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Abstract

Polyamides-based compounds related to the Streptalydistamycin and netropsin are
potent cytostatic molecules that bind to AT-riclgioms of the minor groove of the DNA,
hence interfering with DNA replication and trangtion. Recently, derivatives belonging to
this scaffold have been reported to halt the pradiion of deadly African trypanosomes by
different and unrelated mechanisms. Here we desctite synthesis and preliminary
characterization of the anti-trypanosomal mode dfioa of new potent and selective
distamycin analogues. Two tri-heterocyclic derivasi containing a centrdl-methyl pyrrole
ring (16 and 17) displayed high activity (E§g <20 nM) and selectivity (selectivity index
>5000 with respect to mammalian macrophages) aigdiesnfective form off. brucei. Both
compounds caused cell cycle arrest by blockingdpgcation of the mitochondrial DNA but
without affecting its integrity. This mode of aaticclearly differs from that reported for
classical minor groove binder (MGB) drugs, whichdune the degradation of the
mitochondrial DNA. In line with this,in vitro assays suggest thda6 and 17 have a
comparatively lower affinity for different templai@NAs than the MGB drug diminazene.
Therapeutic efficacy studies and stability assaygysst that the pharmacological properties
of the hits should be optimized. The compounds lmamated as excellent scaffolds for the

design of highly potent and selective ahtbrucei agents.

Keywords:

mitochondrial DNA; cytostatic; Trypanosoma bruaginor groove binder; distamycin
analogues; polyamides.
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1. Introduction

African trypanosomiasis encompasses a group ofadtaodiseases caused by hemoflagellate
parasites from different (sub)species of the Gamypanosoma that are endemic of the sub-
Saharan region of Africa. The subspecies that caltheman African Trypanosomiasis
(HAT), also known as African sleeping sickness, angpanosoma brucel gambiense and
Trypanosoma brucei rhodesiense. Although control programs implemented by WHO have
contributed to reduce the number of cases (< 1@388s/year), 65 million people are at risk

of contracting a disease that is fatal withoutdpeutic intervention [1,2].

T. b. brucel, T. congolense andT. vivax are responsible for Animal African Trypanosomiasis
(AAT) [3]. Current estimations indicate that molean 3 million stock animals are affected
by AAT, which accounts for large economic lossesvésal billions U$S/year) due to

impaired productivity [4].

The current chemotherapy for HAT relies on old faskd drugs (i.e. suramin, pentamidine,
melarsoprol, eflornithine and nifurtimox) charaezed by their limited, stage- and parasite
subspecies-specific efficacy. Most of these drugsewleveloped based on empiric findings,
are toxic and with undesirable administration reJte2]. In addition, the indiscriminate use
of drugs to control AAT (e.g. isometamidium) hashdinked to the emergence of cross-

resistance with the human frontline drug pentanadbj.

After 10 years of continued and joint efforts betweacademy, non-profit initiatives and
pharma companies, the drug fexinidazole has bestistovered” and approved for the oral
treatment of both the systemic and neurologicajestaof HAT [6]. Following a similar non-
profit, R&D model, an acoziborole (SCYX-7158) haseh selected as a promising pre-
clinical candidate against HAT that is currentlydergoing clinical studies [7]. To our

knowledge, there are no more compounds in thecalimipeline for this neglected disease.

Organic chemistry have been often inspired by tkeodery of biological activities present
in natural molecules. A good example is distamyama netropsin, both being polyamides
produced by the bacteri&reptomyces netropsin and harboring antifungal activity.
Compounds of this family can bind into the minooayre of the DNA (hence named minor
groove binder: MGB), especially in AT-rich regioremnd by doing so interfere with DNA
replication and transcription [8-11]. Several agalkes have been synthesized and displayed
potent anti-proliferative activity against a vayietf biological models such as tumoral cells,

viruses, fungi, bacteria and protozoan [12-18].



92
93
94
95
96
97
98
99
100
101

102
103
104
105
106

107
108
109
110
111
112
113
114
115
116

117

118

119

120
121
122

In the search for new MGB-like compounds actingirgainfectious organisms, Lang and
col. reported a series of heterocycles linked by arboleds some of which resulted active
againstT. b. brucei, in particular a molecule lacking a typical baaitd flexible terminal
group found in MGB [15]. Two years later, the sarmasearch group published on the anti-
trypanosomal activity of a series of 32 structyraliverse MGB consisting of heterocycles
linked by amide bonds [12]. Several of them presgnd remarkable anti-proliferative
activity (< 40 nM) and selectivity (>500) towards bloodstredmb. brucei. A strongly
fluorescent compound of this series displayed awdea distribution in the parasite cytosol
with predominant signal accumulated in the nuckeus mitochondrial DNA (kinetoplast), as

expected for compounds that interact with nucleidsa

Recently, we have prepared and characterized essefibi and tri-thiazoles resembling the
distamycin scaffoldl (Figure 1) [19]. The tri-thiazoles were more active and cile
against infectivel. b. brucei than the bi-thiazoles. Notably, the mode of actdrthe most
potent (EGy 310 nM) and selective (selectivity index = ¥§ murine macrophages) hit,

namely compound, involved the loss of lysosome integrity but nfieef on cell cycle.

Despite its potency, the low selectivity biprecluded advancing this compound to the next
steps of the drug development pipeline. In ordestitain derivatives with a better biological
profile and taking into account previous resultghwstructurally related compounds, we
hypothesized that inclusion of &imethyl pyrrole as the central rinijéw series shown in
Figure 1) may confer a higher selectivity. To our surprifi@s slight structural change
yielded compounds far more potent (>26-fold) arldctve (>340-fold), respectively, thdn
Interestingly, the new hits inhibited parasite gevsation by blocking the replication of the
kinetoplast. Despite the negative results obtafioecdbne of the hits in therapeutic efficacy
studies conducted on a mouse model of African trggamiasis, the new scaffolds appear as

top candidates for optimization of their pharmagadal properties.

2. Results and discussion
2.1. Chemistry and organic synthesis

In order to obtain a molecule with ld-methyl pyrrole as a central heterocyclic, we
synthesized the trifluoroketor#[20,21] from the commercially availabM-methyl pyrrole,

which was nitrated in classical conditions to obtéie 2,4-disubstituteN-methyl pyrrole3.
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Then, compoun@ was treated with NaH in aqueous medium to sulbstthe trifluoromethyl

by an hydroxyl group [21] that led to the centrailting block4 in very good yields.

We employed Hantzsch and Barton methodologies 2@ synthesize thiazoles and 6,
that were derivatized to obtain two series of thilez containing esters and carboxylic acids

with different protective groups on their 2-aminmsgion 7-12. (Scheme 1)

The N-methyl pyrrole4 was coupled with the 2-aminothiazoand6 in the presence of the
iminium salt HBTU and DIPEA in C§Cl, at room temperature for 24 h obtainit®)in 87 %
yield and14 in 62 % yield, respectivelyStheme 2). The nucleophilicity of the 2-amino
thiazole has been reported as low due to the imirtautomerism, in fact several reactions
pointed that the endo nitrogen can be the nucléspistead of the exo amino group [25,26].
This can explain the lower yield d# in comparison td3, whose isopropyl group likely
increases the electron density and makes the 2eagpioup more reactive towards the
carboxylic group. As part of our studies, the HB@attivated acid of th&l-methyl pyrrole
was isolated, re-dissolved in dry THF and refluxedhe presence of compoudwithout

increasing yields.

Next, the third heterocyclic rin@(10 or 12) was coupled td.3 or 14 through the nitrogen at
position 4 of theN-methyl pyrrole. Therefore a reduction of the nigroup was performed in
the presence of 41 Pd/C for 3 h resulting on a free amine on theitmrs 4. Due to the
reported instability of the pyrrole amine [27], theaction crude was used without further
purification. The crude was filtered through celitencentratedn vacuo and re-dissolved in
dry CHCI; for coupling with carboxylic acid8, 10 and12 in the presence of HBTU for 24 h
(Scheme 2). Despite of being a two-step reaction, the ttehecycles 15 from 12 and13, 16
from 13 and9, 17 from 14 and10) were obtained in fair yields (e.g. 30 to 40 %d)eFe three
heterocycles were hydrolyzed in the presence ot@uagi LiOH, leading to compound8-20

in excellent yields$cheme 2).

