside analogs of those previotssied
againstT. cruzi (Gutiérrezet al., 2013). The sugar moiety is either galactdse) or lactose -5)
bound byp-glycosidic linkage to a benzené) (or a naphthalenel(2, 4 and5) central core6 and

7 are analogs of and4, respectively, containing one sulfur atom lesthim linker chains8-12 are
analogous selenoglycosides with benzer&-9) or naphthalene1(-12) aromatic cores. The
chemical syntheses &f12 were recently published (Kaltnetral., 2017).Compoundsl3 (Wagner
and Nuhn, 196415 (Kawai et al., 2005)and17 (lllyés et al., 2016)are diselenides d- and/orN-
acetylated glucose, galactose and glucosaminegctgply, wheread4 (Wagner and Nuhn, 1964),
16 (André et al., 2015)and 18 (Boutureiraet al., 2012) are the corresponding non-acetylated

versions (Fig. 3).
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2.2. Biology
2.2.1. Viability assaysfor trypanosomes and murine macrophages

BloodstreamT. b. brucei (strain 427) cell line 449 expressing an ectoppyc of the redox
biosensor hGrx-roGFP2 (Gutscletral., 2008) was grown in HMI-9 medium complementedhwit
10% (v/v) Fetal Bovine Serum Tetracycline-free (FEBBCOU) in a humidified incubator with
5% CQ and at 37°C. Phleomycin (0.2 pg/mL) and hygromysipg/mL) were added to select for
the constitutive expression of the tetracyclinerespor protein and for the hGrx-roGFP2 gene,
respectively, whereas the expression of the lastimduced by supplementing the medium with 1
pg/mL oxytetracycline for 24 h. Exponentially growgi parasites were resuspended in fresh
medium at a density of 5x1@ells/mL, 200 pL of this cell suspension was sdquir well (96-well
culture microplate). Next, 2 pL of the differentngpounds (final concentration of 5 uM) or DMSO
(1% v/v) were added in triplicates. After 24 h ibation, 100 pL from each well were transferred to
a tube containing 200 pL of sterile PBS with glie@8o (w/v). Prior to analysis by flow cytometry,
propidium iodide (PI) was added at a final concatian of 2ug/mL and used as a viability marker.
Samples were analyzed with a C6Accuri flow cytomdg®D) using a 488 nm laser and the
following filters Aen= 530/40 nm ande= 613/30 nm for GFP and PI signal, respectivelye dhta

were processed and analyzed with the C6Accuri soéw

The murine macrophages (cell line J774) were cfiéd in DMEM medium supplemented with
10% (v/v) FBS (GIBCQI), 10 U/mL penicillin and 10 pg/mL streptomycin,dem a humidified 5%

CO,/95 % air atmosphere at 37°C. Cell viability wasessed using the WST-1 reagent.

For the selected compounds, gGvas determined using a 7-point inhibition plot twigach
concentration tested in triplicate as describe@aiwald et al., 2014) forT. brucei and in (Demoro
et al., 2012) for murine macrophages. ®@alues were obtained from dose/response curnvesl fit

to a sigmoidal Hill equation (errors calculatedngserrors propagation) or extrapolated from non-

6
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linear fitting plots. The error is expressed as &mdl estimated ag (n-1). For all assays, cell
viability was calculated as follows: viability (%) 100 x (number of cells for compound Y at

concentration X/ number of cells in the DMSO-trelatentrol).

