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Abstract

Background: Proline is a fundamental amino acid for Trypanosoma 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

TcAAAPO069 and inhibit the proline uptake by T. cruzi.

Methods: Decyl- (1), oleyl- (2) and farnesyl- (3) substituted proline analogues were evaluated
on six T. cruzi DTUs. Cell death type was determined by flow cytometry, and the effect on the
parasite metabolism was analysed by directed NMR exometabolomics. Structural modifications of

1 (compounds 4 — 6) were implemented to have more information on the mode of action (MoA).

Results: The compounds showed broad-spectrum activity against all DTUs. Compound 3 at
high concentration (116 pM) induced necrosis. The removal of the triazole from 1 proved to be
important for the activity. Compounds 1 and 2 induced deep changes in the exometabolome,
diminishing the amounts of succinate, lactate, acetate, and ethanol excreted. The fluorescent

labelling and subsequent microscopy showed that compound 1 can be taken up by epimastigotes.

Conclusions: Two different MoA related to proline transport for decyl and farnesyl-substituted
proline analogues are proposed. The former presented an in-cell action while the latter was not

taken up by the parasites but interacted with the extracellular side of the proline permease.

General Significance: Subtle structural variations in the compounds determine differences in
the MoA. This finding opens new perspectives that should be examined on the development of

new drugs targeting metabolite permeases.

Keywords: Trypanosoma cruzi, proline transport, NBD, fluorescence microscopy, cell death,

directed metabolomics.



1. Introduction

Chagas disease, which etiological agent is Trypanosoma cruzi, is a parasitic disease
classified within the group of neglected tropical diseases (NTDs), and constitutes a 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 1-3. Over the years,
many attempts were made to characterize the T. cruzi population structure, in order to define a
relevant number of subgroups. Taking this into account, T. cruzi strains were classified in six
discrete typing units (DTUs, Tcl - VI) **. DTUs have differences in infectivity of different vector
species, host cells, virulence, their ability to induce injury, tropism and antigenic constitution.
Furthermore, they have morphological differences in blood forms, growth rate, and susceptibility to

chemotherapeutic agents °®.

Throughout its life cycle, T. cruzi can withstand different extracellular conditions in the
insect's intestine, the mammalian bloodstream and the different host-cells cytoplasm. Each one of
these environments ‘offers’ to the parasite a different set of metabolites for establishing the
infection, proliferation and survival. In this sense, the parasite developed evolutionary adaptations,
which include its ability to rapidly switch from a metabolism based on the consumption of
carbohydrates, to a metabolism based on the consumption of amino acids ”#. Among them, it has

been early recognized the relevance of proline metabolism °.

Proline had shown to be a multi-functional metabolite in T. cruzi. It was well demonstrated its
role in cell differentiation in the insect vector %! and in the infected mammalian cell *2. In addition,
it is involved in the amastigote survival 3, the resistance to oxidative stress 46 in the ATP
production %1718 and it was proposed its participation in a redox shuttle able to rebalance the
redox power between the cytosol and the cell single mitochondrion °. In order to be available
inside the cell, proline can be taken up from the extracellular medium by two active transporters
1620 or - alternatively, can be biosynthesized from glutamate !°. Once inside the cell, it has two

possible metabolic fates beyond the obvious one as a constituent of proteins: it can be stored at



millimolar concentrations inside the cell 12, where it can be racemized to produce D-Proline by a
proline racemase %, or it can be oxidized in the mitochondria by two enzymes acting sequentially,

a proline dehydrogenase and a P5C dehydrogenase, producing FADH, and NADH, respectively