2.2. Biological characterization

Compoundd3-20 were preliminary screened at a concentration jpfkbagainst bloodstream
T. b. brucei (Table 1). For compounds causirg75% parasite death at 5 uM, concentration-
response assays against the pathogen and murimephages were performed to estimate

ECso and selectivity values.



154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173

174
175
176
177
178
179
180
181
182
183
184
185
186

As previously observed for the first series of coopds [19], two major features correlated
positively with the biological activity of the seww series: the number of heterocycles and the
state of the terminal amine and carboxylic acidvd¢ives. Regarding the first factor, apsl

the bis-heterocyclel8 and14) proved innocuous to trypanosomes while the ttefueyclic
compounds15-17 and19-20), with the exception of8, exhibited a remarkable anti-parasitic
activity (cell viability <25% at 5uM). Protection of the carboxylic acid rendered the
heterocyclic compoundd5-17 (EG, 827 to 7 nM) significantly more active than their
corresponding un-protected analogd8s20 (ECsp > 3327 nM). For both compound classes,
the chemical nature of the group blocking the teahiamine (RB) and the R substituent
affected the biological potency. For positiog e replacement of the acetyl group bty a
butyl carbamate increased in more than 60 timepabency ofl6 (ECso 12 nM) with respect

to 15 (EGsp 827 nM), and at least twice fd® (48 % viability at 5 pM) with respect 8
(113 % viability at 5 uM). In contrast, the additiof an isopropyl group at 5 position of the
thiazoles proved slightly detrimental for the amyipanosomal activity as evidenced by the
lower activity of16 (EGsp 12 nM)vs. 17 (EGso 7 nM), and forl9 (48 % viability at 5 pM)ss.

20 (EGsp 3 pM). This suggests that addition of two isopitogpups to the tri-heterocycles
may interfere with the recognition of the molecuiarget. Interestingly, the replacement of
the central azole ring df (EGsp 310 nM) [19] by arN-methyl pyrrole increased significantly
(26- to 44-fold) the anti-trypanosomal activity thie tri-heterocycles bearing a carbamated

terminal amine and either propylated) or non-propylatedl(7) thiazoles.

Worth noting,18 was previously synthesized and described as afpgtewth inhibitor of
bloodstreanT. b. brucei (strain 427) with a minimum inhibitory concentaati(defined as the
concentration of compound that inhibited more tBa#o parasite growth compared to non-
treated control) of 64 nM [15]. However, under @axperimental conditions (see section
4.6.1 ), the compound lacked activity against the satrensand stage of. b. brucei. In
order to determine whether the different assay itiomd were responsible for this conflicting
data, 18 was assayed under conditions (initial density @*10* parasites/mL and 48 h
treatment) resembling those reported in [15] @0* parasites/mL and 48 h treatment) and
including nifurtimox andl as positive controls. Under this less stringenayas®ndition and
tested up to 6@M, 18 resulted fully inactive whereas nifurtimox ahdncreased their Efg

by 20- and 5-fold (E§ = 0.75 and 0.057M, respectively) when compared to the values
obtained in our standard assay16° parasites/mL and 24 h treatmefiable 1). Our finding

is further supported by the fact that heterocyalath esterified azoles16-17) are more
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potent than the corresponding carboxylic acid apsds (8-20, Table 1). Thus, the data

previously reported fot8 [15] remains intriguing.

Among the compounds displaying the most potenttaypanosomal activityls-19 and20),
16 presented an Bg~40 uM against murine macrophages, whereas the othey lacked
toxicity at a concentration of 13M [note that higher concentrations could not béegkslue
to low compound” solubility at 1% (v/v) DMSQO16 and17 displayed the highest selectivity
indexes (Sl): > 10169 and 5560, respectively. Sintib the effect observed agaiistrucel
and compared to the non-propylated analbg (ECs, for macrophages > 12QM),
propylation of the thiazoles df6 (ECso for macrophages ~3948V) reduced by at least 3-
fold macrophage toxicity. The replacement of thet@@ thiazole ring by arN-methyl
pyrrole impacted also positively in the toxicityaagst host cells, reducing it by 8-fold (i.e.
ECsp against macrophages fbrs. 17 is 5uM vs. ~40uM, respectively).

In summary, the incorporation of a centidimethyl pyrrole to bis-thiazoles vyielded
derivatives significantly less cytotoxic and witigler anti-trypanosomal activity than the

original tri-thiazoles analogs.

2.3. Mechanism of action
2.3.1. Cell membrane integrity

The remarkable improvement in the biological atgivf several compounds from the new
series with respect td [19] raised the question whether this stem from an emdthn
compound uptake, affinity for the molecular target/or from a change in the mechanism of
action (i.e. molecular target). To address thisipdié and17 were subjected to a thorough

characterization of their trypanosomal killing manlsm.

Compoundl has been shown t&ill trypanosomes by disrupting the integrity ofeth
lysosomal membrane, which is followed by releasdoafc proteases, iron, generation of
oxidative stress and permeabilization of plasma brame [19]. Thus, we first investigated
whetherl6 and17 would induce a similar phenotype in infectiVebrucei. Both compounds
added at their corresponding &did not alter the integrity of the plasma membrafier a 4

h incubation, as observed by the lack of incorponatf the exclusion dye propidium iodide
by the parasites (PEigure 2A). In contrast, a very low concentration of theetigént Triton
X-100 (0.001 % v/v) damaged the membrane of 90%etells, an effect comparable to that
exerted byl added at its E§g and assayed under identical conditions [19]. Nevet,capacity

7
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of the compounds to induce oxidative stress ataoaftular level was studied using a redox-
reporter cell line of bloodstream. b. brucei. The redox biosensor responds rapidly and
specifically to changes in the ratio of reduceddmed glutathione and trypanothione (bis-
glutathionylspermidine) [19,28,29], which are thejar low molecular weight thiols in
trypanosomes [30]. The level of oxidation of the&la® biosensor was not significantly
different for parasites treated with the vehicleegposed td6 or 17 at 1X or 5X their EG

for 4 h Figure 2B). This contrast with the behavior &f which at concentrations ECsg
induced intracellular oxidation [19], and stronglyggests thal6 and17 possess a different

mode of action.

2.3.2. Cdll cycleanalysis

As discussed above, several distamycin and netr@slogs were described as MGB that,
similarly to the natural products, bind to AT-rickgions of nucleic acids and thereby inhibit
cell cycle progression [8]. On this basis and gittes potent parasitostatic effect exerted by
the new compounds, a potential interference wittagte cell cycle was studied. Before
treatment with the compound, cell cycle synchramzrawas achieved by incubating the
parasites with hydroxyurea for 6 h, which corregfsoto the doubling time for non-treated

infectiveT. b. brucei.

For this assay, we choo&& as model compound of the new series and DAC, kkmelwn
MGB, as control drug. After 24 h incubation, thetdbution of parasites within the major
phases of the cell cycle was estimated by measuh@gdONA-content by flow cytometry
(Fig. 3). For the DMSO-treated culture, cells were distidad in the following
subpopulations: 49% in the growth phase/Gp), 31% in the synthesis phase (S) and 20% in
the division/mitosis phase (B1). Tested at its E& (7 nM), 17 produced a minor but
statistically significant perturbation of the pateas cell cycle (i.e. @G; phase: 44% cells,
S-phase: 34% cells, and,/@l-phase: 22%). Interestingly, doubling the concatiin of 17

led to a more remarkable change with 94% of thpanpsomes arrested at thg NG phase
and the remaining 6% at they/G; phase. An almost identical effect was caused by DAC
which added at its Bfg (41 nM) blocked cell cycle at the division/mito${s,/M-phase: 93%
cells and @Gs-phase: 7% cells).