2.2.2. Assaysinvolving T. brucei redox reporter cell line

BloodstreamT. b. brucei expressing the redox biosensor hGrx-roGFP2 wawrgras described
above. Two million parasites/mL were seeded pef ineh 24-well plate and incubated (5% £0
and 37°C) with 0.54 uM3, 1.49 uM15, 25 uM menadione, 78 nM suramin or 1 % v/v DMSO fo
4 h. Next, 100 pL from each well were transferre@ tube containing 200 pL of sterile PBS with
glucose 1% (w/v). For each condition tested, a mg@s@mple was incubated with 1 mM DTT for
15 min. prior to analysis by flow cytometry, Pl wadded at a final concentration ofig/mL. All
samples were analyzed with a C6Accuri flow cytom@®) as described above. GFP fluorescence
(filter Aen= 530/40 nm) was measured only for viable cellsn@iative). The data were processed
and analyzed with the C6Accuri software. Samplesevanalyzed 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 iNH@l His-tag fromEscherichia coli strain
BL21 (DE3) grown in TB medium supplemented with amiiin. At an optical density (600 nm) of
0.8, IPTG (0.5 mM) was added to the culture andiiation resumed for 16 h at 20 Cells were
then harvested by centrifugation at 5@pfor 20 min at 4C and the pellet resuspended in Buffer A
(50 mM sodium phosphate pH 8.0, 300 mM NacCl, witbtgase inhibitors and lysozyme). Cells
were further lysed by three cycles of sonicatiof%4power, 2 sec pulse on/off, for 1 min) and
debris removed by centrifugation at 16.@pfdr 1 h at 4C. Protein purification was done using a 1

ml HisTrap column (GE Healthcare) pre-equilibravgth Buffer A. hGrx-roGFP2 was eluted by a
7
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step gradient from 0 to 500 mM imidazole. The puot recombinant hGrx-roGFP2 was of 95% as

judged by Coomassie-stained SDS-PAGE.

For the redox assays, hGrx-roGFP2 was pre-redudddD¥T 20 mM in PBS containing 1 mM
EDTA for 1 h at room temperature. The excess aficed) agent was removed by gel filtration on a
Sephadex G25 (PD10 column, GE-Healthcare) equikdravith PBS (pH 7.4) 1 mM EDTA.

Protein concentration was measured at 280 nm, vwehgre23.290 Micm? for hGrx-roGFP2.

The reduced biosensor (1 M) was treated Wtor 15 at their respective Bgconcentrations for
1 min and 1 h at room temperature, and then thedkcence spectra af,= 380-510 nm were
recorded on a Cary Eclipse equipment. Controlsughed incubation of the biosensor with 0.2 mM
glutathione disulfide (GSSG), 1 mM DTT or glutathéo(GSH) added at equimolar concentration

with respect to the compound tested.

2.2.4. Glucose measur ement

BloodstreandT. b. brucei grown as described above were plated at 5.3-5@ ydrasites/ mL per
well in a 24-well plate and added of 0.54 |iB8| 1.49 pM15, 78 nM suramin, 5 uM ebselen, 0.31
UM tri-thiazol (compoundOb from Francoet al., 2017) or 1 % v/iv DMSO. After 4 h incubation,
viable parasites were quantified by cell countingler light microscope and with a Neubauer
chamber, then centrifuged at 209@r 10 min at room temperature. The supernatasteetiected

and glucose concentration was measured as destdhed.

Inhibition of glucose uptake was studied using alifred method from that described in (Seyfang
and Duszenko, 1991). Bloodstream parasites in xypdmential growth phase were centrifuged at
2000g for 10 min at 20°C, washed with cold PBS 1X ansuispended at a final density of 6.1 x
10 cells/mL in cold and fresh complete culture medifarasites were kept at 4°C for 5 min, then
incubated for 30 min at 37 °C with DMSO 1 % (v/v)tbe following compounds added at 5X their

ECso: phloretin (500uM), NFX (50 uM), 13 (2.7 uM) or 15 (7.45 uM). The experiment was
8
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stopped by boiling the samples for 5 minin a watgh. Cell debris were pelleted by centrifugation
at 13000g for 10 min at 4°C and glucose concentration wasrdened in the supernatant using a

Bioprofile Basic 2 analyzer (Nova Biomedicals).

For both experiments, the samples were analyzedgbgate and the error is expressed as S.D.