15,18

Despite the fact that its biosynthesis from glutamate has been demonstrated as well, there
are strong evidences that proline transport activity is critical for the parasite survival and
proliferation. In a previous work, we have been able to prepare L-proline derivatives as possible
inhibitors of the incorporation of this amino acid in T. cruzi. The resulting synthetic library allowed
us to find four analogues with ICso values in CL14 strain T. cruzi epimastigotes under 50 uM 22,
much lower than L-thiazolidine-4- carboxylic acid (T4C, ICso = 890 pM), the only reported
precedent in T. cruzi *. Additionally, it was possible to determine that two of these compounds with
anti-proliferative activity (1 and 3, Fig. 1) were capable of inhibiting the proline transporter
TcAAAP069 23, belonging to the first multigenic family of amino acid transporters identified in T.
cruzi, the TcAAAP family (Trypanosoma cruzi Amino Acid/Auxin Permeases) . From these

assays, it was remarkable that both compounds exhibited different kinds of transport inhibition.
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Fig. 1. L-proline analogues under study
Knowing that proline derivatives 1 and 3 have different effects on the proline transport
system, we used them as tools to get a better understanding of the role of the proline transport on
the trypanocidal/trypanostatic activity. In the present work, we analyse three of these compounds
(1, 2 and 3, Fig. 1) in terms of their range of activity against strains belonging to the six different T.

cruzi DTUs. We approach as well the mode of action of analogue 1, through the use of a
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fluorescent chemical probe and non-triazolic analogues. Additionally, we determined the cell death
mechanism triggered by each compound. Finally, we characterized the metabolic alterations

induced by the proline analogues through NMR targeted exometabolomics.

2. Materials and Methods

2.1. Microorganisms and growth conditions of Trypanosoma cruzi

T. cruzi strains employed: Sylvio (DTU Tcl), Y (DTU Tcll), M6241 (DTU Tclll), Can Il (DTU TclV),

92:80 (DTU TcV), CL14 (DTU TcVI), Dm28c (DTU Tcl).

Epimastigotes of T. cruzi were maintained in the exponential phase of growth by successive
passages at 28 °C (every 48 hours) in LIT medium (Liver Infusion Tryptose), containing liver
infusion 5 g/L, tryptose 5 g/L, NaCl 4 g/L, KCI 0.4 g/L, NaHPO. 8 g/L, hemin 10g/L, supplemented
with 10% fetal bovine serum and glucose at a final concentration of 0.2%, pH 7.2 2°, except

otherwise specified.
2.2. Proliferation of T. cruzi

The epimastigotes proliferation curves were performed in LIT medium. The curves were initiated
with 1x107 parasites/mL, 2x107 parasites/mL, 3x10’ parasites/mL or 4x10’ parasites/mL. The
parasites were cultured in 96-well culture plates, and the proliferation was followed up by counting
the number of cells in a Neubauer chamber. Alternatively, the proliferation was followed
spectrophotometrically, up by measuring the optical density at a wavelength of 620 nm and

comparing the data with those from a calibration curve, as described by Magdaleno et al .
2.3. ICso determination in T. cruzi epimastigotes

Exponentially proliferating T. cruzi epimastigotes (5x10° cells/mL) were seeded in 96-well plates
and further treated with different concentrations of each analogue (concentration range from 25 to
250 uM) or untreated (negative control). As a positive control, a combination of rotenone (60 uM)
and antimycin (0.5 uM) was used. The plates were incubated at 28 °C for 7 days. Cell proliferation
was spectrophotometrically measured by recording the absorbance at 620 nm every 24 h for 7

days. The absorbance was transformed into cell density values (cells/mL) using a linear regression



equation that was previously obtained under the same conditions. Data from the mid-exponential
growth phase (4th day) were used to determine the concentration of the analogues that inhibited
50% of the parasite proliferation (ICsp). For this, we explored classic dose-response sigmoid
functions to find the best fit to the obtained data . Each experiment was made in triplicates, and

the results presented correspond to the average of three independent experiments.
2.4. Confocal microscopy

T. cruzi, strain Dm28c epimastigotes were incubated with 25 yM of compound 4 for 30 minutes at
room temperature. Then, the cells were fixed with 500 pyL of 3.7% formaldehyde (w/v) in PBS,
washed twice with PBS, suspended in 40 uL of PBS, settled on polylysine-coated coverslips and
mounted with VectaShield. All the images were acquired with a confocal Zeiss LSM880
microscope using Zeiss Zen software. The emission of the samples displaying green fluorescence
(treated with 6) was registered at 490/535 nm under Argon laser excitation (488 nm). The emission

of the samples treated with DAPI was registered at 430/50 nm under laser excitation (405 nm) 26,

