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Background: Proline is a fundamental amino acid for T. cruzi, the etiological agent
of Chagas disease. Proline is mainly incorporated from the extracellular medium
by amino acid transport systems. Different proline analogues proved to interact
with the proline permease TcAAAPO69 and inhibit proline uptake by T. cruzi.
Methods: Decyl- (1), oleyl- (2) and farnesyl- (3) substituted proline analogues
were evaluated on 6 T. cruzi DTUs. Effects on cell death and cell cycle were
determined by flow cytometry. A fluorescent tag was incorporated to compound
1 (1-NBD), in order to follow-up its fate through fluorescence microscopy and to
determine its localization. The structure—activity relationship (SAR) was extended
in order to understand the role of the proline and triazole motifs
(compounds 4 - 13).

Results: The compounds showed broad-spectrum activity against all DTUs.
Compound 2 induced an apoptosis-like cell death phenotype, while
compounds 1 and 3 induced cell cycle arrest at G1. The fluorescent labelling
(1-NBD) and subsequent microscopy showed that compound 1 can be taken up
by epimastigotes. SAR showed that triazole is crucial for activity, while proline
grants selectivity, being the proline-triazole hybrid being essential for their activity,
and the nature of the alkyl chains significantly influences their mode of action.
Conclusion: These findings contribute to a deeper understanding of the role of
proline uptake and metabolism in T. cruzi survival.

KEYWORDS
cell cycle arrest, cell death, fluorescence microscopy, NBD, proline transport, structure,
activity relationship, Trypanosoma cruzi

1 Introduction

Chagas disease, whose etiological agent is T. cruzi, is a parasitic disease classified within
the group of neglected tropical diseases (NTDs). It constitutes a significant public health
problem in the Americas. The genetic, biochemical and biological diversity of T. cruzi strains
has long been recognized through both ecological and epidemiological complexity
(Campbell et al., 2004; Miles et al., 2009; Zingales et al., 2009).

Throughout its life cycle, T. cruzi can withstand different extracellular conditions in the
insect intestine, mammalian bloodstream and the different host-cells cytoplasm. Each of
these environments provide the parasite with distinct metabolites for survival, proliferation
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and infection. Consequently, the parasite acquired evolutionary
adaptations, including its ability to rapidly switch from a
carbohydrate-based metabolism (Barros-Alvarez et al, 2014;
Barison et al., 2017) to fatty acids- (Oliveira Souza et al., 2021)
or amino acids-based metabolism. Among these adaptations, the
relevance of proline metabolism was early recognized (Sylvester and
Krassner, 1976).

Among the amino acids, proline has demonstrated its
multifunctional role in T. cruzi. It is known that this amino acid,
or the intermediates of its metabolism, induce metacyclogenesis, a
process in which the epimastigote forms differentiate into
metacyclic trypomastigotes, in the final portion of the intestine of
the insect vector (Contreras et al., 1985). The role of proline as an
oxidizable metabolite during proliferation in host cells (Silber et al.,
2009) and in the differentiation of intracellular epimastigote forms
to trypomastigotes (Tonelli et al., 2004) was also demonstrated.
More recently, it was shown that proline is the energetic support in
cell invasion in the vertebrate host (Martins et al., 2009). In that
work, it was demonstrated that, under conditions of nutritional
depletion, the parasite considerably reduces intracellular ATP levels
as well as its ability to infect mammalian cells, a condition that is
reversed after the addition of proline to the medium. Proline is also
involved in resistance to different types of stress, in particular
oxidative stress (Magdaleno et al., 2009; Paes et al., 2013). A
study showed that parasites overexpressing a transporter for
proline have a higher intracellular concentration of this amino
acid, as well as an increased resistance to reactive oxygen species,
such as hydrogen peroxide and nitric oxide, as well as trypanocidal
drugs (Saye et al., 2014). It was also proposed proline’s participation
in a redox shuttle able to rebalance the redox power between the
cytosol and the cell single mitochondrion (Marchese et al., 2020).

It is known that proline is oxidized to glutamate in two
first, Proline Dehydrogenase (TcPRODH)
oxidizes proline to Al-pyrroline-5-carboxylate (P5C), which is

enzymatic steps:
subsequently converted into glutamate by P5C Dehydrogenase
(TcP5CDH) in presence of NAD(P)". It has been described that
proline oxidation occurs in the mitochondria, stimulating cellular
respiration and leading to the synthesis of ATP through the process
of oxidative phosphorylation (Paes et al., 2013; Mantilla et al., 2015).
Then, glutamate can be incorporated into the Krebs Cycle within the
mitochondria (Silber et al., 2005), by transferring its amino group to
pyruvate by Tyrosine Aminotransferase (TAT) (which also has
Alanine Aminotransferase activity - ALAT), producing alanine
and a-ketoglutarate (a-KG) (Zelada et al., 1996; Nowicki and
Cazzulo, 2008).

Proline can be taken up from the extracellular medium by two
active transporters (Silber et al., 2002; Saye et al., 2014), or it can be
biosynthesized from glutamate in two enzymatic steps (Mantilla
et al., 2017; Marchese et al., 2020). Two proline transport systems
with varying affinities have been biochemically characterized in T.
cruzi, and one proline transporter has been identified, the
TcAAAP069 (Silber et al,, 2002; Saye et al., 2014). This carrier
belongs to the first multigenic family of amino acid transporters
discovered in T. cruzi, the T. cruzi Amino Acid/Auxin Permeases
(TcAAAP) (Bouvier et al., 2004). This transporter family is absent in
mammals, and its members play a crucial role in T. cruzi’s ability to
incorporate essential metabolites from the extracellular media, such
as amino acids and polyamines. As a result, the TCAAAP family
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presents a promising potential as drug targets, but it also constitutes
a potential new way to incorporate drugs into the parasite.

Currently, the arsenal of medications available for the treatment
of Chagas disease is limited to Nifurtimox and Benznidazole. These
drugs were developed over 50 years ago (Bermudez et al., 2016), and
they are used despite the side effects and toxicity described, due to
the lack of a better option. Despite these drugs being effective in the
acute phase of the disease, their efficiency decreases in the chronic
phase, when the toxicity and other adverse effects become more
frequent. The complexity of the life cycle of T. cruzi (Duschak, 2019),
which consists of various stages of the parasite and biochemical
changes associated with interactions between the parasite and its
host, hinder the development of new drugs (De Souza, 2002). In this
context, there is a growing need to validate new therapeutic targets
for the development of effective drugs for the treatment of
the disease.

In this context, chemical probes are indispensable tools for
functionally dissecting putative targets like TcAAAP069. Small
molecule inhibitors can provide acute, tuneable, and reversible
interference, offering insights into the immediate physiological
consequences of target modulation that complement genetic
approaches. Previously, we designed and synthesized a library of
L-proline analogues and identified four analogues with IC5, values
under 50 uM in CL14 strain T. cruzi epimastigotes (Fargnoli et al.,
2020). These values were significantly lower than L-thiazolidine-4-
carboxylic acid (T4C, ICsy = 890 uM), the only proline uptake
inhibitor with reported activity on T. cruzi (Magdaleno et al., 2009).
Mechanistically, we demonstrated that two of those analogues (1
and 3, Figure 1) function as inhibitors of proline uptake via the
TcAAAP069 transporter (Sayé et al., 2017). Notably, these assays
highlighted that both compounds exhibited different types of
transport inhibition.

Building on this foundation, the present work employs these
proline analogues as chemical probes to systematically investigate
the biological role and druggability of the proline transport system in
T. cruzi. We evaluate their activity across 6 T. cruzi DTUs,
establishing their broad-spectrum potential—a critical step given
the clinical relevance of strain diversity in Chagas disease. We
delineate the
cytotoxicity) arising from transport inhibition versus off-target

distinct phenotypic outcomes (cytostasis vs.
effects. Using a fluorescent conjugate, we visualize probe
internalization. Finally, through a focused structure-activity
relationship study, we define the molecular features essential for
potency and selectivity. Collectively, this chemical biology approach
aims to further evaluate proline transport as a candidate therapeutic
framework for future

target and provide a mechanistic

inhibitor design.

2 Results

2.1 Unveiling the antiparasitic potential of
proline analogues across T. cruzi DTUs

The complex T. cruzi intra-species diversity led to define a sub-
species taxon including six groups named discrete typing units
(DTUs: TcI-VI) (Zingales et al., 2009; Zingales, 2018). These
DTUs exhibit differences in infectivity for various vector species,

frontiersin.org


https://www.frontiersin.org/journals/chemical-biology
https://www.frontiersin.org
https://doi.org/10.3389/fchbi.2026.1848258

Ballari et al.

e

= = =

>
FIGURE 1
L-proline analogues under study (Sayé et al., 2017; Fargnoli et al.,
2020). 1: Methyl ((1-decyl-1H-1,2,3-triazol-4-yl)methyl)-L-prolinate;
2: Methyl (2)-((1-(octadec-9-en-1-yl)-1H-1,2,3-triazol-4-yl)methyl)-

L-prolinate; 3: Methyl ((1-((2E,6E)-3,7,11-trimethyldodeca-
2,6,10-trien-1-yl)-1H-1,2,3-triazol-4-yl)methyl)-L-prolinate.

3

host cells, virulence, capacity to induce injury, tropism, antigenic
constitution, growth rates, and susceptibility to chemotherapeutic
agents (Lages-Silva et al., 2001; Zingales et al., 2012). According to
DNDj, an acceptable Target Product Profile should involve at least
the inhibition of the proliferation of T. cruzi DTUs I, II, V and VI,
but ideally a drug should inhibit the proliferation of all DTUs (Kratz,
2019). Taking this into account, we embarked on a study to
determine the antiparasitic activity of our compounds against
representative strains of each one of the six DTUs. Therefore,
compounds 1 - 3 were tested against epimastigotes from strains
belonging to DTUs TcI to TcVI. The effects these compounds
exerted on each DTU (initial epimastigote concentration: 2.5 x

0° cells/mL) were monitored for 6-11 days, and ICs, values were
determined when the parasites were in the mid-exponential growth
phase. Proliferation and dose-response curves were obtained for the
three analogues for each representative of the six DTUs. (See,
Supplementary Figures S1-S6). Importantly, the analogues were
active against all DTUs with ICs, values ranging between 20 and
57 uM (Table 1). Specifically, among the three compounds under
study, the strain belonging to TcV (92:80) exhibited higher

10.3389/fchbi.2026.1848258

susceptibility. The strain belonging to TcIV was the most
resistant to compound 1, and the strain belonging to TcVI was
less susceptible to compound 3, compared to the other strains. These
results illustrate that the proline analogues have a broad-spectrum
effect against the different T. cruzi DTUs.