2.3.3. DNA-content analysis by fluorescence microscopy
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Kinetoplastid organisms are characterized for having a densatkga mitochondrial DNA
(kinetoplast, K or KDNA) rich in AT-regions, and we replication precedes that of the
nucleus (N) and is perfectly synchronized with tiedl cycle [31-33]. For instance, cells in
the G1 or S phase of the cell cycle possess aeskngtoplast and a single nucleus (1K+1N).
As the cell cycle progresses, the kinetoplast caps and divides before the nucleus to
produce a 2K+1N cell. Cells then enter mitosis,dbecome of which is a 2K+2N cell that,
upon cytokinesis, divides into two 1K+1N siblind® get a deeper insight into hd& and

17 may interfere with this process, the nuclear antbehondrial DNA organization was
analyzed by epifluorescence microscopig(re 4). For DMSO-treated parasites, 80% of the
cell population displayed 1K+1NFigure 4A, B), which fully agrees with the results
obtained forT. brucel grown under standard conditions [34] and confithest the vehicle
does not affect DNA replication. DAC treatment leda major decrease in the 1K+1N cell
population (44%Figure 4A) and to the appearance of a large percentageséfragtoplastic
trypanosomes (OK+1N: 39%Figure 4C). Such phenotype has been reported for
trypanosomes treated with different DNA-binding gsuDAC among them, and ascribed to
the linearization and protease-mediated degradatiadhe minicircle DNA, probably due to
the inhibition of a mitochondrial type 1l topoisorase [35-37]. For trypanosomes treated
with 16 and17, the major population was also represented by NKedlls (48% and 46%,
respectively;Figure 4A). However, at variance with DAC, the second largaspulation
(38% and 26% foll6 and17, respectively) corresponded to cells bearing glsikinetoplast
and a single, but with a septum-like or partitionadcleus, a phenotype that we termed:
1K+1N* (Figure 4A, D). Thus, the distamycin analogu&8 and 17 appear to exert their
trypanostatic effect by inhibiting the kDNA repltean but without altering its structural
integrity, as DAC and other MGBs do [35-37].

2.3.4. DNA-binding competition assays

The kDNA consists of concatenated maxi and minegcencoding for rRNA and
mitochondrial proteins, and for small guide RNAaspectively [37, 38]. The minicircles are
required for the editing of mMRNA, are rich in A-hdes and, therefore, preferred targets of
MGB [36-38]. As shown abovd6 and17 interfere with the replication of the KDNA but do
not lead to its degradation as MGBs #ag( 4). This suggests that, if any, the interaction of
the distamycin analogues with the target DNA ddfénom that of the MGB. To test this,

fluorescence competition assays were performedatauy a DNA-vector lacking (pUC18, 5

9
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nM) or harboring a. brucei minicircle sequence [38] (pUC18-kDNA, 5 nM) with axcess
DAC, 16 or 17 (20 uM) for 30 or 120 min, followed by DNA-staigrwith DAPI (4',6-
diamidino-2-phenylindole, 0.5 uM), a well-known dkescent MGB with high affinity for A-
T rich DNA [39]. DNA incubated with the vehicle DMOband stained with DAPI was used

as fluorescence normalization control.

The low fluorescence intensity of the DAC-treatednples (25-22 %) indicates that DAPI
could not displace DAC-binding to either the plagnaind the minicircle DNA, even if
incubation was extended from 30 mid. 5A) to 120 min Fig. 5B). This is in agreement
with previous reports for MGB competitors [40,4Xdaconfirms that DAC occupies DAPI
sites in the DNA. At time point 30 mird7 displayed certain preference for competing with
DAPI-binding to the mock vector instead of the DNAntaining the minicircle sequence
(Fig. 5A). At this time point,16 increased (15-28%) DAPI signal from both DNA sagspl
when compared to the vehicle control. Interestingktending the incubation to 120 mii§
and 17 diminished by 30% and 48%, respectively, the flsoemce of the DAPI-
pUC18kDNA complex but not that of the mock DNA&id. 5B). This suggests that the
interaction ofl6 and17 with the KDNA is a dynamic process.

Overall, the results supports that the interacobri6 or 17 with the target DNA clearly
differs from the MGB drug DAC. At shorter time pt8nl6 and17 appear to have an overall
relaxing effect on the DNA that favors dye incogaarn to MG regions, whereas at longer
incubation timesboth compounds are able to partially compete andllosterically affect
dye-binding to DNA. Further experiments should leefgrmed to confirm this preliminary
finding.

2.3.5. Therapeutic efficacy test

Supported by the impressive performance of the caomgs in vitro, a preliminary
therapeutic efficacy study on a mouse model ofcafni trypanosomiasis was conducted with
17. Because the compound displayed a trypanostdéctéh vitro, thein vivo treatment was
extended for one-week. Balb/cJ mice susceptiblt to brucel infection were infected with
the parasite strain AnTaT 1.1, a pleomorphic ¢eé hble to reproduce the natural infection
[42]. Infected mice were divided in 4 groups (n/gréup) that at day"post-infection were
treated withl7 given daily for 7 days at 1000X (8.36 mg/Kg) or Z5@.09 mg/Kg) the E&
determinedn vitro, DMSO (3.3 mg/Kgx day/7 days) or a single dose of DAC (40 mg/Kg).

10
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Parasitemia and animal status was monitored oguaebasis. For mice treated with vehicle
(DMSO), parasitemia showed the typical behaviohwetpeak (mean value = ~100 million
parasites/mL blood) at day'4ollowed by a 2 to 3 orders of magnitude decrémteeen day
7-11 that can be associated to a temporary cootnoeérasite proliferation by the host innate
immune response [43]. From day™an, parasitemia raised steadily until the endhef t
assay (day 21 Fig. 6). For mice treated with7, and independently of the dose administered,
the parasitemia” trend and absolute values werestlidentical to those observed for the
DMSO-treated group. This clearly indicates that even if given at 250-1000X iis vitro
EC50, was unable to contrdl. b. brucel proliferationin vivo. In contrast, from day 7
onwards, a single dose of the control drug DAC sw#§icient to reduce parasites from blood
at levels undetectable by our counting method (diete limit > 2.5x10* parasites/mL). Due
to the lack of therapeutic efficacy ©¥ and the high parasitemia levels, the experimerst wa
finished at day 21 For this time-window, and despite early (daY) 4leceases, each
occurring in the DMSO and the 250X group, no ddferes in animal survival rate were

observed among groups (Log-rank test, not shown).

The lack of correlation between vitro vs. in vivo potency ofl7 may be ascribed to different
factors that likely have affected the bioavailapilof the compound’s active form. Among
them, metabolization by host’s hydrolases or oxagasay have convertdd into a non- or
significantly less-active species. In this respdttis important to note that the tri-
heterocyclics prepared in this work harbor two amimbnds, which may be susceptible to
cleavage by liver esterases and amidases [44].

Among all these factors, we investigatedvitro a potential inactivation o17 by serum
components given that, although minor, a fractiénliver esterases is present in serum
[45,46]. The compound (100 pM) was incubated for24t 37 °C with fresh or heat-
inactivated (54°C for 45 min) fetal bovine serund &rther added at different concentrations
to T. bruce cultures. As shown ifable 2, in the absence of compound, either fresh or heat-
inactivated serum did not impair parasite viabilist 10 nM, value close to compound’s
EGCs, the anti-trypanosomal activity 47 was fully abrogated or reduced by 30% when the
compound was pre-incubated with heat-inactivatedresh serum, respectivelp 0.01).
Both serum samples were still capable to lowerattterity of a 100-fold excess (1 pMy.