All the images were processed using the ImageJ software 2.
2.5. Cell death mechanism

T. cruzi, strain CL14 epimastigotes (5x10° cells/mL) were cultured in LIT medium at 28 °C and
treated with compounds 1, 2 and 3 at their respective ICso or ICgo concentration. On the third day of
incubation, treated cells and controls (1x10° cells/mL) were washed once with annexin buffer (10
mM HEPES, 140 mM NaCl and 2.5 mM CacCl, pH 7.4) and resuspended in 50 pyL of the same
buffer. The parasites were incubated in ice (protected from light), for 15 minutes, in the presence of
annexin-V FITC (Invitrogen, Eugene, Oregon, USA), according to the manufacturer's instructions,
and 1 pg/mL propidium iodide. Then, 450 uL of annexin buffer was added, and the parasites were
analysed by flow cytometry 28, The parasites were examined using a FACSCalibur cytometer (BD

Biosciences), with 10,000 events collected and analysed using Flowing Software 2.
2.6. Determination of metabolic change

Parasites (0.5x10° epimastigotes/mL of strain Dm28c) grown in LIT medium were transferred to

DMEM (high glucose concentration) 2% SFB culture medium, and incubated at 27 °C, for 48 h for
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adaptation. Then, the parasites were washed trice by centrifugation (3500 x g, 5 minutes at room
temperature) and resuspended in DMEM 2% SFB. After the last step, parasites resuspended in
DMEM 2% SFB were seeded in 6-well plates (4 mL per well) in the presence of each compound at
a final concentration equivalent to its ICso, and incubated for 96 h at 27 °C. As controls, parasites
were incubated in DMEM 2% SFB without any addition, or supplemented with 0.02% DMSO, the
diluent of the compounds at the maximum concentration it was added for the treatments. Parasites
were separated by centrifugation at 7500 x g for 10 minutes. The supernatants were collected and
filtered through 0.2 pm filters. The filtrates were then prepared for NMR spectroscopy. Samples
(400 pL of filtered medium) were added with 10 L DMSO-d® (internal standard) and 90 pL of D,O.
Strandards for each metabolite were prepared by mixing 398 pL of distilled H>O, 2 pyL 1 M
concentration of each metabolite, 90 puL D,O and 10 uL DMSO-d® (internal standard). Progressive
additions (2 puL each) of 1 M stocks of metabolite were made until metabolite NMR signal was
detected. The 1D NOESY-pr spectra were acquired on a Bruker Advance Il 300 MHz, making a
total of 48 accumulations. The results were expressed as a percentage relative to DMSO and with

respect to the control of the analysed strain.

3. Results

3.1. Proline analogues are active against all T. cruzi DTUs (Tc | = VI)

According to DNDi, an acceptable Target Product Profile needs to inhibit the proliferation of
T. cruzi DTUs |, I, V and VI, but ideally a drug should inhibit the proliferation of all them 2°. Taking
this into account, we set out to determine if the antiparasitic activity of our compounds against

representative strains of each one of the six DTUs.

As was mentioned, based on previous work 2223 proline analogues 1 — 3 (Fig. 1) were
selected for this study. Analogue 2 was included in the study as a control, since it did not present a
proline transport-dependant mode of action. Compounds 1 - 3 were assayed against epimastigotes
of strains belonging to DTUs Tcl to TcVI. The effect those compounds asserted in each DTU was
followed for 6 to 11 days, and ICsos were determined at the time when parasites were in the mid-

exponential growth phase. Growth and drug-response curves obtained for analogue 1 in the



different DTUs are represented in Fig. 2. The same curves obtained for analogues 2 and 3 can be

found in the Supporting Information, Figures S1 and S2.
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Fig. 2. Effect of the proline analogue 1 on the proliferation of the epimastigote form of T. cruzi Tcl -
TcVI. A: Tcl (Sylvio); B: Tcll (Y); C: Tclll (M6241); D: TclV (Can Ill); E: TcV (92:80); F: dose-
response curves derived from the proliferation curves for each strain, when the parasites were in
the mid-exponential growth phase. The time selected to perform the dose-response curves for
each strain are marked in graphs A — E in a dashed grey line. Assays were performed in triplicate.