2.2 Unravelling the trypanocidal and
trypanostatic properties of proline
analogues on T. cruzi

To comprehensively investigate the trypanocide or trypanostatic
nature of compounds 1, 2 and 3, an analysis encompassing cell
death,
CL14 strain (TcVI) was selected for these mechanistic studies on
the basis of physiological and practical considerations: among the six

cell cycle and washout effects were conducted. The

DTU-representative strains evaluated here, CL14 displayed the
shortest doubling time (~17 h, Table 1), allowing flow-cytometry
endpoints (cell death, cell cycle, washout) to be sampled at well-
defined points of exponential proliferation within standard 24-72 h
windows; in addition, CL14 is well characterized in our hands and
was the strain used to define the original ICs,-ICg, range for these
compounds (Fargnoli et al., 2020), enabling direct comparison with
our previous data. We acknowledge, however, that mode-of-action
conclusions drawn from a single fast-growing TcVT strain should be
extended to other DTUs in future work. Accordingly, T. cruzi
CL14 epimastigotes subjected with
compounds 1, 2 or 3 at concentrations corresponding to their

were to treatments
ICs or ICg, values. Specifically, compound 1 exhibited an ICs
of 39 uM and an ICg of 74 uM, while compound 2 showed an ICs,
of 35 uM and an ICg of 54 uM. Compound 3 has an ICs, of 49 uM
and an ICg, of 116 uM. Simultaneously, untreated assays were
performed as a negative control for each experiment.

To prove the compounds’ influence on cell death mechanisms,
we examined the presence of exposed phosphatidylserine, a
canonical marker for programmed cell death (PCD) on the
parasite’s external surface and the possible membrane damage
(an indicator of necrotic death) using a dual labelling with FITC-
labelled Annexin-V (ANX) and propidium iodide (PI), followed by
cytometry analysis at 24, 48 and 72 h post-treatment. Our results
revealed a pronounced increase in ANX-labelled cells in response to
treatment with compound 2, most notably at 24-h treatment,
consistent with an apoptosis-like cell death phenotype (Figures

TABLE 1 Inhibitory concentration (ICso) determined for the proline analogues 1, 2 and 3 against T. cruzi epimastigotes (Tcl to TcVI).

Geographical origin ~ Strain DTU

Doubling time (h)

ICs0 (UM) pICso (UM)?

Paré (Br) Sylvio Tcl 294 329 + 45 38.7 + 3.9 28.1+ 1.9 1.5+£0.1 1.6 £0.1 | 1.4+ 0.03
Sao Paulo (Br) Y Tcll 24.6 376 +58 257 £52 258 £ 43 1.6 £ 0.1 14 £0.1 14 0.1
Paré (Br) M6241 TclIl 47.8 47.7 + 8.9 39.8 £ 9.2 295+ 6.1 1.7 £ 0.1 1.6 £ 0.1 15+0.1
Para (Br) Can IIT TcIV 46.7 56.8 +11.3 | 473 £11.5 | 39.7 £ 11.9 1.7 £0.1 1.7 £ 0.1 1.6 £ 0.1
St. Cruz (Bol) 92:80 TcV 69.3 20.7 + 6.9 258 £ 7.6 26.3 +10.1 1.3 +0.1 14 +0.1 14 +0.2
Rgs (Br) CL14 TcVI 16.9 39.0 + 1.4 35170 483+ 13 1.6 £ 0.02 15+01 | 1.7+0.01

*pICso = log (ICs (LM)).
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FIGURE 2
Cell death and cell cycle analysis for T. cruzi epimastigotes (CL14) treated with compounds 1, 2 and 3 at their ICsg and ICgo concentrations. 1: ICsg =
39 uM, ICgo = 74 uM; 2: I1Cs0 = 35 UM, ICgp = 54 uM; 3: ICs0 = 49 uM, ICgo = 116 pM. Data acquired by flow cytometry. Pl = propidium iodide-labelled cells;
ANX = FITC Annexin-V-labelled cells; Pl + ANX = double-labelled cells. Cell death at 24 h (A), 48 h (B); or 72 h (C) post-treatment, Cell cycle at 24, 48 and
72 h (D) post treatment. Results are average of three independent measures. Significance levels calculated by two-way ANOVA at 95% confidence.
*:0.01 < p < 0.05; **: 0.001 < p < 0.01; ***: 0.0001 < p < 0.001; ****: p < 0.0001.

2A-C, and Supplementary Figures S9-S10). For compound 1,
examination after a 48-h treatment highlighted a substantial
increase in ANX and PI + ANX labelling at the ICg
concentration, suggesting early apoptosis and late apoptosis,
characterized by loss of membrane integrity. This effect waned
over time, likely attributed to compound consumption and
diminishing concentration. In contrast, compound 3 displayed a
minor reduction in ANX-labelled cells at 48 h, in the same level of
the control, with no significant increments in PI or PI + ANX
labelling. In sum, compounds 1 and 3 exhibited limited evidence of
inducing apoptotic or necrotic cell death.

It is important to note the methodological limits of dual
Annexin-V-FITC/propidium-iodide labelling for assigning a
death modality in T. Annexin-V  detects surface
phosphatidylserine (PS) and propidium iodide reports loss of
plasma-membrane integrity; in classical mammalian models,
Annexin-V*/PI” cells are taken as “early apoptotic”, double-
positive (Annexin-V*/PI*) cells as “late apoptotic/secondary
necrotic”, and Annexin-V/PI* cells as primary necrotic. In
trypanosomatids, however, this assignment must be made with
caution: PS exposure can occur without engagement of a
canonical caspase-dependent apoptotic pathway, and double-
positive populations cannot, on their own, distinguish bona fide
programmed cell death from a regulated necrosis-like process. We
therefore the operational descriptor “apoptosis-like”
throughout.Future studies combining orthogonal markers (e.g.,
loss of mitochondrial membrane potential, DNA fragmentation/

cruzi.

use
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TUNEL, cytochrome-c release, metacaspase or autophagy markers)
will be required to formally classify the death pathway triggered
by compound 2.

Drawing on the outcomes of the cell death analysis, the study
ventured into evaluating the potential of compounds 1 and 3 to
induce cell cycle arrest in T. cruzi. This exploration revolved around
specific cell cycle phases, encompassing G1, S, and G2M phases. For
this, the cells treated for 24, 48 or 72 h (or untreated controls) were
permeabilized with digitonine and labelled with propidium iodide,
and further analyzed by cell cytometry. Compound 2 exhibited
negligible influence on cell cycle progression, showing thus no
impact on the parasite’s cell cycle. In contrast, compound 1 at
ICgy concentration, and compound 3 at both concentrations,
engendered an accumulation of cells in the GI1 phase, coupled
with a reduction in the G2M cell population (Figure 2D and
Supplementary Figures S14-S16). This effect displayed a gradual
intensification over time, marked by an increment in G1 cells and a
corresponding reduction in G2M cells. Collectively, these
observations suggest that compounds 1 and 3 distinctly provoke
a substantial disturbance in the cell cycle, resulting in G1 phase
arrest and a decline in the G2M population.

To delve further into the reversible or irreversible effect of the
drugs, the parasites were treated or not (control) with concentrations
corresponding to the ICs, or ICg of each compound for 48 h. After
the treatment, the compounds were removed and the parasite’s
proliferation was recorded. A comparison of growth curves with
and without parasite washout revealed that after washing out the
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drugs, the parasites treated with compounds 1 at a concentration
equivalent to the ICsy or 2 at both concentrations proliferated at
similar rates as the untreated control. However, those parasites
treated with compound 1 at ICg, concentration and compound
3 at both concentrations showed a slower pace due to the
diminished proliferating epimastigote concentration due to the
treatment (Figures 3A,B and Supplementary Figure S8).
Furthermore, cell death and cell cycle analyses post-48 h
treatment were pursued after the washout. In the cell death
analysis, control cells demonstrated a surge in PI and PI + ANX
labelling post-washout, suggesting potential cellular stress due to the
washout procedure. However, no significant disparities were
observed when comparing within compounds. For compound 1,
ANX labelling remained elevated compared to the control at ICg
concentration post-washout, with no discernible differences
compared to its pre-washout state (48 h). Conversely, compound
2 exhibited post-washout cell growth and death patterns similar to
the control, with ANX labelling reverting to similar levels. In the cell
cycle analysis, cells previously treated with compounds 1 and 3
reverted to a normal cycle, indicating withdrawal of the cell cycle
arrest (Figures 3C,D and Supplementary Figures S11-S13, S17).
Notably, after washout, cultures previously exposed to compound 2
(which had induced an apoptosis-like phenotype) returned to
proliferation rates and Annexin-V/PI profiles indistinguishable
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FIGURE 3
Washout experiments for T. cruzi epimastigotes (CL14) treated with compounds 1, 2 and 3 at their ICsq and ICgg concentrations. 1: ICsg = 39 uM,
ICgo = 74 UM; 2: ICsq = 35 UM, ICgg = 54 UM; 3: ICso = 49 uM, ICgo = 116 uM. (A) Growth curves with no washout performed; (B) Growth curves with
washout performed at 48 h post-treatment; (C) Cell death analysis after washout at 48 h post-treatment; (D) Cell cycle analysis after washout at 48 h post-
treatment. Results are representative of three independent measures. Significance levels calculated by two-way ANOVA at 95% confidence. *: 0.01 <
p < 0.05; **: 0.001 < p < 0.01; ***; 0.0001 < p < 0.001; ****: p < 0.0001.

from untreated controls, whereas cultures previously exposed to
compounds 1 and 3 (which had induced G1 arrest) recovered more
slowly. Two interpretations should be considered: (i) the effects of
these compounds are genuinely reversible upon removal, or (ii) the
rebound reflects outgrowth of an unaffected sub-population from
which damaged cells have been diluted out, rather than recovery of
injured cells. Our present data do not formally distinguish between
these possibilities; accordingly, throughout the manuscript, we use
“trypanostatic” and “trypanocidal” in the operational sense of
growth-inhibitory and cell-killing under the assay conditions
employed, without claiming complete absence of lasting damage
in the surviving population.

As a whole, the presented results indicate that, among the tested
compounds, compound 2 induces an apoptosis-like cell death
phenotype (operationally trypanocidal), while compounds 1 and
3 induce cell cycle arrest (trypanostatics). In all cases, treatment
proved to be reversed upon removal.

2.3 Fluorescent analogue design and uptake
assessment of L-Proline derivative in T. cruzi
epimastigotes

To assess the potential uptake of L-proline analogue 1 by T. cruzi
epimastigotes, we designed and synthesized a fluorescent variant
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SCHEME 1

ascorbate (10 mol%), tBUOH/H,O (1:1), 32%.

that retained the necessary structural features contributing to its
activity. Amino-NBD (7-amino-4-nitro-2,1,3-benzoxadiazole) was
chosen as the fluorophore due to its extensive use as a fluorescent
reporter of many metabolites, such as cholesterol (Ramirez et al.,
2010), phospholipids (Kol et al., 2003), fatty acids (Pohl et al., 2002)
and natural products (Woodland et al., 2017). This moiety was
incorporated at the end of the decyl chain to form the fluorescent
probe 1-NBD (Scheme 1).