2.3. NMR spectroscopy

NMR samples for the'H,'H-NOESY, 'H,*C-HSQC and the'H,”’'Se CPMG-HSQMBC
(Williamsonet al., 2000; Kovért al., 2006; Fongt al., 2015) correlation measurements contained
ca. 25 mM diselenide derivativds or 15 with three- to four times excess of glutathioneain
solvent consisting of 1:1 DMS@s : phosphate buffer (100 mM in,D or HO:D,O 9:1, pH 7.0).
NMR experiments were performed at 298 K (NOE$N,**C-HSQC) and at 313 K (HSQMBC),
respectively, on a Bruker Avance Il NMR spectrometgerating at 500.13 MHz fdH equipped
with a 5 mm inverse BBI-Z probe. THel resonances were assigned using standard homanucle
and heteronuclear correlation experimenksH-NOESY spectra were recorded using a mixing
time of 200 ms and with 32 scans periticrement.’H,”’Se CPMG-HSQMBC correlation
experiments were performed using a heteronuclegg-tange coupling evolution time of 35 ms.
The number of scans per increment varied between 320 and 640 dependingthan

concentration/solubility of the reaction product.

3. Results and Discussion
3.1. Biological evaluation

The anti-trypanosomal activity of the symmetriclgogsyl diselenides and disulfides (compounds
1-18) was tested against the bloodstream stagé. df. brucel, including nifurtimox (NFX) as

control drug. Added at a concentration of 5 uM,yoal subset of disaccharides harboring a



219 diselenide bond and lacking an aromatic linker (poumdsl3, 14, 15 and17) displayed medium to
220 strong anti-proliferative activity (37-97% growthhibition, Table 1). Interestingly, acetylation of
221 the sugar hydroxyl groups (it8, 15 and17) appears to be an important determinant of bicklgi
222 activity. In fact, the corresponding non-acetylatigtivatives displayed lower (e.g., 43% fbt

223 compared t®7% for13) to null (compard5 vs. 16 and17 vs. 18) growth inhibition.

224  Of all the molecules testeii3 and15 emerged as the most potent derivatives witlhoE&€0.54 and
225 1.49 uM (Fig. 4A), respectively, followed iy and17 with EGso ~5 uM (Table 1), all of them
226 exceeding the activity of the control drug nifurtm(EG, ~10 uM, under our assay conditions).
227 The selectivity index of the most active compouddtermined against murine macrophages was of

228 9.1 for13 and 4.6 forl5 (Fig. 4B), these values being close to that aintiinox (SI ~10).
229
230 3.2. Potential mode of action of diglycosyl diselenides

231 The chemical nature of the disaccharide diselensdggests that their anti-trypanosomal activity
232 may be a consequence of some interference withglinese- and/or redox metabolism of the
233 parasite. In order to infer the potential modeaifam of the most active compounds, nant8yand
234 15, we first investigated the remaining level of gige in the culture supernatant of parasites treated
235 for 4 h with 13, 15, the antitrypanosomal drug suramine (a compourtt wiulti-target activity;
236 Willson et al., 1993), ebselen (an inhibitor of hexokinase 1 agdanothione reductase from
237 bruce; Joiceet al., 2013;| Luet al., 2013) and a tri-thiazol that affects the intggof the parasite
238 lysosome (Francet al., 2017). All compounds were tested at their comesing EG, or with the
239 vehicle alone (1% v/v DMSO) (Fig. 5A-D). Under thesxperimental conditions only the tri-thiazol
240 and ebselen displayed some anti-proliferative agtvith respect to the DMSO control, albeit not
241 statistically significant. After 4 h incubation, ethcontent of residual glucose in the medium
242  supernatant was almost halved for all cultures wegpect to the initial content (>5 g/L, Fig. 5A

243 and C). However, comparison of the rate of glucomesumption ¢ = g/L glucose consumed per

10
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million parasites in 1 hour) showed that parasiteated withl5 (¢ = 0.096) or with suraminp(=
0.141) presented a significantly lower capacity083 to metabolize glucose compared to the
control condition ¢ = 0.478 for DMSO) (Fig. 5B). Although compouid8 reduced nearly 10%
glucose consumptiorp(= 0.431)vs. DMSO, this difference was not statistically sigraiht. Under
similar experimental conditions, the hexokinasenlibitor ebselen¢ = 0.184), but not a highly
cytotoxic and non-mechanistically related tri-tlibze = 0.764), reduced by 44% glucose

consumption compared to the vehiape50.332) (Fig. 5D).