The analogues tested were active against all DTUs with I1Cso values ranging between 20 and
55 uM (Fig. 3). More specifically, for the 3 compounds under study, we observed that the strain

belonging to TcV (92:80) was more susceptible. The strain belonging to TclV was the most



resistant to 1, and the strain belonging to TcVI was less susceptible to 3, when compared to the
other strains. These results show that the proline analogues have a broad-spectrum action against
the different T. cruzi DTUs. As a first conclusion, we can consider that there are no substantial
differences in the activity of these compounds against the different strains assessed here. For this
reason, we selected the concentration corresponding to the ICses for TcVI (CL14) as representative

for further determinations (Fig. 1).
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Fig. 3. Inhibitory concentration (ICs) determined for the proline analogues 1, 2 and 3 against T.
cruzi epimastigotes (Tcl to TcVI). Data are clusterized by DTU.

3.2. NBD-tagged decyl analogue is internalized into T. cruzi epimastigotes

In order to evaluate the possible uptake of L-proline analogue 1 by T. cruzi epimastigotes, we
designed and synthesized a fluorescent derivative, which preserved the structural requirements
that would contribute to its activity. Amino-NBD (7-amino-4-nitro-2,1,3-benzoxadiazole) was
selected as fluorophore, since it has been extensively used as a fluorescent reporter of many
metabolites, including cholesterol *°, phospholipids !, fatty acids 32 and natural products *. This
group was incorporated at the end of the decyl chain to form the fluorescent probe 4 (Fig. 4). To
estimate how the designed fluorescent analogue mimics 1, the most important topological
descriptors were considered. To this end, logP, topological polar surface area (TPSA) and volume
were calculated using molinspiration platform 34 LogP was similar for both (1 = 4.62, 4 = 5.03),

TPSA was considerable higher for 4 (1 = 60.26 A2, 4 = 157.04 A?), and the volume was bigger for



the fluorescent analogue, as expected (1 = 359.38 A3, 4 = 484.01 A®). Besides the differences on
the volume and the TPSA, that are consequence of the NBD located on the aliphatic tail, logP was
not considerably affected. In order to stablish the significance of the differences between the
calculated topological descriptors of 1 and 4, we decided also to calculate the properties for
previously reported NBD-tagged metabolites that have been successfully validated with
transporters or permeases experiments. LogP, TPSA and volume for the NBD-tagged cholesterol
3 cholic acids %, glucose ¥, fructose *® and spermidine * and the native metabolites were
calculated. The results (Table 1) showed similar or even higher differences for the reported NBD-
tagged metabolites compared to 1 and 4. Therefore, we were confident that the proposed structure

could potentially be internalized by a permease.
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Fig. 4. Similarities between 1 and 421 The fluorescent analogue preserves the most important
portion of 1
The UV-vis and fluorescent spectra of compound 4 were acquired, and the excitation and
emission fluorescence maximum were 472 nm and 538 nm, respectively (see Supporting
Information, Figures S6 and S7). Once we set the detection parameters for compound 4, we
analysed its incorporation in epimastigotes, (strain Dm28c). Parasites were incubated at different

concentrations of the analogue, between 10 and 30 uM, for 30 minutes, and prepared for confocal

microscopy. The best images were obtained for epimastigotes incubated with 25 uM of 4 (Fig. 5).
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5 pm

Fig. 5. Intracellular localization of compound 4 in epimastigotes of T. cruzi (Dm28c). Epimastigotes
were incubated during 30 min, at 28°C with 25 uM of 4. The uptake and intracellular distribution
was assessed by confocal microscopy. A: differential interference contrast (DIC) microscopy. B:

intracellular distribution of 4 following incubation with DAPI and 4. C: labelling with DAPI (blue). D:
labelling with 4 (green). The results are representative of at least three independent experiments