This result shows that serum component(s) may itané to reduce the fraction of free or

active compound.
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3. Concluding remarks

A new series of distamycin analogues that are strecand chemically-related to a scaffold
from which several derivatives were identified asemt inhibitors ofT. brucel proliferation
[5-8] have been synthesized in good yields usiagsit organic chemistry reactions. Two tri-
heterocyclic derivativeslé and17) displayed low nM potency against bloodstream csini
trypanosomes and high selectivity. In agreemeni wievious conclusions [9,19], our SAR
analysis revealed that increased compound lipaptyili due to the addition of a third
heterocycle and blocking of the terminal amine earboxylic acid with a carbamate and an
ester group, respectively, are important deterni;mahcompound activity. In fact6 (LogP

= 3.7) andl7 (LogP = 2.4) have similar BEgtowards trypanosomes despite the first thas
isopropyl groups and an increased LogP [47].

Our data highlights how minor changes in the stmgcof the distamycin scaffold may have a
significant impact in the mode of action of relatktivatives. For instance, the tri-thiaZol
commits parasites to death by disrupting the inte@f the lysosome [19]. Here we show
that replacement of the former central thiazol whd by anN-methyl pyrrole proved key in
conferring the new analogues with a potent tryptatmsactivity that involves the inhibition
of DNA replication. In contrast to MGB drugs [3%]316 and17 did not affect the structure
of the kinetoplast but induced a partitioning af thuclear DNA, which supports the blockade
of DNA replication at a specific step. Interestyghlsoin vitro 16 and 17 displayed low
affinity for different template DNAs. Compared tbet MGB-drug DAC, the compounds
added in a 40-fold excess with respect to DAPIly émla minor extent displaced dye-binding

to a bacterial plasmid anid brucei mitochondrial minicircle DNA.

Thus, the mode of action @6 and17 against trypanosomes clearly differ from that désc

for classical MGBs. The molecular targets of thesmpounds remain unknown. However,
given the selectivity o6 and17, the uniqueness of the trypanosomal mitochondMNA
sequences and that KDNA replication is a major @gtle checkpoint in these parasites, it is
tempting to propose that components of the mitodiahDNA replication machinery might
be their potential molecular targets.

Despite 17 showed no activity in a mouse infection model dfidan trypanosomiasis,
probably as consequence of its efficient and rapdtivation by host’s detoxication systems,
the compounds characterized in this work represgoellent starting points for designing
highly potent and selective arfti-orucel agents.
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4. Experimental

4.1. Chemical methods

IR spectra were recorded on a Shimadzu FTIR 81Q@&tsophotometerH NMR and*3C
NMR spectra were recorded on a Bruker Avance DFOG &ee Supplementary Material).
Chemical shifts are related to TMS as an intermahdard. High resolution mass spectra
(HRMS) were obtained on a MicroQ-TOF (ESI,Brukerltbaics), low resolution mass
spectra were obtained using a GCMS Shimadzu QP-EX00

Melting points were measured using a Fisher-Johakilg Point Apparatus. Flash column
chromatography was carried out with Silica gel 60T ( Baker, 40 um average patrticle
diameter). All reactions and chromatographic sejgara were monitored by TLC, conducted
on 0.25 mm Silica gel plastic sheets (Macherey/N&m@ygram SIL G/UV 254). TLC plates

were analyzed under 254 nm UV light, iodine vapmhydroxybenzaldehyde spray or
ninhydrine spray. Yields are reported for chromeapbically and spectroscopical§H and

3¢ NMR) pure compounds.

All solvents were purified according to literatyseocedures [48]. All reactions were carried
out in dry, freshly distilled solvents under anhyas conditions unless otherwise stated.

4.2. General procedure for ester hydrolysis

An aqueous solution of LIOH or KOH [10% (w/v)] islded to a solution of the ester
dissolved in THF or MeOH on a 1:1 ratio, the reactis stirred at room temperature until
TLC confirmed the disappearance of the ester. Fi%b [(v/v)] is added up to pH 2, the
solution is extracted with EtOAc, dried overJS&, and concentrateh vacuo to afford the

corresponding acid.

4.3. General procedure for amide bond synthesis

HBTU (1.2 eq.), DIPEA (2 eq.) and 4-DMAP (0.2 earg added under a;Mdtmosphere to a
solution containing the amine (1.2 eq.) and thel étiO eq.) on dry C4Cl, DCM at 0 °C.
The mixture is stirred for 24-72 h at room tempem@t ACOEt is added to the crude and the
solution is washed with HCI [5% (v/v)] and then Na&; (sat), the organic layer is dried
over NaSO, filtered and evaporatedn vacuo. The crude is purified by flash
chromatography using the corresponding eluentve thie amide.

4.4. General procedure for nitro reduction
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The nitro compound is dissolved in EtOH and Pd/G %) is added to the mixture, the
reaction is carried at room temperature for 3 heurath H atmosphere (3 atm). The crude is
filtered through celite, concentrated vacuo, redissolved in dry DCM and used without

purification.

4.5. Building blocks

4.5.1. 2,2,2-trifluoro-1-(1-methyl-1H-pyrrol-2-yl)ethan-1-one (2)

N-methyl pyrrole (5.4 g, 67 mmol) is dissolved inh& of dry EbO under a N atmosphere,
the reaction is then cooled to 0 °C on an ice bafmAA (9.4 mL, 67 mmol) is added slowly
and the reaction is stirred for 6 h at 0 °C. Tleetien is washed with NaHGP10% (w/v); 3

X 40 mL] and brine (2 x 10 mL). The organic laysrdried over NgQO,, filtered and
concentratedn vacuo. Yellow oil. Y = 98 %."H-NMR (CDCl, 400 MHz):3 3.98 (s, 3H),
6.26 (ddJ = 4.6, 2.3 Hz, 1H), 7.04 (m, 1H), 7.22 (dck 4.6, 2.3 Hz, 1H).

4.5.2. 2,2,2-trifluoro-1-(1-methyl-4-nitro-1H-pyrrol-2-yl)ethan-1-one (3)

Once compoun@ (11 g, 67 mmol) is dissolved on acetic anhydridiRO3 is added dropwise
(5.6 mL, 0.134 mmol) keeping the reaction at - 5SA@er addition, the reaction is stirred for
3 h at 10 °C. CHGlis added and the mixture is extracted exhaustiwglly NaHCQ [10%
(w/v)], then the organic layer is dried over JS@y, filtered and concentrateh vacuo.
Orange oil. R = 80 %'H -NMR (CDCk, 400 MHz):5 4.06 (s, 3H), 7.69 (s, 1H), 7.82 (s,
1H).

4.5.3. 1-methyl-4-nitro-1H-pyrrole-2-carboxylic acid (4)

Compound3 (1 g, 4.5 mmol) dissolved in 20 mL of DMF:@ (9:1) and added dropwise to a
solution containing NaH (0.43 g, 18 mmol) in 5 miL.doy DMF and then heated at 60 °C for
3 h. HCI [5% (v/v)] is then added to the solutiamdahe pH is adjusted at a value of 2, the
aqueous layer is extracted with,&t White solid. R = 86 %. M.p.: 204-205 °C [49H-
NMR (CDCls, 400 MHz):5 4.19 (s, 3H), 7.26 (d]1 =2.0 Hz, 1H,), 8.23 (d]} =2.0 Hz, 1H),
13.16 (s, 1H)**C-NMR (CDCk, 100 MHz):5 37.9, 111.8, 124.3, 129.6, 134.5, 161.5.

4.5.4. Ethyl 2-aminothiazole-4-carboxylate (5)

Compoundb is prepared according to the literature [15]. Wisblid. Y = 80 %. M.p.: 171-
174 °C [50].*H-NMR (400 MHz, (CR),CO): 5 1.31 (t,J = 7.2 Hz, 3H), 4.25 (q] = 7.2 Hz,
2H), 6.82 (s, 2H); 7.44 (s, 1H)*C-NMR (100 MHZ, (CR),CO): 14.6, 60.9, 117.5, 144.1,
161.9, 169.2.
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443  4.5.5. Methyl 2-amino-5-isopropylthiazole-4-carboxylate (6)

444  Compoundb is prepared according to the literature [18,1%lIdv oil. Y = 50 %.'"H-NMR
445 (400 MHz, CDCH): 8 1.27 (d,J = 7.0 Hz, 6H); 3.88 (s, 3H); 4.07 (rhH), 5.18 (s, 2H)>*C-
446  NMR (100 MHz, CDCJ): 6 24.8, 27.6, 51.9, 134.6, 150.6, 162.7, 163.2.