To assess how the newly designed fluorescent analogue would
mimic compound 1, we considered the most crucial topological
descriptors. For this purpose, we calculated logP, topological polar
surface area (TPSA) and volume using the Molinspiration platform
(Molinspiration Cheminformatics Free Web Services, 2024). LogP
showed minimal divergence between the two compounds (1 = 4.62,
1-NBD = 5.03), TPSA displayed a notably higher value for 1-NBD
(1 = 60.26 A% 1-NBD = 157.04 A?), and the volume of for the
fluorescent analogue was larger, as expected (1 = 359.38 A%, 1-
NBD =484.01 A3). Despite the differences in volume and TPSA, that
are consequence of the NBD located on the aliphatic tail, logP was
not considerably affected. To validate the significance of the
disparities in calculated topological descriptors of 1 and 1-NBD,
we calculated these properties for previously reported NBD-tagged
metabolites that have undergone successful validation through
transporter or permease experiments. Specifically, we calculated
logP, TPSA and volume for NBD-tagged cholesterol (Song et al.,
2015), cholic acids (Mdjer et al., 2012), glucose (Yoshioka et al.,
1996), fructose (Tanasova et al., 2013) and spermidine (Jagu et al.,
2019) and compared them to the native metabolites. The results
(Table 2, and Supplementary Figures S18-S20) indicated similar or
even larger deviations for the reported NBD-tagged metabolites
compared to 1 and 1-NBD. This outcome instilled confidence that
the proposed structure could potentially be internalized by a
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Synthesis of 1-NBD. (a) TEA (3 equiv.), THF, MW, 100 °C, 10 min, 85%; (b) Potassium Phtalimide (0.25 equiv.), DMF, 40 °C, 24 h, 51%; (c) 1- NoH4-H
(6 equiv), EtOH, rt, 24 h, 2- NBD-CL (3 equiv.), MeCN/NaHCOz sy (1:1), 1t, 2 h, 27%; (d) NaNz (2 equiv.), DMF, rt, 24 h, 78%; (e) CuSO, (10 mol%), sodium

06

20

permease. We acknowledge that 1-NBD violates several Lipinski/
Veber thresholds (3 violations; TPSA = 157 A% MW = 528.6)
(Table 2). It was nevertheless selected for the uptake-tracing
experiments for three converging reasons: (i) appending NBD
invariably introduces such excursions in physicochemical space,
and the literature-validated NBD analogues used here as
benchmarks (NBD-cholesterol, NBD-bile acids, NBD-glucose,
NBD-fructose, =~ NBD-spermidine) of
comparable or greater magnitude relative to their parent

display  deviations
metabolites yet are still recognised by their cognate transporters;
(ii) calculated logP for 1-NBD (5.03) remains close to that of parent
compound 1 (4.62), arguing that overall lipophilicity, the parameter
most relevant to membrane partitioning and to interaction with a
hydrophobic substrate channel, is largely preserved; and (iii) NBD
was placed at the distal end of the alkyl tail, the structural region least
implicated in TcAAAP069 recognition by SAR, leaving the proline-
triazole pharmacophore intact. 1-NBD is therefore proposed as a
chemical-biology probe for visualising uptake of this scaffold rather
than as a faithful pharmacokinetic surrogate of compound 1.

The proposed fluorescent derivative 1-NBD offers the advantage
of facile synthesis through click chemistry (CuAAC) between
N-propargyl methyl prolinate 16 and the N-NBD-10-azidodecan-
l-amine (NBD-azide, 20).
microwave-assisted irradiation of methyl prolinate 14 with
propargyl bromide 15, yielding 85%. The NBD-azide 20 was

Compound 16 was obtained via

synthesized in 3 steps starting from commercially available 1,10-
dibromodecane 17. The starting material underwent nucleophilic
monosubstitution with potassium phthalimide, resulting in 1-
phtalimide-10-bromodecane 18 with 51% yield. Then, phtalimide
was converted into the free amine using hidrazine, which without
further purification acted as nucleophile in an aromatic substitution
to NBD-Cl to obtain compound 19 with a two-step yield of 27%.
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FIGURE 4

Intracellular localization of compound 1-NBD in epimastigotes of T. cruzi (Dm28c). Epimastigotes were incubated during 30 min, at 28 °C with 25 uM
of 1-NBD (A-D), or with no treatment (Control, (E-H). The uptake and intracellular distribution was assessed by confocal microscopy. (A, E) differential
interference contrast (DIC) microscopy. (B, F) blue channel (DAPI). (C, G) green channel: 1-NBD (C), Control (G). (D, H) merge. The results are

representative of at least three independent experiments

Finally, substitution of the bromine in 19 with sodium azide yielded
NBD-azide 20 with a 78% yield (Scheme 1). CuAAC between 16 and
20 provided the final NBD-derivative 1-NBD with 32%
yields (Scheme 1).

UV-vis and fluorescent spectra of compound 1-NBD were
acquired, revealing excitation and emission fluorescence maxima
were 472 nm and 538 nm, respectively (see Supplementary Figures
S21-S22). After optimizing the detection parameters for compound
1-NBD, we investigated its incorporation into T. cruzi epimastigotes.
Parasites were incubated with varying concentrations of the analogue
(10-30 puM) for 30 min, and then subjected to confocal microscopy.
The best images were obtained for epimastigotes incubated with
25 uM of 1-NBD (Figure 4).

Analysis of the confocal images showed that the green fluorescent
signal of 1-NBD was concentrated in clusters within the parasite
cytoplasm, while being excluded from the plasmatic membrane. This
outcome affirms that compound 1-NBD was internalized either
through passive transport across the parasite membrane or via a
transporter. The spatial distribution of the fluorescent signal
suggested that 1-NBD could accumulate within internal vesicles.

We emphasise the descriptive nature of this microscopy experiment
and outline its current limitations. (i) Uptake was not quantified
ratiometrically against an internal reference; the present analysis is

Frontiers in Chemical Biology

therefore qualitative and does not yield concentration- or time-resolved
internalisation kinetics. (ii) Untreated parasites imaged in parallel under
identical excitation/emission settings showed a very weak signal in the
green channel (Figure 4G), characteristic of parasites” autofluorescence,
so the intracellular fluorescence in 1-NBD-treated cells cannot be
ascribed to baseline autofluorescence; nevertheless, this control does
not rule out probe-induced photophysical artefacts (e.g., NBD trapping
in lipid microenvironments unrelated to its parent transporter). (iii) Co-
localisation with organelle markers (Mitotracker, LysoTracker,
glycosomal/reservosomal markers) was not performed in this study;
consequently, the assignment of the cytoplasmic clusters to specific
compartments remains tentative. (iv) Critically, microscopy alone
establish  that
TcAAAPO69 rather than by passive diffusion or a parallel transport

cannot internalisation ~ is  mediated by
route. We accordingly present these images as visual evidence that the

proline-triazole scaffold can enter the parasite.

2.4 SAR study of proline-triazole analogues:
Fragment roles in T. cruzi inhibition and
cytotoxicity

In our previous work, we conducted a Structure-Activity
Relationship (SAR) study for proline-1,2,3-triazole analogues
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(Pro-Trz-R), a family to which compounds 1, 2 and 3 belong
(Fargnoli et al, 2020). In this study, we aimed to expand the
SAR to gain a better understanding of the role played by each
fragment of the proline analogues under investigation.

Initially, we designed three series of compounds (Scheme 2):
Series A, comprising Pro-Trz-R analogues (compounds 1 - 5);
Series B, where triazole was deleted to form alkyl-proline (Pro-R)
analogues (compounds 6 - 10); and Series C, where proline was
substituted by a dimethylamine to emulate a truncated version of the
amino acid, resulting in dimethylamino-triazole (Me,N-Trz-R)
analogues (compounds 11 - 13).

Compounds from Series A (1 - 5) were synthesized via click
chemistry by combining N-propargyl methyl prolinate 16 and the
corresponding alkyl azide 21, with yields ranging from 45 to 71%
(Scheme 2). Series B compounds (6-10) were synthesized
through N-alkylation of methyl prolinate 14 with the required
alkyl bromide 22, using DIPEA as a base, yielding products
at 39-68% (Scheme 2). Series C compounds (11 - 13) were
through click
dimethylpropargylamine 23 and the appropriate azide 21,

also prepared chemistry, involving N,N-
yielding products in 27-69% (Scheme 2).

Subsequently, we conducted an inhibitory activity screening
against T. cruzi CL14 epimastigotes for compounds 4 - 13 at a
fixed concentration of 50 uM (Figure 5). This screening revealed that
compounds 4, 5, 11, 12 and 13 exhibited inhibitory effects. ICs
values for these compounds were determined (Table 3) through
Dose-Response curves, as presented in the (Supplementary Figure
$23). Additionally, cytotoxicity against CHO-K; cells was assessed
for all active compounds, and Selectivity Indexes (SI) were
calculated (Table 3).

As previously mentioned, our earlier work (Fargnoli et al., 2020)
included an initial SAR study for Pro-Trz-R analogues, which
suggested that a chain length of 13-15 carbon atoms a R could
improve potency. To confirm this, we synthesized analogues 4 (R =
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Synthesis of Proline analogues studied in this work. (@) CuSO4 (10 mol%), sodium ascorbate (10 mol%), tBuOH/H,O (1:1), rt, 24 h; (b) DIPEA (3 equiv.),
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FIGURE 5
Inhibitory activity screening at fixed concentration of 50 pyM,
against T. cruzi CL14 epimastigotes.

Tridecanyl, -Cy3H,;) and 5 (R = Cetyl, -C;sH3;), adding them to
compounds 1 (R = Decyl, -C;oH,;), 2 (R = Oleyl) and 3 (R =
Farnesyl) in Series A. Compound 4 demonstrated the highest
potency in this series, with IC5, = 27.9 pM, confirming that a
chain length of 13 carbon atoms corresponds to a valley of ICsq vs.
chain length relationship, as previously predicted. Although, when
comparing SIs of the saturated aliphatic compounds 1, 4 and 5, it is
evident that this value is inversely proportional to R chain length,
being compound 1 the most selective of the three.

To elucidate the role of the triazole moiety in the activity of
Series A, we synthesized non-triazolic analogues of Series B
(compounds 6 - 10), while maintaining the same R groups as in
Series A, and they were tested against T. cruzi CL14 epimastigotes.
However, none of these compounds exhibited trypanocidal activity
at concentrations up to 50 uM, indicating that the triazole moiety
plays a critical role in the anti-T. cruzi activity.