The analysis of the confocal images showed that the green fluorescent signal of 4 was
localized in clusters to the parasite cytoplasm and excluded from the plasmatic membrane. This
result confirms that compound 4 was taken up by either passive transport across the parasite

membrane or through a transporter. The pattern of the fluorescent signal of 4 suggested that this

compound could be accumulated in internal vesicles.
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Table 1. Physicochemical parameters of metabolites and their NBD analogues

Compound miLogP  TPSA (A%  Volume (A3 MW natoms nON nOHNH nviolations nrotb
/\/\/\/\/\le"‘ COOMe 4.62 60.26 359.38 350.51 25 6 0 0 13
1 N=N
QaN
ijN\/\/\/\/\/\N/%’JN COOMe 5.03 157.04 484.01 528.61 38 13 1 3 17
4 N=N
7.62 20.23 423.13 386.66 28 1 1 1 5
HO
Cholesterol
NO,
N
q
N® 6.50 117.00 463.97 494.64 36 8 2 1 5
HO
NBD-cholesterol
COOH
3.33 97.98 406 408.58 29 5 4 0 4
HO" “'OH
Cholic acid
COOH
O2N 5.94 174.53 522 570.69 41 11 4 3 7
N\// H “'OH
o NBD-Cholic acid
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Table 1 (cont.). Physicochemical parameters of metabolites and their NBD analogues

Compound miLogP  TPSA (A%  Volume (A3) MW natoms nON nOHNH nviolations nrotb
OH
HO,, WOH
OH -2.64 110.37 151.81 180.16 12 6 5 0 1
HO” "0
Glucose
N’O\E\l Ho§H
S N, WOH
/O/ /(i -0.26 186.92 268.18 342.26 24 12 5 1 4
O,N HO™ o OH
NBD-glucose
O, ,MoH
HO
A(\Z/ -2.04 110.37 151.46 180.16 12 6 5 0 2
HO  ©OH
Fructose
0. ,OH NO;
HO ty
/\q \N/QN -0.10 186.92 267.83 342.26 24 12 5 1 5
HO OH H N‘O/
NBD-fructose
H
PN AN, -1.83 64.07 165.23 145.25 10 3 5 0 7
Spermidine
H
NS N~ NH 0.67 134.82 278.33 308.34 22 9 4 0 10
H
NBD-spermidine
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3.3. Triazole moiety is crucial for activity in the decyl-substituted analogue

In order to determine the role of triazole moiety in the activity of compound 1, non-triazolic
analogues 5 and 6 (Fig. 6) were tested against CL14 epimastigotes. We chose N-substitution with
alkyl chains of 10 (5) and 13 (6) carbons, in a way that compound 5 has the same alkyl substituent,
and compound 6 preserves the same chain length as 1. None of these compounds had
trypanocidal activity at concentrations up to (100 uM), indicating that the triazole moiety plays a

critical role for the anti-T. cruzi activity.
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0
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N/\/\/\/\/\/\/

6
Fig. 6. Non-triazolic L-proline analogues

3.4. Farnesyl analogue promotes necrosis at high concentration

Programmed cell death (PCD) refers to broad spectrum processes leading to cell death.
Their common feature is their development through an organized and ordered sequence of events
leading to morphological and biochemical changes of the cell. One of the landmarks of these
processes consists of the exposure of phosphatidylserine on the extracellular leaflet of the plasma
membrane. In order to investigate the effect the compounds assayed herein are having in the cell
death mechanism, acting through the induction of PCD we analysed the presence of
phosphatidylserine at the external surface of the parasite, as well as the cell membrane rupture by
using FITC-labelled Annexin-V/propidium iodide double labelling and cytometry analysis. The

parasites (CL14 epimastigotes) were incubated in the presence of the inhibitors 1, 2 and 3, at their
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respective 1Csp and ICg concentrations, for 72 hours, and Annexin

labelling was added to perform the flow cytometry analysis (Fig. 7).
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Fig. 7. Flow cytometry results T. cruzi epimastigotes (CL14) treated with compounds 1-3. A, B:
Compound 1 (ICso = 39 uM, ICg0 = 74 uM); C, D: Compound 2 (ICsp = 35 UM, ICgo = 54 uM); E, F:
Compound 3 (ICso =49 uM, ICg = 116 uM). Panels A, C, E [cmpd]= ICso. Panels B, D, F [cmpd]=
ICs0. The subtraction corresponding to the percentage of cell death obtained in each quadrant for
the control has already been carried out