An additional experiment was conducted to addresstier the metabolic phenotype induced by
compoundsl3 and 15 in bloodstream trypanosomes involves the inhibitef glucose uptake.
Measurement of glucose level in the culture mediyron a short exposure (30 min) of parasites to
the diglycosyl diselenides added to 5X theirsgE@id not reveal differences in glucose uptake
compared to vehicle treated cells (Fig. 5E). A EBmoutcome was obtained for nifurtimox (50
KM), a compound that does not directly affect ghecaptake but impair redox homeostasis (Hall
al., 2011; Alsfordet al., 2012) whereas phloretin (500 pM), a known contpetiinhibitor of
hexose transport if. brucei (Seyfang and Duszenko, 1991), reduced glucoseeifa 63% (Fig.
5E). Taken together, our data show that at low om@iar concentrations the diglycosyl diselenides
do not interfere with glucose uptake and that théagosyl derivativel5 affects significantly

glucose catabolism.

Interestingly, whilel5 exerted a higher depletion of glucose consumpti@m 13, the last one
produced a comparatively stronger cytotoxic effactcells (Fig. 4A). Next we were interested to
gain insight into a potential interference of trempounds with the cell redox homeostasis using
parasites that express a fluorescent redox bios@ngbeir cytosol. The biosensor hGrx-roGFP2
allows quantifying the ratio of reduced and oxidizglutathione in a non-invasive manner
(Gutscheret al., 2008). Though trypanosomes lack glutathione ctzbe, the redox state of
glutathione is in equilibrium with that of trypamane, the major redox cofactor of these parasites,

via a class | glutaredoxin (Comiet al., 2013; Musundat al., 2015). Thus, this tool provides a
11



270 ‘rationale measure of the overall intracellular redate of the parasite. As shown in Fig. 6,
271 Dbloodstreaml. b. brucei treated with the diglycosyl diselenides at the@sg&for 4 h displayed a
272 marked oxidation of the biosensor (30% f& and 25% forl5) that was only partially reverted
273 upon 15 min incubation with the membrane permeabtiicing agent dithiothreitol (DTT). As
274  expected, treatment with the vehicle or suraminnditinduce redox changes while the redox cycler
275 drug menadione produced a significant oxidatiof4p@f the biosensor that was fully reversible

276 after exposure to 1 mM DTT for 15 min.

277 Despite hGrx-roGFP2 has been shown to be highlgcteé and sensitive (nM concentration)
278 towards glutathione disulfide (GSSG) (Gutsckearl., 2008), the diselenides3 and 15 may, in

279 principle, act as direct oxidants of the cysteipessent in the biosensor. This hypothesis was ruled
280 out upon treatment of recombinant hGrx-roGFP2, flaarifrom transformed bacteria, wiit8 and

281 15 at their EGo. No changes in the fluorescence spectra of hGBERR were observed after 1 min
282 or 1 h incubation with either of these compoundgjlevthe biosensor was rapidl¥ (I min)

283 oxidized by 200 nM GSSG and reduced following additof 1 mM DTT. In addition, co-
284 incubation of13 or 15 with an equimolar concentration of glutathione foh did not trigger redox
285 changes in hGrx-roGFP2, suggesting thator 15 are neither able to oxidize the low molecular

286 weight thiol to its disulfide form (Fig. 7).

287 The oxidative shift in the intracellular redox raili of the parasite may well originate from a
288 compromised supply of ATP to synthesize low molaculveight thiols (e.g. glutathione,
289 trypanothione) that cannot counteract the endogenuetabolic demand for reducing power
290 (Krauth-Siegel and Comini, 2008). Moreover, it veaggested that nucleophilic attack on Heese
291 bond in diaryl-diselenides by cysteine residuespinteins/enzymes, such as TR, might also
292 influence redox balance via putative selenol déirea (Fontet al., 2015). However, the chemical
293 nature of diglycosyl diselenides prompts us to higpsize that they may also react directly with

294 components of the redox metabolism, in particuliéin Vow molecular mass thiols.