Finally, we sought to determine the role of the proline moiety in
analogues 1, 2 and 3, leading us to design the truncated analogues
from Series C (compounds 11, 12 and 13), while retaining the
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TABLE 3 Inhibitory concentration (ICs,) determined for compounds 1 - 13 against T. cruzi epimastigotes, and cytotoxicity against CHO-K; cells.

Series Compound ICso T. cruzi CL14 epimastigotes (uM)? CCs50 CHO-K; cells (uM)*®
A 1 Decyl 39.0 + 1.4 91.0 + 2.6 2.3
2 Oleyl 351+70 97.0 £ 2.1 2.8
3 Farnesyl 483+ 13 40.4 + 10.1 0.8
4 Tridecanyl 279 + 1.6 482 + 4.7 1.7
5 Cetyl 43.6 £52 50.3 £ 0.9 1.2
B 6 Decyl >50 -
7 Tridecanyl >50 - -
8 Cetyl >50 -
9 Oleyl >50 -
10 Farnesyl >50 -
C 11 Decyl 32.0 £ 6.9 429 + 6.4 1.3
12 Oleyl 12.5 + 1.56 26.0 + 3.0 2.1
13 Farnesyl 209 £ 25 27.1+£1.2 1.3
Benznidazole 26.6 * 4.5 (Fonseca-Berzal et al., 2018) >200 >7.5

“ICsps and CCsps were determined as the average (+SD) of three independent measurements.
- = not measured.
<SI = CCso (CHO-K,)/ICs (T. cruzi).

original R groups from Series A compounds. Compounds from
Series C (average ICs, = 21.8 uM) displayed greater activity than
Series A (average ICsy = 38.8 uM). Upon comparing the cytotoxic
effects of both series against the CHO-K; cell line, it became evident
that Series C (average CCsy = 32.0 uM) were more cytotoxic than
Series A (average CCsy = 76.1 uM) (Table 3). Regarding the SIs,
compounds 1 vs. 11 and compounds 2 vs. 12 presented a 1.8-fold
and a 1.3-fold reduction in selectivity when proline moiety is
removed, respectively. Only farnesyl-substituted compounds 3 vs.
13 presented an increment in selectivity with proline removal (1.6-
fold), although they are both with SIs close to the unit, indicating
that they are antiparasitic and cytotoxic in equal amounts, and
differences are not statistically significant. These findings
underscore the limited selectivity of the dimethylamine analogues
11 - 13. More broadly, although the SAR exercise improved potency
in some series mammalian selectivity remains limited across the set:
SI values for active compounds lie in the 0.8-2.8 range, well below
the >10 threshold typically considered acceptable for -early
antiparasitic leads (Kratz, 2019), meaning that further medicinal-
chemistry optimisation will be required to widen the therapeutic
window. Although, this compound generation proved to be very
informative as chemical-biology probes for dissecting proline-
transport function.

3 Discussion

The significance of proline in T. cruzi metabolism was initially
established in the late 1950s (Zeledon, 1960) when the capability
of epimastigotes to oxidize this amino acid was first demonstrated.
Subsequently, the connection between amino acids consumption

and energy metabolism in trypanosomatids was elucidated
(Cazzulo, 1994), and it was proposed that enzymes involved in
these pathways could serve as potential targets for the
development of new chemotherapeutic agents (Silber et al.,
2005). This study leverages synthetic proline analogues as
chemical probes to dissect the functional significance of proline
transport in T. cruzi, in order to validate it as a potential
drug target.

In this study, we have demonstrated the activity of proline
analogues 1, 2 and 3 against various T. cruzi strains representing
the six DTUs (Table 1). Interestingly, the strain belonging to TcV
was more sensitive to these compounds, while TcVI demonstrated
reduced sensitivity to analogue 3, and TcIV displayed reduced
sensitivity to analogue 1. However, it’s essential to note that
drawing definitive conclusions from these subtle differences
can be challenging. Previous studies have indicated variations
in susceptibility to benznidazole among different strains, but
current understanding suggests that these differences observed
in clinical trials are more likely attributed to environmental
factors rather than intrinsic biological distinctions among the
strains (Zingales, 2018). Therefore, our tested compounds exhibit
consistent broad-spectrum activity against various T. cruzi DTUs.
While all DTUs are inhibited within a comparable micromolar
range, the observed variability highlights inherent biological
differences among DTUs, potentially linked to genetic
diversity, metabolic adaptations, or differential drug-target
interactions. This underscores the challenge of ensuring
uniform efficacy across all DTUs during drug development.
Compounds should be optimized to overcome strain-specific
resistance mechanisms, and preclinical evaluation against
representative strains of each DTU is critical to validate pan-
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DTU activity, minimizing the risk of incomplete therapeutic
coverage in heterogeneous Chagas disease populations.

Our investigation reveals that proline analogues 1, 2, and 3
exhibit distinct biological effects on epimastigotes that correlate
directly with their previously documented interactions with the
proline transporter TcAAAP069 (Sayé et al., 2017). Compounds
1 and 3, identified as inhibitors of proline uptake, induce a potent
trypanostatic effect characterized by cell cycle arrest (Figure 2D). In
contrast, compound 2, which does not interfere with proline
transport, triggers apoptotic cell death (Figures 2A-C). This
pattern is consistent with chemical interference with proline
transport not being immediately lethal but rather imposing a
metabolically arrested state, although direct demonstration of
target engagement was not performed in the present study. The
apparent reversibility of this arrest upon compound washout
(Figure 3) further underscores that transport inhibition alone is
cytostatic, not cytotoxic, under these conditions. This model system
allows us to separate the consequences of proline starvation from
generic cellular toxicity, a distinction crucial for understanding the
parasite’s metabolic network.

The differential potency between transport inhibitors 1 and 3
offers further mechanistic insight. The more rigid, unsaturated
farnesyl chain of analogue 3 confers greater inhibitory potency
against TCAAAPO069 (Sayé et al., 2017) and a more pronounced
cell cycle arrest at its ICsy, compared to analogue 1, which
required a higher concentration (ICg) for a detectable effect.
This suggests that the inhibitor-transporter interaction is highly
sensitive to the steric and conformational properties of the
substituent. Crucially, the synthesis of a fluorescent derivative
of compound 1 confirmed that this transport-competent
analogue is internalized by the parasite, localizing in
cytoplasmic clusters (Figure 5). This visual evidence is
consistent with a model in which these analogues are taken up
by the parasite, and is compatible with their previously reported
behaviour as competitive substrates of the TcAAAP069 permease
(Sayé et al., 2017).

Furthermore, to better comprehend the crucial components
responsible for the anti-T. cruzi activity in the proline analogues,
we conducted a structure-activity relationship (SAR) study. The
variations introduced allowed us to categorize the compounds into
three series (Scheme 2): Series A (Pro-Trz-R), Series B (Pro-R) and
Series C (Me,N-Trz-R). One key discovery was the confirmation
that the chain length of the alkyl group (R) in Series A influences the
compounds’ potency. Specifically, we found that a chain length of
13 carbon atoms (R = tridecanyl, compound 4) exhibited the highest
potency (ICsp = 27.90 uM) (Table 3). This result aligns with our
previous SAR studies suggesting that a chain length of 13-15 carbon
atoms enhances the inhibitory effect (Fargnoli et al., 2020).

The study also aimed to elucidate the role of the triazole moiety
in the inhibitory activity. To investigate this, we synthesized the non-
triazolic analogues in Series B while maintaining the same R groups
as in Series A. However, none of these compounds exhibited activity
(Table 3), indicating that the 1,2,3-triazole moiety plays a critical role
in the anti-T. cruzi activity. The 1,2,3-triazoles integral components
of a wide range of biologically relevant structures and have the
capacity to mimic an amide bond, making them biocompatible and
highly stable structures (Kolb and Sharpless, 2003; Bonandi et al.,
2017). Although 1,2,3-triazoles are mostly used as linkers in
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biologically active structures, they can also interact with diverse
biological targets. Additionally, they are also recognized as
pharmacophore et al, 2011; Dheer
et al., 2017).

Another critical aspect of the research was to investigate the

components (Agalave

role of the proline moiety in analogs 1, 2 and 3. This led to the
design of truncated analogues in Series C (compounds 11, 12 and
13), while retaining the original R groups from Series A
compounds. Surprisingly, Series C displayed greater inhibitory
activity than Series A (Table 3). However, it was also observed
that Series C exhibited a lower selectivity towards mammalian
cells than Series A (average SI: Series A = 2.0, Series C = 1.6). The
proline moiety, therefore, is not merely a carrier but confers
selectivity towards the parasite’s proline acquisition machinery.
This is further emphasized by comparing analogue 3 to our
CYP51
(Supplementary Figure S25) (Porta et al., 2017); the simple

previously  reported  triazole-based inhibitor
substitution of a methyl ester for a methyl prolinate shifts the
activity profile from targeting ergosterol biosynthesis to
inhibiting proline uptake. Thus, the proline-triazole chimera
emerges as a specific scaffold for targeting amino acid transport.

The stage-specific activity profile of the proline analogues
(potent against epimastigotes but inactive against intracellular
amastigotes) is a key finding that underscores a fundamental
metabolic reprogramming between the insect and mammalian
stages of T. cruzi. This dichotomy directly reflects the distinct
of each life

Epimastigotes in the nutrient-variable insect gut prioritize the

metabolic demands and environments form.
efficient uptake and catabolism of specific amino acids, with
proline serving as a primary carbon and energy source (Alencar
et al, 2025). Our results confirm that this stage is exquisitely
sensitive to chemical inhibition of its high-affinity proline
transporter, TCAAAP069. In stark contrast, upon differentiation
to the intracellular amastigote, the parasite undergoes extensive
metabolic remodelling to exploit the nutrients from the host cell
cytoplasm (Dumoulin and Burleigh, 2021; Liu et al, 2021).
Transcriptomic studies indicate that amastigotes upregulate
pathways for fatty acid oxidation, amino acid catabolism, and
oxidative phosphorylation, shifting away from a dependence on a
single amino acid like proline (Liu et al, 2021). Critically,
amastigotes exhibit significant metabolic flexibility, retaining the
capacity to utilize multiple host-derived carbon sources, including
glucose and glutamine (Shah-Simpson et al., 2017; Dumoulin and
Burleigh, 2021). This flexibility, a key determinant of parasite
persistence, means that inhibiting a single nutrient uptake route
(proline transport) is insufficient to compromise amastigote
viability, as the parasite can readily switch to alternative fuels
(Dumoulin and Burleigh, 2021). Therefore, the inactivity of our
proline-targeted probes against amastigotes reveals that proline
acquisition via TCAAAP069 may be more relevant for the insect
stage than for the mammalian intracellular stage. Several caveats
warrant consideration regarding the apparent stage-specific activity
of our proline analogues. First, the non-cytotoxic window in the
mammalian host-cells: as shown in Table 3, compounds present
rather low to moderate CCs, values against CHO-K;. In standard
intracellular amastigote assays, host cells must remain viable
throughout infection and compound exposure. Consequently, the
lack of observed activity against amastigotes may be explained, at
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least in part, by compound-induced host cell death or severe
cytostasis, which would prevent the normal progression of the
intracellular infection rather than reflecting intrinsic resistance of
the amastigote stage. Second, even if host cells survive, the
amastigote is separated from the extracellular medium by the
host
membrane, which may impose additional permeability barriers

plasma membrane and the parasitophorous vacuole
that are not present in axenic epimastigote cultures. Third, the
metabolic programming of amastigotes differs substantially from
that of epimastigotes; intracellular amastigotes proliferate within the
nutrient-rich host cytoplasm and may rely less on exogenous proline
uptake, making them less vulnerable to proline transport inhibitors.
Finally, we cannot rule out stage-specific differences in compound
metabolism, sequestration, or efflux.