As shown in Fig. 7, all 3 compounds showed a labelling pattern different from that expected

for PCD or necrosis at concentrations corresponding to their ICso' since more than 95% of cells

remained unlabelled with either Annexin V-FITC or propidium iodide. When 1 and 2 were
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administered at a concentration equal to their respective ICgo, the same effect was observed. But,
in treatments with 3 at its 1Cso, cell membrane rupture was detected in 76% of cells, indicating that

necrosis started to gain relevance when concentration of this compound was raised.
3.5. Farnesyl analogue does not induce significant changes in the parasite metabolism

Considering the important role L-proline has on the energetic metabolism in T. cruzi, and
having proved that some of the proline analogues studied here affect the proline uptake and
transport in epimastigotes %22, we decided to study how these analogues affect T. cruzi the
excretion of end-products of the metabolism. To this end, parasites (0.5x10° epimastigotes/mL,
strain Dm28c) maintained in DMEM (high glucose concentration) 2% SFB were treated with
analogues 1, 2 or 3 at a concentration corresponding to their ICso. The obtained spent medium was
analysed by NMR spectroscopy. In this case we focused our analysis on the quantitative detection
of lactate (Lac), acetate (AcO), pyruvate (Pyr) and succinate (Suc), and the amino acids alanine
(Ala) and glycine (Gly), since most of them have been described as being the most relevant
metabolites excreted by T. cruzi, under normal growth conditions #°. Regarding ethanol as an
excreted metabolite, previous reports showed that most of T. cruzi strains do not possess the
necessary enzymes to produce that metabolite “°. However, certain clones of the Bolivian strain of
T. cruzi that secreted EtOH have been described . The results from this assay are shown in Fig.

8.
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Fig. 8. Metabolic change determined for T. cruzi epimastigotes treatment with 1, 2 and 3. All
results are indicated as relative percentage, respect to the non-inhibited control. Significance level:
*P <0.05; ** P <0.01; ** P <0.001, compared to control. Metabolites analysed: A: Succinate; B:

Acetate; C: Pyruvate; D: Lactate; E Ethanol; F: Alanine; G: Glycine.

Our results showed that compounds 1 and 2 induce a similar metabolic behaviour, producing
decreases in the amount of Lac, AcO, EtOH and Suc. Importantly, a higher difference in the
amounts of Suc was detected for the treatment with compound 1 when compared to its control.
Compound 3 did not produce any significant changes in the metabolism respect to the control,

since it only caused a significant decrease for the excretion of EtOH.

4. Discussion

The relevance of proline for T. cruzi metabolism has been established for the first time by the
end of the 1950s 2, when the ability of epimastigotes to oxidize this amino acid was demonstrated.

The relationship between amino acid consumption and energy metabolism in trypanosomatids was
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later described *3, having proposed that the enzymes involved in these pathways could constitute

targets for the development of new chemotherapeutic agents .

Here we showed that three proline analogues were active against different T. cruzi strains
representing the six DTUs (Fig. 3). Interestingly, the strain belonging to TcV was more sensitive to
this type of compounds. On the other hand, the strain belonging to TcVI proved to be less sensitive
to the analogue 3, while the strain belonging to TclV was less sensitive to the analogue 1. A
Nevertheless, it is not easy to derive conclusions from such subtle differences. For example,
previous studies have shown differences in the susceptibility to benznidazole among different
strains. However, nowadays it is considered that differences observed in clinical trials are more
likely due to environmental factors than due to intrinsic biological differences of the strains 4. Based
on those precedents, the tested compounds displayed similar effects regardless the strain.

Therefore, these compounds show broad-spectrum activity against the different T. cruzi DTUs.