447  4.5.6. Methyl 2-((tert-butoxycarbonyl)amino)-5-isopropylthiazole-4-carboxylate (7)

448  Compounds 2.5 g (12.5 mmol) is dissolved in 40 mL of dry £&Hb under a N atmosphere.
449  TEA (5.3,37 mmol), Bog (8.175 g, 37 mmol) and 4-DMAP (cat) are addeth&omixture.
450  The reaction is refluxed for 6 h, and then 200 MEMACc are added, the reaction is washed
451  with HCI [5% (v/v); 3 x 15 mL] and kD (50 mL). The organic layer is dried over, filtdre
452 and concentratedn vacuo. The crude is purified by flash chromatography ngsi
453  EtOAc:Hexanes (1:4) as eluent. White solid=R0.4. Y = quantitative. M.p.: 140-141 °C.
454  'H-NMR (CDCk, 400 MHz):51.34 (d,J = 7.9 Hz, 6H), 1.50 (s, 9H), 3.90 (s, 3H), 4.16 (m
455  1H).*C NMR (CDCk, 100 MHz):524.9, 27.7, 28.0, 52.0, 84.7, 135.6, 149.7, 15458, 1,
456  162.6.

457  4.5.7. Ethyl 2-((tert-butoxycarbonyl)amino)thiazol e-4-car boxyl ate (8)

458  Compound5 (0.439 g, 2.5 mmol) is dissolved in 10 mL in DCMtF (1:1) under a N
459  atmosphere. (Bogp (0.577 g, 2.65 mmol), TEA (0.744 g, 7.36 mmoly ahDMAP (cat)
460 were added and the reaction was refluxed for 7#hdn the solvent was removet vacuo
461 and redissolved in EtOAc, washed with HCI [5% (v/8)x 15 mL], dried over N&O,,
462 filtered and concentrateh vacuo. The residue was purified using flash chromatogyap
463  using EtOAc:Hexanes (3:7) as eluent. White solid=R.38. R = 74 %. M.p.: 105-106 °C.
464 'H-NMR (400 MHz, (Acetones): 5 1.33 (t, J = 7.2 Hz, 3H), 1.54 (s, 9H), 4.30 J&; 7.2
465 Hz, 2H), 7.92 (s, 1H), 10.37 (s, 1HJC-NMR (100 MHz, (Acetonel): 5 14.6, 28.2, 61.1,
466 82.2,122.4,142.8, 153.1, 160.4, 161.

467  4.5.8. 2-((tert-butoxycarbonyl)amino)-5-isopropylthiazole-4-carboxylic acid (9)

468  Compound was obtained fronT using the ester hydrolysis general procedure. &\&ulid.
469 Y =100 %. M.p.: 132-133 °CH-NMR (DMSO-ds, 400 MHz)3 1.25 (d,J = 7.2 Hz, 6H),
470 1.46 (s, 9H), 3.99 (m, 1H), 11.54 (s, 1H), 12.6@, (bH). **C-NMR (DMSO-ds, 100 MHz)
471  25.1, 27.2, 28.3, 81.8, 135.5, 150.0, 153.6, 15H3,9.

472 4.5.9. 2-((tert-butoxycar bonyl)amino)thiazol e-4-carboxylic acid (10)
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CompoundlO was obtained from8 using the ester hydrolysis general procedure. &\&uotid.
Y= 100 %. M.p.: 112-113 °CH-NMR (400 MHz, DMSOd): 3 1.48 (s, 9H), 7.92 (s, 1H),
11.71 (s, 1H), 12.73 (s, 1HC-NMR (100 MHz, DMSOdg): & 27.9, 81.6, 121.9, 142.4,
153.1, 159.6, 162.4.

4.5.10. Methyl 2-acetamido-5-isopropylthiazole-4-carboxylate (11)

Compound9 (118 mg, 0.588 mmol) is dissolved under adtmosphere in dry Ci€l, (4
mL) on an ice bath. Pyridine and Axin excess and 4-DMAP (cat) are added to the mextu
The reaction is then refluxed for 6 h and then Et@#\added, the reaction is washed with
HCI [5% (v/v); 2 x 10 mL], and kD (15 mL). The organic layer is dried over,S@y,
filtered and concentratad vacuo. The crude is purified in silica flash chromatqara using
EtOAc:Hexanes (4:1) as eluent. White solid.=R0.48. Y = 83 %. M.p.: 97 °CH-NMR
(CDCls, 400 MHz):6 1.34 (d,J = 6.9 Hz, 6H), 2.26 (s, 3H), 3.90 (s, 3H), 4.07 {H), 11.65

(s, 1H).**C-NMR (CDCk, 100 MHz):5 22.9, 24.7, 27.6, 51.9, 132.6, 151.9, 155.9, 162.3
168.8. IE-MS (70 eV): 242 (M 35), 140 (GHgN,S', 100).

4.5.11. 2-acetamido-5-isopropylthiazole-4-carboxylic acid (12)

Compoundl? is obtained froml1 using the ester hydrolysis general procedure. &\4utid.
Y= 100 %. M.p: 104 °C decomfH-NMR (DMSO-ds, 400 MHz)3 1.24 (d,J = 6.8 Hz, 6H),
2.09 (s, 3H), 3.99 (di] = 6.8 Hz, 1H), 12.25 (s, 1H), 12.74 (bp, 1HC NMR (DMSOs,
100 MHz):8 22.8, 25.2, 27.3, 135.1, 150.1, 153.8, 164.1, LGE-MS (70 eV): 228 (M,
20), 168 (GHsN,0S, 56), 140 (GHsN.S', 100).

4.5.12. Ethyl 2-(1-methyl-4-nitro-1H-pyrrole-2-carboxamido)thiazol e-4-carboxyl ate (13)

Compound13 was obtained from} and 5 using the general procedure for amide bond
formation. The crude is purified using EtOAc:Hexai(@:2) as eluent. White solid; R 0.41.

R = 62 %. M.p.: 215-217 °CH-NMR (DMSO-ds, 400 MHz):8 1.30 (t,J = 6.9 Hz, 3H),
3.99 (s, 3H), 4.29 (q] = 6.9 Hz, 2H), 8.02 (d] = 1.9 Hz, 1H), 8.11 (s, 1H), 8.30 @= 1.9
Hz, 1H), 12.97 (s, 1H)}*C-NMR (CDCk, 100 MHz):5 14.7, 38.5, 61.1, 111.1, 123.6, 124.1,
130.4, 134.6, 141.5, 158.5, 158.8, 161.5.

45.13. Methyl 5-isopropyl-2-(1-methyl-4-nitro-1H-pyrrole-2-car boxamido)thiazol e-4-
carboxylate (14)

Compound14 was obtained from} and 6 using the general procedure for amide bond
formation, the crude was purified using EtOAc:CEI(:4) as eluent. White solidsR 0.51.
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504 R =87 %. M.p.: 118-120 °CH-NMR (CDCl, 400 MHz):3 1.38 (d,J = 6.6 Hz, 6H), 3.72
505 (s, 3H), 4.10 (m, 4H), 7.11 (d,= 1.9 Hz, 1H), 7.65 (d] = 1.9 Hz, 1H), 11.13 (s, 1H)C-
506 NMR (CDCk, 100 MHz):5 24.8, 27.8, 38.2, 51.8, 109.6, 124.0, 127.9, 13835.2, 153.6,
507 154.6, 158.3, 162.2.