In summary, these proline analogues serve as useful chemical-
biology probes that have enabled us to establish, in epimastigotes, an
association between exposure to compounds 1 and 3 — previously
characterised as inhibitors of TcAAAP069-mediated proline
uptake—and a reversible G1 cell-cycle arrest, while compound 2
produces an apoptosis-like phenotype consistent with an off-
pathway effect. We were also able to define the structural
elements (proline core, triazole linker, optimised alkyl chain)
essential for this specific activity, and to document a clear stage-
dependent activity profile, with potency restricted to the
epimastigote form. The present work adds up evidence on the
relevance of proline transport in parasites, making it a valuable
candidate therapeutic target.

4 Conclusion

This study demonstrates the utility of synthetic proline
analogues as valuable chemical biology tools to dissect the
functional role of amino acid transport in Trypanosoma cruzi. By
employing these compounds as chemical probes, we provide
chemical-biology evidence consistent with the proline permease
TcAAAP069 being a candidate
metabolism of the insect-stage epimastigote.

vulnerable node in the

The proline analogues 1, 2 and 3, have demonstrated broad-
spectrum activity against various T. cruzi DTUs, making them
promising candidates for combating different strains of the
parasite. Additionally, the study uncovered distinct modes of
cell death, while
compounds 1 and 3 induce cell cycle arrest. These differences in

action: compound 2 induces apoptotic
mechanisms of action align with their effects on proline transport
inhibition. The study also provides insights into the internalization
of proline analogues, with a fluorescent derivative (1-NBD) showing
uptake and localization within the parasite cytoplasm, potentially
through competition with proline uptake. Furthermore, a structure-
activity relationship (SAR) study highlights the importance of the
proline-triazole hybrid and the role of the R groups in influencing
the compounds’ activity and selectivity.

Collectively, this research provides a robust mechanistic
framework for understanding proline uptake’s role in T. cruzi.
Future work should leverage this foundation to design next-
generation probes with modified pharmacokinetic properties or
dual-targeting capabilities to challenge the metabolic plasticity of
the amastigote stage.
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5 Materials and methods

5.1 Chemistry

Chemical reagents were purchased from commercial suppliers
and used without further purification, unless otherwise noted.
Column chromatography was performed with silica gel 60
(230-400 mesh). Yields were calculated for material judged
homogeneous by thin layer chromatography (TLC) and nuclear
magnetic resonance ("H NMR).

"H and C NMR spectra were acquired on a Bruker Avance II
300 MHz (75.13 MHz) using CDCl; as solvent. Chemical shifts (8)
were reported in ppm downfield from tetramethylsilane and
coupling constants are in hertz (Hz). NMR spectra were obtained
at 298 K unless otherwise stated and samples run as a dilute solution
of the stated solvent. All NMR spectra were referenced to the
residual undeuterated solvent as an internal reference. The
following abbreviations were used to explain the multiplicities:
s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet,
br = broad. Assignment of proton resonances was confirmed by
correlated spectroscopy. Electrospray ionization high-resolution
mass spectra (ESI-HRMS) were recorded on a Bruker MicroTOF II.

5.1.1 Synthesis of methyl prop-2-yn-1-yl-
L-prolinate (16)

To a solution of methyl prolinate (14) 120 mM in THF (anh),
NEt; (3 equiv.) and 80% propargyl bromide in toluene (15)
(2 equiv.) were added, and the reaction mixture reacted under
microwave irradiation at 100 °C for 10 min. The reaction crude
underwent to extraction with ethyl acetate (x3) and water (x3). The
combined organic layer was dried over Na,SO, and evaporated. The
product was purified by column chromatography in silica gel with
increasing hexane/ethyl acetate gradient to yield the expected
product as a yellow oil (80%). Spectral data is consistent with the
previously reported (Fargnoli et al., 2020).

5.1.2 General procedure for the Cu(l) mediated 1,3-
dipolar cycloaddition

The corresponding alkyne (1 equiv.) and azide (1.1 equiv.) were
suspended in 10 mL/eq of tBuOH:H,O (1:1), and then 1M CuSO,
solution (0.05 equiv.) and 1M sodium ascorbate solution (0.2 equiv.)
were added. The mixture was stirred overnight at room temperature.
Brine was added, and the solution was extracted with ethyl acetate.
Combined organic extracts were dried over Na,SO, and evaporated.
Products were purified by column chromatography in silica gel with
increasing hexane/ethyl acetate/methanol gradients.

5.1.3 General procedure for methyl-L-prolinate
N-alkylation

Methyl N-alkyl L-prolinate analogues were synthesized through
a modified method by Moore (Moore et al., 2005). 14 (1 equiv.),
alkyl chloride (1.1 equiv.) and N,N-diisopropylethylamine (3 equiv.)
were dissolved in acetonitrile (1 mL/equiv.). The mixture reacted
under nitrogen atmosphere at room temperature for 24 h.
Afterwards, solvent was evaporated, the reaction mixture was
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dissolved in CH,Cl, and it was extracted with CH,Cl,/H,0, washing
3 times each layer. The organic extracts were dried over Na,SO, and
evaporated. The N-alkyl products were purified by column
chromatography in silica gel with increasing hexane/ethyl
acetate gradients.

5.1.4 Methyl ((1-decyl-1H-1,2,3-triazol-4-yl)
methyl)-L-prolinate (1)

Following the Cu(I) mediated 1,3-dipolar cycloaddition general
procedure, compound 1 (Fargnoli et al., 2020) was obtained from
alkyne 16 and decyl azide as a yellow oil in 62% yield. '"H NMR
(300 MHz, CDCl3) § 7.50 (s, 1H, C8-H), 4.32 (t, ] = 7.3 Hz, 2H, C10-
H), 4.02 (d, ] = 13.8 Hz, 1H, C6-Ha), 3.83 (d, ] = 13.8 Hz, 1H, C6-
Hb), 3.70 (s, 3H, C9-H), 3.32 (dd, ] = 8.9, 6.2 Hz, 1H, C3-H), 3.14 (m,
1H, C2-Ha), 2.54 (q, ] = 8.3 Hz, 1H, C2-Hb), 2.23 - 1.70 (m, 6H, C1-
H, C4-H, C11-H), 1.38 - 1.18 (m, 14H, C12-H, C13-H, C14-H, C15-
H, C16-H, C17-H, C18-H), 0.88 (t, ] = 6.4, 6.4 Hz, 3H, C19-H). °C
NMR (75 MHz, CDCLy) § 174.5 (C, C5), 144.4 (C, C7), 122.5 (CH,
C8), 64.7 (CH, C3), 53.3 (CH,, C2), 51.9 (CH3, C9), 50.3 (CH,, C10),
48.7 (CH,, C6), 31.8 (CH,), 30.3 (CH,), 29.4 (CH,), 29.4 (CH,), 29.4
(CH,, C4), 29.2 (CH,), 29.0 (CH,), 26.5 (CH,), 23.0 (CH,, C1), 22.6
(CHy), 14.1 (CHj, C19). ESI-HRMS m/z [M + H]* caled for
C,oH35N,0, 351.2754, found 351.2746.

5.1.5 Methyl (Z)-((1-(octadec-9-en-1-yl)-1H-1,2,3-
triazol-4-yl)methyl)-L-prolinate (2)

Following the Cu(I) mediated 1,3-dipolar cycloaddition
general procedure, compound 2 (Fargnoli et al, 2020) was
obtained from alkyne 16 and oleyl azide as a yellow oil in 58%
yield. "H NMR (300 MHz, CDCl) 6 7.51 (s, 1H, C8-H), 5.40 - 5-
30 (m, 2H, C18-H, C19-H), 4.32 (t, J = 7.2 Hz, 2H, C10-H), 4.01
(d, ] = 13.8 Hz, 1H, C6-Ha), 3.82 (d, J = 13.8 Hz, 1H, C6-Hb), 3.69
(s, 3H, C9-H), 3.31 (dd, J = 8.9, 6.1 Hz, 1H, C3-H), 3.13 (td, J = 9.1,
8.3, 3.0 Hz, 1H, C2-Ha), 2.52 (q, ] = 8.3 Hz, 1H, C2-HbD),
225 - 1.73 (m, 10H, CI-H, C4-H,C11-H, C17-H, C20-H),
1.36 - 1.22 (m, 22H, C12-H, C13-H, Cl14-H, C15-H, C16-H,
C21-H, C22-H, C23-H, C24-H, C25-H, C26-H), 0.88 (t, ] = 6.5 Hz,
3H, C27-H). *C NMR (75 MHz, CDCls) § 172.9 (C, C5), 144.5 (C,
C7), 130.0(CH, C19), 129.7 (CH, C18), 122.5 (CH, C8), 64.7 (CH,
C3), 53.3 (CH,, C2), 51.9 (CH3, C9), 50.3 (CH,, C10), 48.7 (CH,,
C6), 32.6 (CH,), 31.9 (CH,), 30.3 (CH,), 29.7 (CH,), 29.7 (CH,),
29.5 (CH,, C4), 29.4 (CH,), 29.3 (CH,), 29.1 (CH,), 29.0 (CH,),
27.2 (CH,), 27.2 (CH,), 26.5 (CH,), 23.0 (CH,, C1), 22.7 (CH,),
22.6 (CH,), 14.1 (CH3, C27). ESI-HRMS m/z [M + K]* calcd for
C,7H4sN,O,K 499.3408, found 499.3412.