12
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To address this question, we performed NMR spemtpms measurements with mixtures made up
of the two most active diselenide$3(and 15) and excess glutathione under near physiological
conditions. In théH NMR spectrum ofL3 + glutathionea second set of resonances for the Cys-
SCH, protons (A, B) of glutathione appears (Fig. 8ahich indicates the formation of a new
molecular speciesH,”’Se-heteronuclear correlation experiments (Williamaal., 2000; Kovéret

al., 2006; Boroset al., 2011) performed with the above sample cleariyeaéed long-range
couplings between th&Se nucleus and the CP&H, protons (A, B) of glutathione (Fig. 8a).
These results can be explained by the formaticenmblecular species containing the sugar moiety

attached to the cysteine residue of glutathmae selenenylsulfide bon@(, Fig. 8b).

Similar results were obtained for the reactionsldfwith glutathione or withN-acetylcysteine
indicating the formation of selenenylsulfidé® and22, respectively (Supplementary Figs. S1, S2).
Further support for the structure 1 was obtained by 2BH,"H-NOESY (Supplementary Fig. S3)
as well as byH,**C-correlated 2D HSQC spectra (Supplementary Fig. Stthis point we got
intrigued to inquire about the behavior B8, the deacetylated form df5, in the presence of
glutathione in view of the fact thd6 was found to be practically inactive in the growthibition
test (Table 1). ThéH,”’Se correlation experiment run under identical comd$ indicated the
formation of a selenenylsulfide derivativgl (Supplementary. Fig. S5), in complete analogy to
what has been observed ff. This result shows that, while selenenylsulfide fation is likely to
take place in these systems, such reactions alaneot account for the striking difference in
trypanosome inhibition efficiency (Table 1) betwdba acetylated (such 45) and non-acetylated
(such asl6) forms of diglycosyl diselenides. It is of noteaththe chemical synthesis of analogous
glycosylselenenyl-glutathione derivativegss been reported using a similar protocol which, ha
furthermore, been found useful for the glycosylatia SeSlinkages of cysteine residues in
proteins like subtilisin (Boutureiret al., 2012). This further supports the propensityhaf glycosyl
diselenides to react with glutathione or similarothcompounds. Worth noting, formation of
glutathione disulfide was also observed in a cédnsample containing the reduced form of
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339

340

341

342

343

344

glutathione and lackin@3 and 15, which suggests that this species is not a produttteoreaction
between the mixed selenenylsulfide with a seconthtilione molecule but rather originates upon
spontaneous oxidation. This conclusion is in linthwhe results from then vitro assays with the
highly sensitive redox biosensor that, in a 1 hetwindow, did not show formation of glutathione
disulfide in a sample containing glutathione d8dbr 15 (Fig. 7). Diglycosyl diselenides likE3 or

15 may, on the other hand, react with critical cyseiesidues in glycolytic or redox enzymes that
will become glycosylatedria SeSlinkages similarly to what has been reported fabtsisin

(Boutureiraet al., 2012) or act as TR pseudo-substrates (Baqued@ho2016).

It is also possible that glycosylselenenyl glutatie derivatives lik0 act as recognition scaffolds
for trypanothione-dependent enzymes such as TRe@Kret al., 2002) and tryparedoxin (Comini
et al., 2007) which are indispensable for parasite safviAt this point is worth to mention that a
low resolution crystal structure of a TR-auronafingold complex of 1-thio-2,3,4,6-tet@acetyl-
B-D-glucopyranose and triethylphosphine revealed that carbohydrate moiety of the drug
occupies the binding site of trypanothione (llerial., 2012). Thus, it is tempting to speculate a

similar binding mode for the sugar scaffold18f(Supplementary Figure S1) 20 to TR.

4. Conclusion

We have investigated a panel of 18 carbohydrateatares for potential antitrypanosomal activity.