508 4.5.14. Methyl 2-(4-(2-acetamido-5-isopropylthiazole-4-carboxamido)-1-methyl-1H-pyrrole-
509  2-carboxamido)-5-isopropylthiazole-4-carboxylate (15) [11]

510 Compoundl3 was reduced using the general procedure for niwagreduction, and then
511 coupled with12 using the general procedure for amide bond formatithe reaction is
512 purified using EtOAc as eluent. White soli¢.#R0.4. Y = 30 %. M.p.: 170-171 °¢H-NMR
513  (CDCls, 400 MHz):8 0.99 (d,J = 7.1 Hz, 6H), 1.38 (d] = 7.1 Hz, 6H), 1.85 (s, 3H), 3.91
514 (s, 3H), 4.04 (s, 3H), 4.14 (di 7.1 Hz, 1H), 4.96 (m, 1H), 6.56 (d,= 1.48 Hz, 1H), 6.71
515  (d, J = 1.48 Hz, 1H), 9.52 (s, 1H}*C-NMR (CDCk, 100 MHz):3 20.8, 23.2, 24.8, 27.7,
516 37.4,44.8,52.1,114.3,122.0, 122.4, 128.7, 13%8.1, 153.8, 158.1, 162.7, 171.1.

517 4.5.15. Methyl 2-(4-(2-((tert-butoxycarbonyl)amino)-5-isopropylthiazol e-4-carboxamido)-1-
518  methyl-1H-pyrrole-2-carboxamido)-5-isopropylthiazol e-4-carboxylate (16)

519 Compoundl4 was reduced using the general procedure for gitooip reduction, and then
520 coupled with9 using the general procedure for amide bond fownatirhe reaction is
521  purified using EtOAc:Hexanes (6:4) as eluent. Whakd. M.p.: 263 °C decomp. Y =40 %.
522 'H-NMR (CDCl, 400 MHz):5 1.34 (m, 12H), 1.56 (s, 9H), 3.90 (s, 3H), 3.973H), 4.12
523  (dt, J = 6.8 Hz, 1H), 4.37 ( dt] = 6.8 Hz, 1H), 6.63 (s, 1H), 7.62 (s, 1H), 8.401(d), 9.02
524 (s, 1H), 9.56 (s, 1H)*C-NMR (DMSO<ds, 100 MHz):d 24.8, 24.9, 27.1, 27.6, 28.2, 37.1,
525 52.0, 83.1, 104.7, 120.3, 122.1, 122.2, 133.4,3,.3518.9, 152.2, 152.8, 154.1, 154.6, 158.3,
526 159.8, 162.8. EI-MS (20 eV): 590 {M0.1), 490 (GiH26Ns0sS, 100), 322 (G4H1aN4OsS,
527  43), 291 (GsH1sN40,S, 80). IR KBrv (cm?): 3351, 3124, 2915, 1765, 1491, 1101.

528 4.5.16. Ethyl 2-(4-(2-((tert-butoxycarbonyl)amino)thiazole-4-carboxamido)-1-methyl-1H-
529  pyrrole-2-carboxamido)thiazole-4-carboxylate (17) [51]

530 Compoundl7 was reduced using the general procedure for gitooip reduction, and then
531 coupled with6 using the general procedure for amide bond formatithe reaction is
532 purified using CHG:EtOAC (1:2). R= 0.51. White solid. R = 35 %. M.p.: 142 %E-NMR
533 (CDCl;, 400 MHZz):6 1.34 (t,J = 7.1 Hz, 3H), 1.55 (s, 9H), 3.95 (s, 3H), 4.35)g 7.1 Hz,
534 1H), 6.88 (s, 2H), 7.60 (d, 1H,= 1.97 Hz), 7.79 (s, 1H), 7.80 (s, 1H), 8.72 (4),18.90 (s,
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1H), 9.78 (s, 1H). *C-NMR (CDCk, 100 MHz): 5 14.2, 28.1, 37.2, 61.4, 104.6, 117.9,
120.0, 120.3, 121.9, 122.3, 141.5, 158.1, 158.8,418.59.4, 161.1, 161.5.

45.17. 2-(4-(2-acetami do-5-isopropylthiazol e-4-car boxamido)- 1-methyl- 1H-pyrrol e-2-

car boxamido)-5-isopropylthiazole-4-carboxylic acid (18)

Compoundl8 was obtained fromd5 using the general procedure for ester hydrolysfkite
solid. Y = 100 %. M.p.: 122 °C decompi-NMR (CDCk, 400 MHz):5 1.04 (d,J = 7.1 Hz,
6H), 1.40 (dJ = 7.1 Hz, 6H), 1.92 (s, 3H), 4.10 (s, 3H), 4.2f Jc= 7.1 Hz, 1H), 4.98 (dt]

= 7.1 Hz, 1H), 6.74 (d] = 1.4 Hz, 1H), 7.39 (d] = 1.4 Hz, 1H), 12.52 (s, 1H), 15.32 (s, 1H).
3C-NMR (CDCk, 100 MHz):5 20.9, 23.4, 24.4, 27.7, 37.9, 44.8, 116.2, 12220,4, 128.8,
132.6, 153.1, 156.6, 159.1 166.3, 1709-NMR (DMSO-ds, 400 MHz):51.29 (m, 12H),
2.13 (s, 3H), 3.90 (s, 3H), 4.05 (m, 1H), 4.16 {H), 7.35 (dJ = 1.4 Hz, 1H), 7.56 (d] =
1.4 Hz, 1H), 9.61 (s, 1H), 12.15 (s, 1H), 12.45,(BH). EI-MS (70 eV); 518 (N5), 474
(C2o0H22N604S,',15), 333 (GsH17N405S, 42), 211 (GH11N20,S, 100).

45.18. 2-(4-(2-((tert-butoxycarbonyl)amino)-5-isopropylthiazol e-4-carboxamido)-1-methyl-
1H-pyrrole-2-car boxami do)-5-isopropyl thiazol e-4-carboxylic acid (19)

Compoundl9 was obtained fronl6 using the general procedure for ester hydrolysikite
solid. Y = 100 %. M.p.: 254-256 °H-NMR (DMSO-ds, 400 MHz):3 1.27 (m, 12H), 1.48
(s, 9H), 3.88 (s, 3H), 4.02 (dt= 7.1 Hz, 1H), 4.15 (df] = 7.1 Hz, 1H), 7.32 (s, 1H), 7.55 (s,
1H), 9.49 (s, 1H), 11.49 (s, 1H), 12.31 (s, 1H),712(s, 1H)."*C-NMR (DMSO-«ds, 100
MHz): 8 25.1, 25.2, 26.8, 27.2, 28.3, 37.1, 81.9, 107.9.7,2121.8, 122.6, 136.6, 146.1,
150.0, 154.3, 154.9, 155.7, 159.6, 164.1. EI-MS €2Q: 476 (GoH24NeOsS,, 14), 432
(CroH2aN60,S,, 62) 291 (GsH1sN4O.S, 100), 264 (GH1gN4Os, 45). IR KBr v (cm™):
2935,2831, 1677, 1607, 1451,946.

45.19. 2-(4-(2-((tert-butoxycarbonyl)amino)thiazol e-4-carboxamido)-1-methyl-1H-pyrrole-

2-carboxamido)thiazole-4-carboxylic acid (20)

Compound20 was obtained fromi7 using the general procedure for ester hydrolysade P
yellow solid. Y = 100 %. M.p.: 198 °GH-NMR (DMSO-ds, 400 MHz):5 1.49 (s, 9H), 3.90
(s, 1H), 7.38 (dJ = 1.6 Hz, 1H), 7.54 (d] = 1.6 Hz, 1H), 7.84(s, 1H), 7.96 (s, 1H), 9.71 (s,
1H), 11.67 (s, 1H), 12.55 (s, 1H), 12.83 (bp, 1HE-NMR (DMSOds, 100 MHz):5 28.3,
37.2,79.6, 107.9, 117.7, 120.7, 122.3, 142.6,11,45:8.6, 158.8, 159.6, 160.1, 162.7. EI-MS
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(20 eV): 492 (M, 0.01), 349 (@H1N4OsS, 10), 249 (GHoN4O,S,100), 241
(CsH1:N3O5Se, 5). IR KBrv (cm®) = 3148, 2971, 2932, 1663, 1491,1311.