5.1.6 Methyl ((1-((2E,6E)-3,7,11-trimethyldodeca-
2,6,10-trien-1-yl)-1H-1,2,3-triazol-4-yl)methyl)-L-
prolinate (3)

Following the Cu(I) mediated 1,3-dipolar cycloaddition general
procedure, compound 3 (Fargnoli et al., 2020) was obtained from
alkyne 16 and farnesyl azide as a yellow oil in 45% yield. "H NMR
(300 MHz, CDCl3) 6 7.48 (s, 1H, C8-H), 5.42 (t, J = 7.1 Hz, 1H, C11-
H), 5.17 - 5.02 (m, 2H, C15-H, C19-H), 4.93 (dd, J = 7.3, 1.2 Hz, 2H,
C10-H), 4.00 (d, J = 13.7 Hz, 1H, C6-Ha), 3.79 (d, ] = 13.7 Hz, 1H,
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C6-Hb), 3.70 (s, 3H, C9-H), 3.31 (dd, ] = 8.9, 6.2 Hz, 1H, C3-H), 3.13
(t, ] = 8.3 Hz, 1H, C2-Ha), 2.52 (q, /] = 8.4 Hz, 1H, C2-Hb),
2.25 - 1.73 (m, 15H,C1-H, C4-H, C13-H, C14-H, C17-H, C18-H,
C24-H), 1.71 - 1.56 (m, 9H, C21-H, C22-H, C23-H). *C NMR
(75 MHz, CDCls) § 174.5 (C, C5), 144.6 (C, C7), 143.1 (C, C12),
136.3 (C, C16), 131.5 (C, C20), 124.1 (CH, C15), 123.0 (CH, C19),
122.0 (CH, C8), 117.8 (CH, C11), 64.8 (CH, C3), 53.3 (CH,, C2),
51.9 (CHj;, C9), 48.8 (CH,, C6), 47.7 (CH,, C10), 39.7 (CH,), 32.1
(CH,), 29.4 (CH,, C4), 26.3 (CH,), 25.7 (CH3), 23.5 (CH3), 23.0
(CH,, Cl1), 17.7 (CH3), 16.0 (CH3). ESI-HRMS m/z [M + H]* calcd
for C,4H30N,0, 415.3067, found 415.3067.

5.1.7 Methyl ((1-tridecyl-1H-1,2,3-triazol-4-yl)
methyl)-L-prolinate (4)

Following the Cu(I) mediated 1,3-dipolar cycloaddition general
procedure, compound 4 was obtained from alkyne 16 and tridecanyl
azide as a yellow oil in 71% yield. "H NMR (300 MHz, CDCls) § 7.50
(s, 1H, C8-H), 4.32 (t, J = 7.3 Hz, 2H, C10-H), 4.01 (d, J = 13.8 Hz,
1H, C6-Ha), 3.82 (d, ] = 13.8 Hz, 1H, C6-Hb), 3.70 (s, 3H, C9-H),
3.31(dd, J = 8.9, 6.2 Hz, 1H, C3-H), 3.13 (ddd, ] = 10.0, 7.2, 3.0 Hz,
1H, C2-Ha), 2.53 (q, /] = 8.4 Hz, 1H, C2-Hb), 2.23 - 1.73 (m, 6H, C1-
H, C4-H, C11-H), 1.40 - 1.15 (m, 20H, C12-H, C13-H, C14-H, C15-
H, Cl6-H, C17-H, C18-H, C19-H, C20-H, C21-H), 0.88 (t, ] =
6.7 Hz, 3H, C22-H). *C NMR (75 MHz, CDCl;) § 174.5 (C, C5),
144.5 (C, C7), 122.5 (CH, C8), 64.7 (CH, C3), 53.3 (CH,, C2), 51.9
(CHs, C9), 50.3 (CH,, C10), 48.7 (CH,, C6), 31.9 (CHS,), 30.3 (CH,),
29.6 (CH,), 29.6 (CH,), 29.6 (CH,), 29.5 (CH,), 29.4 (CH,), 29.4
(CH,, C4), 29.3 (CH,), 29.0 (CH,), 26.5 (CH,), 23.1 (CH,, C1), 22.7
(CH,), 14.1 (CHs;, C22).

5.1.8 Methyl ((1-hexadecyl-1H-1,2,3-triazol-4-yl)
methyl)-L-prolinate (5)

Following the Cu(I) mediated 1,3-dipolar cycloaddition general
procedure, compound 5 (Fargnoli et al., 2020) was obtained from
alkyne 16 and cetyl azide as a white solid in 49% yield. '"H NMR
(300 MHz, CDCl;) § 7.50 (s, 1H, C8-H), 4.32 (t, ] = 7.3 Hz, 2H, C10-
H), 4.01 (d, J = 13.8 Hz, 1H, C6-Ha), 3.82 (d, J = 13.8 Hz, 1H, C6-
Hb), 3.70 (s, 3H, C9-H), 3.32 (dd, ] = 8.9, 6.2 Hz, 1H, C3-H), 3.13
(ddd, J = 9.5, 7.1, 3.0 Hz, 1H, C2-Ha), 2.53 (q, ] = 8.3 Hz, 1H, C2-
Hb), 2.23 - 1.71 (m, 6H, C1-H, C4-H, C11-H), 1.34 - 1.21 (m, 26H,
C12-H, C13-H, C14-H, C15-H, Cl16-H, C17-H, C18-H, C19-H,
C20-H, C21-H, C22-H, C23-H, C24-H), 0.88 (t, ] = 6.4 Hz, 3H, C25-
H). 3C NMR (75 MHz, CDCL3) § 174.5 (C, C5), 144.5 (C, C7), 122.5
(CH, C8), 64.7 (CH, C3), 53.3 (CH,, C2), 51.8 (CH3, C9), 50.3 (CH,,
C10), 48.7 (CH,, C6), 31.9 (CH,), 30.3 (CH,), 29.7 (CH,), 29.6
(CH,), 29.6 (CH,), 29.5 (CH,), 29.4 (CH,), 29.4 (CH,, C4), 29.3
(CH,), 29.0 (CH,), 26.5 (CH,), 23.0 (CH,, C1), 22.7 (CH,), 14.1
(CHj3, C25). ESI-HRMS m/z [M + Na]* caled for C,5H,6N,O,Na
457.3513, found 457.3512.

5.1.9 Methyl decyl-L-prolinate (6)

Following the N-alkylation general procedure, compound 6 was
obtained from 14 and bromodecane as a yellow oil in 54% yield. "H
NMR (300 MHz, CDCl;) & 3.72 (s, 3H, C6-H), 3.26 - 3.08 (m, 2H,
C3-H, C7-Ha), 2.64 (dt, ] = 11.7, 7.9 Hz, 1H, C2-Ha), 2.44 - 2.25
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(m, 2H, C2-Hb, C7-Hb), 2.20 - 1.72 (m, 4H, C1-H, C4-H), 1.49 (m,
2H, C8-H), 1.27 (m, 14H, C9-H, C10-H, C11-H, C12-H, C13-H,
Cl4-H, C15-H), 0.88 (t, ] = 6.5 Hz, 3H, C16-H). >C NMR (75 MHz,
CDCls) 6 174.9 (C, C5), 66.3 (CH, C3), 55.3 (CH,, C2), 53.6 (CH,,
C7), 51.8 (CH3, C6), 31.9 (CH,), 29.6 (CH,, C4), 29.5 (CH,), 29.4
(CH,), 29.3 (CH,), 28.6 (CH,), 27.5 (CH,), 23.1 (CH,, Cl), 22.7
(CH,), 14.1 (CHj;, C16). ESI-HRMS m/z [M + Na]* calcd for
C16H4 NO,Na 292.2247, found 292.2245.

5.1.10 Methyl tridecyl-L-prolinate (7)

Following the N-alkylation general procedure, compound 7
was obtained from 14 and bromotridecane as a yellow oil in 42%
yield. '"H NMR (300 MHz, CDCly) & 3.73 (s, 3H, C6-H),
3.24 - 3.09 (m, 2H, C3-H, C7-Ha), 2.70 - 2.58 (m, 1H, C2-
Ha), 2.41 - 2.26 (m, 2H, C2-Hb, C7-Hb), 2.20 - 1.75 (m, 4H, C1-
H, C4-H), 1.49 (t, ] = 7.3 Hz, 2H, C8-H) 1.37 - 1.18 (m, 20H, C9-
H, C10-H, C11-H, C12-H, C13-H, C14-H, C15-H, C16-H, C17-
H, C18-H), 0.88 (t, ] = 6.6 Hz, 3H, C19-H). *C NMR (75 MHz,
CDCl;3) 8§ 175.0 (C, C5), 66.3 (CH, C3), 55.4 (CH,, C2), 53.6 (CH,,
C7), 51.9 (CHj;, C6), 31.9 (CH,), 29.7 (CH,), 29.7 (CH,), 29.7
(CH,), 29.6 (CH,), 29.6 (CH,), 29.5 (CH,), 29.4 (CH,), 29.4
(CH,), 28.7 (CH,), 27.6 (CH,), 23.2 (CH,, C1), 22.7 (CH,), 14.1
(CHs3, C19). ESI-HRMS m/z [M + Na]* calcd for C;9H3,NO,Na
335.2716, found 335.2710.

5.1.11 Methyl hexadecyl-L-prolinate (8)

Following the N-alkylation general procedure, compound 8 was
obtained from 14 and cetyl bromide as a yellow oil in 39% yield. 'H
NMR (300 MHz, CDCls) 6 3.72 (s, 3H, C6-H), 3.26 - 3.08 (m, 2H,
C3-H, C7-Ha), 2.64 (dt, ] = 11.7, 8.1 Hz, 1H, C2-Ha), 2.44 — 2.25 (m,
2H, C2-Hb, C7-Hb), 2.20 - 1.72 (m, 4H, C1-H, C4-H), 1.49 (q, ] =
7.0 Hz, 2H, C8-H), 1.26 (m, 26H, C9-H, C10-H, C11-H, CI12-H,
C13-H, C14-H, CI15-H, Cl6-H, C17-H, C18-H, C19-H, C20-H,
C21-H), 0.88 (t, ] = 6.7 Hz, 3H, C22-H). ®C NMR (75 MHz, CDCl;)
§174.9 (C, C5), 66.3 (CH, C3), 55.4 (CH,, C2), 53.6 (CH,, C7), 51.8
(CHs;, C6), 31.9 (CH,), 29.7 (CH,), 29.7 (CH,), 29.6 (CH,), 29.6
(CH,), 29.5 (CH,), 29.4 (CH,), 29.4 (CH,), 28.7 (CH,), 27.6 (CH,),
23.2 (CH,, Cl), 22.7 (CH,), 14.1 (CHs, C22).