The chemical structures of these molecules areacteized by the attachment of two glycosyl
units either by various divalent aromatic linkemsarporating sulfur or selenium atoms or simply
connected by diselenide linkages through their ar@mcarbons. Among these structures four
acetylated diglycosyl diselenides presented renmdekaotency towards Kkilling of bloodstream

stage African trypanosomes. The two most activepmamds {3, ECsp 0.54 uM andL5, ECs01.49

KM) generated an oxidizing environment in the pgrasIn addition, onlyl5 repressed glucose
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catabolism, but not its uptake, to a significamelethat mirrored that exerted by the hexokinase 1

inhibitor ebselen or suramin, a compound that ihidplycolysis among other cellular processes.

Unfortunately, our data do not allow to dissect thiee the glycolytic enzymes are a primary target
of the digalactosyl diselenidis or if the observed metabolic phenotype is consecpieh a more
pleotropic effect of its cytotoxicity. In this regh given the chemical nature I it is also possible
that this compound interfergvith the galactose metabolism, which has been shtovrbe
indispensable for African trypanosomes and is tlyetinked to glucose metabolismia an
epimerase that converts UDP-glucose to UDP-galadi®eperet al., 2002; Urbanialet al., 2006).
Cross-regulation between these pathways is not fuitlerstood and it is tempting to speculate that

inhibition of galactose metabolism may entail aate@ regulation of glucose catabolism.

The selectivity indices of these derivatives wérayever, rather low (S| 4.6 to 9). Assays with a
redox-reporter cell line indicated that diglycodidelenides decrease the GSH/GSSG ratio probably
by depletion of reduced glutathione and/or by iieteéng with redox processes. NMR studies of the
interaction betweef3 and15 and glutathione oNAc-cysteine indicated that glycosylation of thiol
groups in these molecules takes place under mildsigphysiological conditionga formation of
SSlinkages between the reactants. The resultingnealdsulfide derivatives may potentially act as
inhibitors of enzymes in the glucose and redox bwitsm of the parasites. The low selectivity of
the most active compounds indicates that these aulel® may share molecular targets in the
pathogen and in the host as well. Nonethelessetitanced cytotoxic effect of the compounds
towards parasites can be explained by the factgl#thione concentration in trypanosomes is at
least one to two-orders of magnitude lower thamammalian cells and, additionally, due to the
higher dependency of infective African trypanosoraegglucose catabolism for obtaining energy,
reducing power and as precursor of several impbrteatromolecules (Creedt al. 2015). Future
studies should address the potential of selenosigyaratives towards trypanosome inhibition as

well as a quest for potential targets in the péeaaid mammalian cells.
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549 "Legends

550 Figure 1. Chemical structures of selected anti-trypanosaimatiolecules containing sulfur,

551 selenium atoms and/or carbohydrate moieties.

552 Figure 2. Chemical structures of sugar derivatives with ariien@ores tested againstypanosoma

553 bruce.
554  Figure 3. Chemical structures of diglycosyl diselenides w@stgainsilrypanosoma brucel.

555 Figure 4. Dose-response curves for the most active diglycdsglenidesA) BloodstreamT. b.
556 bruce andB) murine macrophages (cell line J774) were treateéld different concentrations df3
557 and 15. After 24 h incubation, cell viability was assa$d®y flow cytometry (Accuri BD) using
558 propidium iodide as exclusion dye. The data wetedito the Hill equation with Rvalues > 0.96.
559 The EGo againstT. b. brucei is 0.54 £ 0.05 uM foll3 and 1.49 £ 0.01 uM fal5, contrasted to the

560 values of 4.9 + 0.45 pM fdk3 and 6.9 + 0.54 uM fot5 against macrophages.