4.6. Biological methods
4.6.1. Viability assays for T. b. brucel and murine macrophages

The bloodstream form oF. b. brucei (monomorphic strain 427) expressing an ectopig/cop
of the redox biosensor hGrx1-roGFP2 [29] (cell 14#9_ Grx-roGFP2) [19] was grown in
HMI-9 medium complemented with 10 % v/v Fetal BaviGerum (FBS, GIBCO®), 10
U/mL penicillin, 10 ug/mL streptomycin, 0.2, g/mL bleomycin and Jug/mL hygromycin.
Expression of the biosensor was induced by addingetracycline (end concentration 1
ug/mL) to the culture medium. Cells were incubatedohically in a humidified incubator
containing 5% C@at 37 °C. Working solutions of the compounds weepared at different
concentrations in 100% (v/v) DMSO and the concéitmaof vehicle in the assay never
exceeded 1% (v/v). The screening was performedigaéd compound concentration ofui/
whereas for E€ determinations the concentrations tested rangsd $.0001 to 12QM.
Controls included cells treated with DMSO 1% (v/&), uM nifurtimox or 78 nM suramin.
Parasite viability was evaluated as described biMsld et al. [52]. Briefly, 200uL of a cell
suspension containing<30° parasites/mL in exponential growth phase was sepde well
in a 96-well culture plate, then 2 from each compound was added per well and theireul
plates were incubated at 37 °C, 5%,3@ 24 h. Next, 5QL from each well was transferred
to a 96 U bottom well plate containing 10Q of PBS 1X glucose [1% (w/v)], ag/mL
propidum iodide (PI) and analyzed in an Accuri™®®] flow cytometer (laser/filter pairs:
Aexem= 488 nm / 540485 nm). The data were analyzed thighAccuri C6 software (BD).

Murine macrophages (cell line J774, ATETIB-67™) were cultivated in DMEM medium
supplemented with FBS [10% (v/v)], 10 U/ mL penriniland 10ug/mL streptomycin, at 37
°C, 5% CQ in a humidified incubator. Cell viability was det@ned from triplicates of 6-
point concentrations of compounds, using the WS€&ahent and the protocol described by
Demoroet al. [53].

For all assays, at least three experimental rapkcavere analyzed and cell viability was
calculated as follows: viability(%) = 100 x (numladrcells for compound Y at concentration

X/ number of cells in the DMSO-treated control).
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ECsp values were obtained from dose/response curveg @snonlinear fitting. The error is

expressed as S.D. (correspondingtd).
4.6.2. Membrane permeability assay

Two million parasites/mL were incubated with (12 nM) andl7 (7 nM), DMSO [1% (v/v),

negative control] and Triton X-100 [0.001% (v/vppsitive control]. Culture samples were
taken at different time points, diluted with PBS g)icose [1% (w/v)], added of PI (final
concentration of 219/mL) and analyzed by flow cytometry as describbdva. Results are

expressed as mean £ S.D. (n = 3).
4.6.3. Intracellular redox state assay

Two million parasites/mL were incubated wité (59 and 12 nM)17 (36 and 7 nM) or
DMSO [1% (v/v)] for 4 h. For calibrating the biosam, non-treated parasites were incubated
for 20 min with DTT (1 mM), menadione (2%M) or diamide (25QM). In order to exclude
dead cells from the analysis, Pl was added @/hL immediately prior to sample analysis
by flow cytometry (Accuri™C6, BD). The following $ar/filter pairs:Aexem = 488 nm /
53033 nm for hGrx-roGFP2 andyem= 488 nm / 613 + 30 nm for Pl were used. The data
were processed and analyzed with the Accuri Cvsnét. Results are expressed as mean *
S.D. (n = 3).

4.6.4. Cell cycle analysis

Parasites in exponential growth phase were plated density of 810° cells/mL and
incubated for 6 h with hidroxyurea at i§/mL. Next, cells were centrifuged (206010 min

at room temperature), washed twice with PBS 1Xr{ilQ and then seeded back on a 6-well
plate at a density of*&0° parasites/mL16 (7 nM), 17 (14 nM), DAC (41 nM) or DMSO
[1% (v/v)] were immediately added and cultures lmatied for 18 h and 24 h at 37°C / 5%
CQO,. Cells were centrifuged and washed thrice with ABS(1 mL). Then the pellet was
resuspended gently in EtOH [70% (v/v) in PBS 1Xd amcubated overnight at 4° C. Finally,
parasites were centrifuged, washed twice with PBS(IL mL), resuspended in PBS 1X
containing RNAse A (3@ug/mL, Fermentas) and incubated for 30 min at 37™Qvas added
at 2ug/mL to stain nucleic acids. The samples were aealyy flow cytometry as described
above. Cell cycle analysis was performed using MmdFit LT software. Results are

expressed as mean + S.D. (estimated"dsn=2).

4.6.5. Epifluorescence microscopy
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Parasites cultured as described before and treatedMSO [1% (v/v)], DAC (41 nM),16
(12 nM) orl7 (7 nM) for 24 h were centrifuged (209010 min) and washed twice with PBS
1X (1 mL). The pellet was resuspended in parafodetajde [4% (v/v) in PBS 1X] to a cell
density of 410" parasitesiL and further incubated for 18 min at room tempaet After
washing thrice with PBS 1X (1 mL), parasites weazsuspended in PBS 1X at a density of
4x10" cellsfiL and smeared on a glass slide. The slides weréited protected from light
for about 18 h at 4 °C and then mounted using arbahield" (Sigma-Aldrich) solution
containing DAPI. Samples were analyzed by epiflasoeace microscopy using 60X and
100X objectives with an OLYMPUS 1X81 microscope. laast 50 cells were analyzed for
each sample.

4.6.6. DNA-binding competition assays

Synthesis of KDNA and insertion into pUC18 plasifadnstruct puC18 kDNA) was ordered
to GENSCRIPT. pUC18 and pUC18 kDNA (ampicillin stance) were produced and
isolated from Escherichia coli XL-1 using the PureLink' Maxiprep Extraction Kit
(Invitrogen). Purity and concentration were anatlygea NanoDrop 1000 Spectrophotometer
(Thermo Scientific) at 260 nm and by agarose gattedbphoresis [1% (w/v)] in TAE 0.5 X
buffer at 135 mV, usingHindlll (Thermo Scientific) and a 1-Kb DNA-laddeingitrogen).
Plasmids were dissolved in PBS 1X buffer (pH = a#% nM and incubated for 0.5 and 2 h
with 20 uM DAC, 16, 17, or vehicle alone [DMSO 1% (v/v)]. Then DAPI (5001 final
concentration) was added and the emission speesaecorded in a Cary Spectrofluorimeter
(Aextem= 358 nm / 368-600 nm, using a 5 nm slit filter ahé PMT at 700 mV). The
fluorescence of the test samples was normalizethsighe control sample containing DNA,
DMSO and DAPI, set at 100 %. Results are expreasedean + S.Do{"™) for n = 3.

4.6.7. Therapeutic efficacy study

Animal assays were carried employing proceduresospp by the Animal Use and Ethic
Committee (CEUA) of the Institut Pasteur de Montiexa (Protocol 004-12), which are in
accordance with the Federation of European Laboratnimal Science Association
(FELASA) guidelines and the National law for Labiorg Animal Experimentation (Law nr.
18.611). Six to eight weeks-old female BalB/cJ mine= 24) weighing about 20 g were
infected intraperitoneally with f®arasites (bloodstream form ©f b. brucei strain AnTaT

1.1). At day &' post-infection, mice were randomly divided in 4gps (n = 6/group) and
administered intraperitoneally with 3Q€L (prepared in 1 X PBS) of7 at 1000X (8.36
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mg/Kg x dayx 7 days) or 250X (2.09 mg/Kg day x 7 days), DMSO 3.3 mg/Kg day x7
days or a single dose of DAC at 40 mg/Kg. Paraségdetermined by cell counting in a
light microscope of blood samples extracted froemsbbmandibular vein) and animal health
status were controlled regularly as described exaf4]. Animals displaying an impaired
health status or parasitemia higher thahpiasites/mL were sacrificed for ethical reasons.