5.1.12 Methyl (Z)-octadec-9-en-1-yl-
L-prolinate (9)

Following the N-alkylation general procedure, compound 9 was
obtained from 14 and oleyl bromide as a yellow oil in 49% yield. '"H
NMR (300 MHz, CDCl;) § 5.46 - 5.25 (m, 2H, C15-H, C16-H), 3.72
(s, 3H, C6-H), 3.25 - 3.07 (m, 2H, C3-H, C7-Ha), 2.64 (dt, ] = 11.7,
7.9 Hz, 1H, C2-Ha), 2.43 - 2.25 (m, 2H, C2-Hb, C7-Hb), 2.19 - 1.72
(m, 8H, C1-H, C4-H, C14-H, C17-H), 1.54 — 1.40 (m, 2H, C8-H),
1.39 - 1.20 (m, 22H, C9-H, C10-H, C11-H, C12-H, C13-H, C18-H,
C19-H, C20-H, C21-H, C22-H, C23-H), 0.88 (t, ] = 6.6 Hz, 3H, C24-
H). C NMR (75 MHz, CDCl;) § 175.0 (C, C5), 129.9 (CH, C16),
129.9 (CH, C15), 66.3 (CH, C3), 55.4 (CH,, C2), 53.6 (CH,, C7), 51.8
(CH,, C6), 32.6 (CH,), 31.9 (CH,), 29.8 (CH,), 29.7 (CH,), 29.7
(CH,), 29.5 (CH,, C4), 29.5 (CH,), 29.5 (CH,), 29.4 (CH,), 29.3
(CH,), 29.3 (CH,), 28.7 (CH,), 27.6 (CH,), 27.2 (CH,), 23.2 (CH,,
Cl), 22.7 (CH,), 14.1 (CH3, C24).
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5.1.13 Methyl ((2E,6E)-3,7,11-trimethyldodeca-
2,6,10-trien-1-yl)-L-prolinate (10)

Following the N-alkylation general procedure, compound 10
was obtained from 14 and farnesyl chloride as a yellow oil in 68%
yield. "H NMR (300 MHz, CDCl5) & 5.31 (t, ] = 7.1 Hz, 1H, C8-H),
5.16 - 5.04 (m, 2H, C12-H, C16-H), 3.72 (s, 34, C6-H), 3.36 — 3.04
(m, 4H, C2-Ha, C3-H, C7-H) 2.36 (q, /] = 8.4 Hz, 1H, C2-Hb),
2.20 - 1.84 (m, 12H, C1-H, C4-H, C10-H, C11-H, C14-H, C15-H),
1.70 - 1.57 (m, 12H, C18-H, C19-H, C20-H, C21-H). "C NMR
(75 MHz, CDCl;) § 174.8 (C, C5), 138.7 (C, C9), 12, 135.2 (C, C13),
16, 131.3 (C, C17), 20, 124.4 (CH, C12), 19, 124.0 (CH, C16), 15,
120.7 (CH, C8), 11, 65.4 (CH, C3), 53.5 (CH,, C2), 51.8 (CH,, C7),
51.7 (CHs, C6), 39.8 (CH,), 39.7 (CH,), 29.5 (CH,, C4), 26.8 (CH,),
26.4 (CH,), 25.7 (CH,), 23.1 (CH,, C1), 17.7 (CH,), 16.4 (CHs,),
16.0 (CH,).

5.1.14 1-(1-Decyl-1H-1,2,3-triazol-4-yl)-N,N-
dimethylmethanamine (11)

Following the Cu(I) mediated 1,3-dipolar cycloaddition general
procedure, compound 11 was obtained from N,N-dimethylprop-2-
yn-1l-amine (19) and decyl azide as a yellow oil in 31% yield. '"H
NMR (300 MHz, CDCl;) 6 7.50 (s, 1H, C5-H), 4.34 (t,] = 7.2 Hz, 2H,
C6-H), 3.63 (s, 2H, C3-H), 2.30 (s, 6H, C1-H, C2-H), 1.89 (t, ] =
7.1 Hz, 2H, C7-H), 1.34 - 1.22 (m, 14H, C8-H, C9-H, C10-H, C11-
H, C12-H, C13-H, C14-H), 0.88 (t, ] = 6.4 Hz, 3H, C15-H). "C NMR
(75 MHz, CDCl;) 6 144.9 (C, C4), 122.3 (CH, C5), 54.4 (CH,, C3),
50.3 (CH,, C6), 45.1 (CHj, C1, C2), 31.8 (CH,), 30.3 (CH,), 29.4
(CH,), 29.4 (CH,), 29.2 (CH,), 29.0 (CH,), 26.5 (CH,), 22.6 (CH,),
14.1 (CHs, C15).

5.1.15 (Z)-N,N-dimethyl-1-(1-(octadec-9-en-1-yl)-
1H-1,2,3-triazol-4-yl)methanamine (12)

Following the Cu(I) mediated 1,3-dipolar cycloaddition general
procedure, compound 12 was obtained from alkyne 19 and oleyl
azide as a yellow oil in 69% yield. '"H NMR (300 MHz, CDCl;) § 7.46
(s, IH, C5-H), 5.48 — 5.24 (m, 2H, C14-H, C15-H), 4.33 (t, J = 7.2 Hz,
2H, C6-H), 3.61 (s, 2H, C3-H), 2.28 (s, 6H, C1-H, C2-H), 2.11 - 1.81
(m, 6H, C7-H, C13-H, C16-H), 1.35 - 1.22 (m, 22H, C8-H, C9-H,
C10-H, C11-H, CI12-H, C17-H, C18-H, C19-H, C20-H, C21-H,
C22-H), 0.88 (t, ] = 6.4 Hz, 3H, C23-H). *C NMR (75 MHz, CDCl;)
8 145.2 (C, C4), 130.0 (CH, C15), 129.7 (CH, C14), 122.1 (CH, C5),
54.5 (CH,, C3), 50.3 (CH,, C6), 45.2 (CHs, C1, C2), 31.9 (CH,), 30.3
(CH,), 29.8 (CH,), 29.7 (CH,), 29.5 (CH,), 29.4 (CH,), 29.3 (CH,),
29.2 (CH,), 29.1 (CH,), 29.0 (CH,), 27.2 (CHy), 27.2 (CHy), 26.5
(CH,), 22.7 (CH,), 14.1 (CHs;, C23).

5.1.16 N,N-dimethyl-1-(1-((2E,6E)-3,7,11-
trimethyldodeca-2,6,10-trien-1-yl)-1H-1,2,3-
triazol-4-yl)methanamine (13)

Following the Cu(I) mediated 1,3-dipolar cycloaddition general
procedure, compound 13 was obtained from alkyne 19 and farnesyl
azide as a yellow oil in 27% yield. "H NMR (300 MHz, CDCl;) § 7.43
(s, 1H, C5-H), 5.43 (t, ] = 7.3 Hz, 1H, C7-H), 5.13 - 5.03 (m, 2H,
C11-H, C15-H), 4.96 (d, ] = 7.3 Hz, 2H, C6-H), 3.59 (s, 2H, C3-H),
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2.28 (s, 6H, C1-H, C2-H), 2.16 - 1.94 (m, 8H, C9-H, C10-H, C13-H,
C14-H), 1.78 (s, 3H, C20-H), 1.68 (s, 3H, C19-H), 1.60 (s, 6H, C17-
H, C18-H). *C NMR (75 MHz, CDCl;) § 145.3 (C, C4), 143.2 (C,
C8), 135.8 (C, C12), 131.4 (C, C16), 124.2 (CH, C11), 123.3 (CH,
C15), 121.6 (CH, C5), 117.0 (CH, C7), 54.5 (CH,, C3), 47.8 (CH,,
C6), 45.2 (CHs, Cl1, C2), 39.7 (CH,), 39.4 (CH,), 26.7 (CH,), 26.1
(CH,), 25.7 (CH3), 17.7 (CH3), 16.5 (CHs), 16.0 (CHs).

5.1.17 Synthesis of 2-(10-bromodecyl)isoindoline-
1,3-dione (18)

1,10-dibromodecane 17 (4 equiv.) was dissolved in anhydrous
DMF, and potassium phthalimide (1 equiv.) was added to the
solution. The reaction was carried out at 40 ‘C with constant
stirring for 24 h. Water was added, and the solution was
extracted with DCM. Combined organic extracts were dried over
Na,SO, and evaporated. Product was purified by column
chromatography in silica gel with increasing hexane/ethyl acetate
gradient to yield the expected product 18 as a white solid (51%).
Spectral data is consistent with the previously reported (Saez Talens
et al,, 2020). '"H NMR (300 MHz, CDCl;) § 7.84 (dd, ] = 5.4, 3.1 Hz,
2H, C5-H, C8-H), 7.71 (dd, J = 5.5, 3.0 Hz, 2H, C6-H, C7-H),
3.74 - 3.61 (m, 2H, C9-H), 340 (t, ] = 6.9 Hz, 2H, C18-H), 1.84 (p,
J = 6.9 Hz, 2H, C17-H), 1.73 - 1.61 (m, 2H, C10-H), 1.47 - 1.23 (m,
12H, C11-H, C12-H, C13-H, Cl14-H, C15-H, C16-H). “*C NMR
(75 MHz, CDCly) 8 168.5 (C, C1, C4), 133.8 (CH, Cé6, C7), 132.2 (C,
C2, C3), 123.2 (CH, C5, C8), 38.1 (CH,, C9), 34.0 (CH,, C18), 32.8
(CH,, C17), 29.3 (CH,), 29.1 (CH,), 28.7 (CH,), 28.6 (CH,), 28.1
(CH,), 26.8 (CH,).

5.1.18 Synthesis of N-(10-bromodecyl)-7-
nitrobenzo [c][1,2,5]oxadiazol-4-amine (19)

Following the procedure reported by Wu et al. (2007),
phtalimide 18 (1 equiv.) was dissolved in dry ethanol, the
solution was stirred and hydrazine (6 equiv.) was added.
Reaction was stirred for 12 h at room temperature. After
reaction completion, the formed solid was removed through
filtration, and the volatile components of the solution were
removed under reduced pressure. The remaining crude was
redissolved in acetonitrile/saturated aqueous NaHCO; (1:1),
the solution was stirred, and a solution of NBD-CI (1.5 equiv.)
in acetonitrile was slowly added. After 1 h of reaction at room
temperature, a solution of NBD-Cl (1.5 equiv.) in acetonitrile was
again added, and reaction was stirred for another hour. The
reaction crude was worked up with DCM and brine. The
organic solvent was collected, dried over anhydrous Na,SO4
and evaporated under reduced pressure. The product was
purified by column chromatography in silica gel eluted with
DCM, to yield 19 as an orange oil with 27%. 'H NMR
(300 MHz, CDCL) § 8.50 (d, J = 8.7 Hz, 1H, C3-H), 6.18 (d,
J = 8.6 Hz, 2H, C2-H), 3.49 (q, ] = 6.8 Hz, 2H, C7-H), 341 (t, ] =
6.8 Hz, 2H, C16-H), 1.83 (tt, ] = 14.2, 7.1 Hz, 4H, C8-H, C15-H),
1.49 - 1.28 (m, 12H, C9-H, C10-H, C11-H, C12-H, C13-H, C14-
H). C NMR (75 MHz, CDCLy) 8 144.3 (C), 143.8(C), 142.9(C),
136.5(CH, C3), 124.0(C), 98.5(CH, C2), 44.0 (CH,, C7), 34.0
(CH,, Cl16), 32.7 (CHy), 29.7 (CH,), 29.3 (CH,), 29.2 (CH,),
28.7 (CH,), 28.5 (CH,), 28.1 (CH,), 26.9 (CH,).
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5.1.19 Synthesis of N-(10-azidodecyl)-7-
nitrobenzo [c][1,2,5]oxadiazol-4-amine (20)