561 Figure5. Glucose catabolism and uptake studiesin bloodstreanT. b. brucel. A) andC) Residual
562 glucose and parasite proliferation. Cell density (black bars) and residual glucosecutture
563 supernatant (white bars). The red and blue doftess Idepict the initial cell density (5.8 x °10
564 cells/mL and 5.3 x T0cells/mL) and glucose concentration (5.5 g/L ant &/L) in the culture
565 medium of the corresponding experimem$andD) Glucose consumption. Parasites were treated
566 with vehicle (1% v/iv DMSO)13 (0.54 uM),15 (1.49 uM), suramin (78 nM), ebselen{b1) and
567 tri-thiazol (0.31uM) for 4 h and glucose consumptiap) (s expressed as g/L glucose consumed per
568 million cells in 1 hourE) Glucose uptake. Parasites were treated with vehicle (1% v/v DMSI3)
569 (2.7 uM),15 (7.45 uM), nifurtimox (5QuM) or the control drug phloretin (5Q@M) for 30 minutes.
570 All values are expressed as average + SD (n =t8)isEcal analysis was performed applying One
571 Way ANOVA test followed by Dunnet’s multiple com@ams posttest. **** ** and * denote

572 differences withp values < 0.0001, < 0.01 and < 0.5, respectiweyDMSO control.
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Figure 6 Intracellular redox changes induced by and 15 on bloodstreanT. b. bruce. Two
million parasites were exposed to 0.54 18] 1.49 uM15, 78 nM suramin, 25 pM menadione, 1
mM DTT or left untreated (vehicle, 1% v/v DMSO) #h (black bars) and then treated for 15 min
with 1 mM DTT (grey bars). The values are expresasdoercentage (£ SD) reduction of the
biosensor relative to the control condition with BM without added DTT (n = 3). Statistical
analysis was performed applying One Way ANOVA tésliowed by Dunnet's multiple
comparisons posttest. *** ** gnd * denote diffeoes with p values < 0.001, < 0.01 and < 0.5,

respectively, vs DMSO control.

Figure 7. Compoundd3 and15 do not induce oxidation (to disulfide form) of tredox biosensor
or glutathione in vitro. Fluorescence spectra @f thcombinant redox biosensor (hGrx-roGFP2, 1
UM, green line) incubated with compouf8 (orange line) od5 (blue line) at their EC50 values,
and added or not of 0.2 uM oxidized glutathione $GS$red line) and 1 mM DTT (black line), or
an equimolar concentration of reduced glutathial@shed orange line or dashed bluelf®or 15,
respectively). Data obtained upon (A) immediatectiea <1 min) and (B) 1 h incubation and

expressed as relative fluorescence units, u.sf.excitation wavelength.

Figure 8. a) *H,”’Se multiple-bond CPMG-HSQMBC correlation spectruirasolution of13 in
1:1 DMSO4ds : phosphate buffer (100 mM in,D, pH 7.0) and glutathione in 1:4 molar ratio
reveals'H,”’Se coupling connectivities between selenium andcyseineg-protons (A, B) of
glutathione. b) Structure of selenenylsulflehighlighting crucialH,”’Se coupling connectivities.
Shown above the 2D map is thé NMR spectrum with indications of the relevant forts in b).
The "’Se spectrum (on the left of the 2D map) providethér confirmation for the structure 20
via a distinctly different’Se chemical shift with respect to thatli (8se 483 ppm in20 vs. 400

ppm in13).
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Table 1 Antiproliferative activity of disaccharide disulfid es and —diselenides against infective

African trypanosomes.

Compound® Acetylated sugar Parasite survivdl (%)
1 N 88.4 £2.9
2 N 919 +£1.8
3 N 934 +£2.2
4 N 919 +£1.8
5 N 935 +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 945 £6.5
11 N 96.0 £6.8
12 N 94.1 £5.0
13 Y 27 04
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+55
N = No

Y = Yes

n.a. = not applicable

@ Bloodstream stag€. b. brucei were exposed during 24 h to 5 uM diglycosyl comutsu(l-18) or

15 uM of the control drug nifurtimox (NFX).

P Cell viability was assessed by flow cytometry as@xpressed as % survival + standard deviation
(n = 3) relative to non-treated parasites.
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Highlights

e acetylated diglycosyl diselenides inhibit the pgeshtion of infective Trypanosoma
brucei.

e a galactosyl derivative impairs parasite” glucosesumption and redox homeostasis.
e under physiological conditions, the compoundsteeacvalently with glutathione.

e acetylated diglycosyl diselenides represent nautigtt antitrypanosomal candidates.