4.6.8. Inactivation of 17 by serum samples

A solution of 17 at 100uM prepared in fresh or heat-inactivated (54 °C46rmin) serum
containing a maximal DMSO concentration of 1% (wigs incubated at 37 °C for 24 h. The
biological activity of both samples 47 againstT. brucei (cell line 449-hGrx-roGFP2) was
tested at a final compound concentration of 10 H@D nM, and according to the method
described in sectioh6.1.

4.6.9. Satistical Analysis

All data here reported were plotted and analysamjube GraphPad Prism software (version
6.01). The statistical tests applied and phealues obtained are indicated in the respective

figures.
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851 Figurelegends
852

853  Scheme 1 Building block synthesis i) TFAA, ED, 0 °C, 6 h, 98 % ii) A©, HNG;, 10 °C, 3
854  h, 80 % iii) NaH, DMF:HO, 60 °C, 3 h, 86 % iv) (Bog), TEA, 4-DMAP, CHCl,, reflux, 6
855 h, Y7:100 %, 72 h ¥=74 % v) KOH, HO:THF; Yg,10 = 100 % vi) AgO, Py, reflux, 6 h,
856 Y =100 %.

857 Scheme 2 i) HBTU, DIPEA, 4-DMAP5S or 6 CHxCly, rt, 24 h Yi3 = 87 % Y2 = 62 % i) a)
858 Hy/Pd (C), MeOH, rt, 3 h b) HBTU, DIPEA, 4-DMAR, 10 or 12, CH,Cly, rt, 24 h Y5 = 30
859 %, Y16 =40 %, Y17 = 35 % iii) LIOH, MeOH:HO, rt, 24 h, Y1g,19.20= 100 %.

860 Figurel. Distamycin and analogues.

861 Figure 2. Plasma membrane integrity and intracellular redox state of African

862  trypanosomes treated with N-methyl pyrrole bis-thiazoles. The bloodstream form d&f. b.

863  bruce (2x10° parasites/mL) was incubated 4 h with and 17 at their EG, (12 nM and 7

864 nM, respectively) or 5X E&. Thereafter,A) membrane integrity was assayed by the
865 incorporation of propidium iodide arl) the intracellular redox state was assessed with a
866 redox biosensor. Controls included parasites tdeaith vehicle (DMSO 1 %, v/v), Triton X-
867 100 (0.001 %, v/v), a reducing (DTT 1 mM) and and@ing agent (Menadione 250 uM).
868  For details in the protocol see sectB.3. The results are expressed as mean = S.D (n = 3).
869 The asterisks denote the probability index (*}¥*< 0.0001; ONE WAY ANOVA analysis)
870 compared to DMSO.

871  Figure 3. Cedll cycleanalysis of African trypanosomestreated with N-methyl pyrrole bis-
872  thiazoles. The bloodstream form df. b. brucei (5x10° parasites/mL) was incubated for 24 h
873  with DMSO [1% (v/v)],17 (7 or 14 nM) or with DAC (41 nM), and the cell pdations with
874  different DNA content analyzed by flow cytometryiqor staining with Pl. The results are
875 represented as the average corresponding to tkpegimental replicates with an associated
876  error in the determinatiorr 15%. The asterisks denote statistical differend®*,( p <

877 0.0001)vs. DMSO according to @2 contingency test.

878  Figure 4. DNA-content analysis by epifluorescence microscopy. T. b. brucei parasites
879  (5%x10° parasites/mL) were treated with DMSO (1 %, viVA@D(41 nM), 16 (12 nM) andl7
880 (7 nM) for 24 h, then stained with DAPI and anatyzey epifluorescence microscop)
881 Parasite populations classified according to ti¥WA-phenotype. Representative images

882  (superposition of bright field and fluorescencel) BAPI-stained parasites treated wii)
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DMSO, C) 17 and D) DAC. At least 50 parasites were analyzed for eamidition. N=

nucleous, K= kinetoplast.

Figure 5. DAPI-competition assays for different DNA samples. Five nM DNA (pUC18 or
pUC18kDNA dissolved in PBS 1X) were incubated withSO (1% v/v), 20 uM DAC16

or 17 (all prepared in PBS 1X with 1 % v/v DMSO) fa) 30 min andB) 120 min, and then
DAPI was added at a final concentration of 0.5 fiMe emission spectra was recorded in a
spectrofluorimeter Xexem = 358 nm/368-600 nm). The fluorescence is expresaed
percentage normalized against the maximum valg, € 461 nm) obtained for the
corresponding DNA + DMSO samples set at 100 %. igleltcomparison two-way ANOVA
test were performed, where ** and ## denote stagissignificance§ <0.01) when plasmids
(pUC18vs. pUC18kDNA) and incubation time (3&. 120 min), respectively, is compared

for each treatment.

Figure 6. Parasitemia of T. b. brucei-infected mice treated with 17 and the control drug
DAC. BalbC/J mice (n=6/group) were infected with* IloodstreamT. b. brucei (strain
Antat 1.1) and at day 4 post-infection were treatdcperitoneally with DMSO (3.3 mg/Kg
x day/7 days), a single dose of DAC (40 mg/Kg) ¢18(86 mg/Kg or 2.09 mg/Kg both doses
applied daily during 7 days). The lower and higtiese ofl7 are referred here as the 250X
and 1000X, respectively, Eg values determined in vitro. Parasitemia was aesess
different time-points by microscopy using a Neubacteamber. The probability values are
shown for groups with differences statisticallyrsiggant with respect to the vehicle control
group (DMSO), according to a non-parametric Krudkélllis test.
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Table 1. Anti-trypanosomal activity and selectivity of 13-20. The anti-proliferative

activity of the compounds and control drugs (nifadx, suramin and diminazene
aceturate: DAC) was assayed against bloodstréam brucei and murine macrophages
(cell line J774) after a 24 h exposure. The resuktsexpressed as the mean = SD (n = 3).

Thiazole

substituent Infective T. b. brucei

i ili 0,
R. R, R, Viabiity(%=SD) ECstSD

Compound at5 uM (nM) Selectivity index
tri-thiazole 18 Et H Boc NR 310+ 70 16
13 Met iPr H 105.6 £ 8.2 ND ND
pyrrol-thiazole
14 Et H H 120.5+£9.2 ND ND
15 Met iPr Ac 54+3,8 827 + 350 > 35
16 Met iPr Boc 155+14 11.8+3.8 >10169
thiazole- 17 Et H Boc 0.06 £ 0.5 7.1+13 5560
pyrrol-thiazole 18 H iPr  Ac 113.149.9 ND ND
19 H iPr Boc 485+4.4 ND ND
20 H H Boc 23.6+0.8 3325 £ 1425 > 145
Nifurtimox 10000 + 2000 10
Suramin 78 £10 ND
DAC 41 +5 ND

& Data reported in [19]



Table 2. Viability assay forT. b. brucei treated withl7 pre-incubated with fresh or heat-
inactivated fetal bovine serum.

inactivated serum fresh serum

17 (nM) 0 10 1000 0 10 1000 0 10 1000

Viability 100 54.1 10.7 98.5 1046 17.5 100.0 84.2 17.2
+SD(%) +10 +154 21 14 +28 £22 +35 +0.7 15
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Highlights
* bis-thiazoles with a central pyrrole ring showvloM potency and high selectivity

againsftlrypanosoma brucei
« terminal amine and carboxylic acid must be priae¢o increase biological activity
* trypanostatic action involves inhibition of patasmitochondrial DNA replication

* the compounds do not induce DNA-degradation &advsan atypical interaction with the
target DNA



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

CThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