Bromide 19 (1 equiv.) is dissolved in DMF and NaNj; (1.5 equiv.)
is added to the reaction mixture. The reaction took course at room
temperature during 24 h. Once the reaction was complete, water was
added and the mixture was extracted with DCM. The organic phase
was dried over Na,SO, and evaporated under reduced pressure.
Azide purification was performed by column chromatography in
silica gel eluted with DCM, to yield 20 as an orange oil with 79%. '"H
NMR (300 MHz, CDCl;) 8 8.51 (d, J = 9.1 Hz, 1H, NBD), 6.18 (d, ] =
9.1 Hz, 14, NBD), 3.49 (dd, J = 13.2, 6.3 Hz, 2H, C1-H), 3.25 (t, ] =
6.9, 2H, C10-H), 1.86 - 1.76 (m, 2H), 1.64 — 1.25 (m, 14H). ®*C NMR
(75 MHz. CDCly) & = 144.3 (C), 143.9 (C), 143.8 (C), 136.4 (CH),
124.1 (C), 98.5 (CH), 51.4 (Cl1), 44.0 (C10), 29.3 (CH,), 29.2 (CH,),
29.1 (CH,), 28.8 (CH,), 28.6 (CH,), 28.5 (CH,), 26.9 (CH,),
26.7 (CH,).

5.1.20 Synthesis of methyl ((1-(10-((7-nitrobenzo
[c][1,2,5]oxadiazol-4-yl)amino)decyl)-1H-1,2,3-
triazol-4-yl)methyl)-L-prolinate (1-NBD)

Following the Cu(I) mediated 1,3-dipolar cycloaddition
general procedure, compound 1-NBD was obtained from
alkyne 16 and azide 20 as an orange solid in 32% vyield. 'H
NMR (300 MHz, CDCl;) § 8.50 (d, ] = 9.1 Hz, 1H, NBD), 7.51
(s, 1H, C7-H), 6.18 (d, J = 9.1 Hz, 1H, NBD), 4.33 (t, ] = 7.2 Hz, 2H,
C8-H), 4.01 (d, J = 13.8 Hz, C6-H, 1H), 3.82 (d, ] = 13.8 Hz, 1H,
C6-H), 3.69 (s, 3H, OMe), 3.50 (dd, J = 8.5, 5.7 Hz, C17-H, 2H),
3.34 - 329 (m, 1H, C2), 3.16 - 3.11 (m, 1H, C5), 2.54 — 2.51 (m,
1H, C5), 2.00 - 1.67 (m, 6H), 1.30 (s, 14H). *C NMR (75 MHz,
CDCly) 8 174.5 (C=0), 144.7 (C), 144.3 (C), 143.9 (C), 136.8 (=C-
H), 123.5 (C), 122.7 (C7), 98.5 (=C-H), 64.8 (C2), 53.4 (C5), 51.9
(OMe), 50.2 (CH,), 48.8 (C6), 44.0 (CH,), 30.1 (C3), 29.4 (CH,),
29.0 (CH,), 28.9(CH,), 28.7 (CH,), 28.7 (CH,), 28.4 (CH,), 28.4
(CH,), 26.8 (CH,), 26.2 (CH,), 23.1 (CH,).

5.2 Microorganisms and growth conditions
of Trypanosoma cruzi

T. cruzi strains employed: Sylvio and Dm28c (DTU TcI), Y
(DTU TclI), M6241 (DTU TcllI), Can III (DTU TcIV), 92:80 (DTU
TcV), CL14 (DTU TcVI).

T. cruzi epimastigotes were maintained in exponential
proliferation phase by successive passages (every 48 h) in LIT
medium (liver infusion 5 g/L, tryptose 5 g/L, NaCl 4 g/L, KCl
0.4 g/L, Na,HPO, 8 g/L, hemin 10 mg/L, supplemented with 10%
fetal bovine serum and glucose at a final concentration of 0.2%,
pH 7.2) (Camargo, 1964), at 28 °C and 5% CO, except
otherwise specified.

5.3 Proliferation and IC5g determinationin T.
cruzi epimastigotes

Exponentially proliferating T. cruzi epimastigotes (2.5 x 10°
cells/mL) were seeded in 96-well plates and further treated with
different concentrations of each analogue (concentration range
from 25 to 250 pM) or untreated (negative control). As a positive
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control, a combination of rotenone (60 uM) and antimycin
(0.5 uM) was used. The plates were incubated at 28 °C for
8-10 days. Cell
measured by recording the absorbance at 620 nm every 24 h
for 8-10 days as described by Magdaleno et al. (2009) The
absorbance was transformed into cell density values (cells/mL)

proliferation was spectrophotometrically

using a linear regression equation that was previously obtained
under the same conditions. Data from the mid-exponential
growth phase were used to determine the concentration of the
analogues that inhibited 50% of the parasite proliferation (ICs).
For this, we explored classic dose-response sigmoid functions to
find the best fit to the obtained data (Magdaleno et al., 2009).
Each experiment was made in triplicates, and the results
presented correspond to the average of three independent
experiments.

5.4 Effect of compounds on mammalian
cell viability

Chinese hamster ovary cell line (CHO-K;) 1.0 x 10° cells/well
were seeded in 96-well plate, 100 uL final volume in RPMI medium
supplemented with FCS (10%) in the presence of different
concentrations of compounds (200 - 3.125 uM). Cells without
treatment were used as control. After 72 h, the cell viability was
assessed by resazurin assay as previously described (Cuevas-
Hernandez et al,, 2021). The cells were incubated in the presence
of 0.125 pg/uL resazurin for 3 h at 37 °C in the absence of light. The
fluoresce signal was measured in a Spectra Max M3 fluorometer
(Molecular devices) at Ao 560 nm and A, 590 nm.

5.5 Washout of compounds

Exponentially proliferating epimastigotes were maintained in
LIT medium and treated with the IC5 or ICqy of compounds 1, 2
and 3 for 48 h. Then, the parasites were washed once in PBS and
resuspended in LIT medium, at the same initial concentration of
parasites, without treatment. Then, the parasites were seeded in 96-
well plate and kept at 28 °C. The proliferation was followed up
spectrophotometrically, as described previously. Cell death and cell
cycle were analysed 48 h after washout the treatment as described in
the next sections.

5.6 Cell death mechanism

T. cruzi, strain CL14 epimastigotes (2.5 x 10° cells/mL) were
cultured in LIT medium at 28 °C and treated with compounds 1, 2
and 3 at their respective ICs, or ICg, concentration. After 24, 48 and
72 h of incubation, treated cells and controls (1 x 10° cells/mL) were
washed once with annexin buffer (10 mM HEPES, 140 mM NaCl
and 2.5 mM CaCl,, pH 7.4) and resuspended in 50 pL of the same
buffer. The parasites were incubated in ice (protected from light), for
15 min, in the presence of annexin-V FITC (Invitrogen, Eugene,
United States),
instructions, and 1 pg/mL propidium iodide. Then, 450 uL of

Oregon, according to the manufacturer’s
annexin buffer was added, and the parasites were analysed by
flow cytometry (Accuri C6 Plus cytometer, BD Biosciences), with
10,000 events collected and analysed using Flowjo_v10.8.1 software

(Jimenez et al., 2008).
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5.7 Cell cycle analysis

Epimastigote forms were cultivated in LIT medium and treated
with ICs, or ICg of the compounds 1, 2 and 3 during 24, 48 and
72 h. To analyse the DNA content, the parasites were washed once in
PBS and resuspended in lysis buffer (phosphate buffer Na,HPO,
7.7 mM, KH,PO, 2.3 mM, pH 7.4) and digitonin 64 pM. Then, the
parasites were incubated in ice for 30 min, and propidium iodide
20 pug/mL was added. The parasites were analysed by flow cytometry
(Accuri C6 Plus cytometer, BD Biosciences), with 10,000 events
collected and analysed using Flowjo_v10.8.1 software.

5.8 Confocal microscopy

T. cruzi, strain Dm28c epimastigotes (1 mL, 107 cells) were
incubated with 25 uM of compound 1-NBD, or without treatment
(control), for 30 min at room temperature. Then, supernatant was
discarded, and cells were resuspended in PBS and incubated with
DAPI for 5 min (5 ug/mL). Afterwards, cells were washed twice with
PBS and resuspended in 500 pL of PBS. A 1:5 dilution was done to
acquire images. All images were acquired with an Invitrogen Evos
M5000 fluorescence microscope. The emission of the samples
(treated with 1-NBD)
registered at 490/535 nm under Argon laser excitation (488 nm).
The emission of the samples treated with DAPI was registered at
430/450 nm under laser excitation (405 nm) (Merli et al., 2016). All
the images were processed using the Image] software (Schneider
et al., 2012).

displaying green fluorescence was

5.9 Statistical analysis

All quantitative experiments were performed as 3 independent
biological replicates, each measured in technical triplicate. Data are
reported as mean + SD unless otherwise indicated. IC5, and CCs,
values were obtained by non-linear regression of the log (inhibitor)-
vs-response (variable slope, four-parameter) model in GraphPad
Prism 10. Statistical comparisons of compound-treated parasites
against the matched untreated control (cell-death, cell-cycle, and
washout-recovery assays) were performed by two-way ANOVA
followed by Sidak’s post-hoc multiple-comparisons test at the
95% confidence level (GraphPad Prism 10); significance is
reported as *: 0.01 < p < 0.05; **: 0.001 < p < 0.01; **: 0.0001 <
p < 0.001; ***: p < 0.0001.

6 Author summary

Chagas disease, caused by the parasite T. cruzi, is a significant
public health issue in the Americas. The amino acid proline is
essential for the parasite’s survival, proliferation, and infection. Our
study explored proline analogues that inhibit proline uptake by T.
cruzi. We tested decyl-, oleyl-, and farnesyl-substituted proline
analogues on various T. cruzi strains and analysed their effects
on cell death and the cell cycle. One analogue was tagged with a
fluorescent marker to trace its uptake and localization in the
parasite. Our findings revealed that the analogues which effect is
linked to proline transport led to cell cycle arrest, while the analogue
with action non-related to proline transport caused programmed
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cell death in T. cruzi. Structure-Activity analysis indicated that the
combination of proline and triazole is crucial for their activity, while
maintaining selectivity. These findings contribute to a deeper
understanding of the role of proline uptake and metabolism in T.
cruzi’s survival.
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