It has been previously reported that the analogue 1 was not as effective as 3 as a proline
transport inhibitor 23, Indeed, those differences were explained based on the restricted
conformation of compound 3 due to the multiple double bonds of the farnesyl chain. Additionally,
its test against a transgenic parasite overexpressing the TCAAAPQ069 proline permease has shown
that compound 3 was able to inhibit the proline uptake after 1 h incubation 23, This result suggested
that the farnesyl derivative 3 was not internalized by the parasite, acting as a blocker of the

transporter from the extracellular side.

Compound 1 was tagged with NBD to make the fluorescent analogue 4 to track the uptake
and its intracellular fate. Remarkably, this strategy is almost unexplored for antiparasitic drugs
action mechanism studies, with few exceptions including miltefosine 4°, artemisinin 46 and
chloroquine #’. The green fluorescent signal of the NBD derivative of compound 1 (Fig. 5) was
localized to the parasite cytoplasm in clusters resembling intra-organelle localization. The fact that
the compound was indeed transported into the cell together with the proline uptake inhibition 22,
allowed us to postulate that: i. compound 1 (from which compound 4 is derived) could be
competing with the amino acid incorporation, and ii. compound 1 has a different inhibition

mechanism than 3.
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Variations of compound 1 were used as well to identify critical moieties for its trypanocidal
activity. Compounds 5 and 6 (Fig. 6) were synthesized mimicking compound 1 but without the
triazole moiety. Their lack of effect on the parasite led us to conclude that the triazole is critical for
the trypanocidal activity. The 1,2,3-triazoles are part of a wide variety of biologically relevant
structures, and are capable of mimic an amide bond, being biocompatible and very stable
structures “. Although 1,2,3-triazoles are mostly used as linkers in biologically active structures,
they can also interact with different biological targets. In addition, they are nowadays also
recognized as a pharmacophoric structure *°. We have previously designed and synthesized
isoprenylic 1,4-disubstituted 1,2,3-triazoles as T. cruzi CYP51 inhibitors *°. We found that the 1,2,3-
triazole analogue holding an E,E-farnesyl substituent on N1 and a methyl carboxylate on C4
(compound 7, Fig. 9) improved the trypanocidal activity, compared to alkyl substituent on the C4
position. Those findings lead us to conclude that the carboxylate on C4 plays an important role
improving on the activity against T. cruzi. In this sense, for compound 1, it is expected that the
proline-triazole hybrid would be responsible for its action, where the methyl ester group would also
play an important role. On the other hand, comparing the methyl ester triazole 7 with proline
analogue 3, it seems clear that the mere replacement of the methyl ester by a methyl prolinate is
producing a change in the mode of action. Indeed, compound 7 proved to bind CYP51 *° without
evidence that indicates that this compound is not internalized into the parasite, while compound 3

binds and inhibits the proline permease from outside the cell, not being internalized by the parasite

23
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Fig. 9. Farnesyl triazoles active against T. cruzi
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When cell death type was studied, we found that compound 3 can produce necrosis at a high
concentration (i.e., 1Cgo), but this effect was not observed at a lower concentration. From the
transport inhibition assays %, we learned that compound 3 acts by blocking the proline transporter
TcAAAPO069, so this analogue is not incorporated into the epimastigotes. Taking this into account,
when concentration of 3 is increased, the cell membrane begins to saturate, and a change in its
permeability is possible, leading to a necrotic cell death. The fact that compounds 1 and 2, either at
low or high concentrations, did not show death features (Fig. 7) led us to propose a trypanostatic

rather than a trypanocidal mode of action.

The ability of T. cruzi to metabolize amino acids has been reported °425!, Regarding proline,
it is oxidized in two enzymatic steps to glutamate, which can be transported from the cytoplasm to
the mitochondria and incorporated into the tricarboxylic acid (TCA) cycle *. Proline oxidation has
been described to occur in the mitochondria, stimulating cellular respiration and carrying out ATP
synthesis through the oxidative phosphorylation process *%2. Since T. cruzi does not have
intracellular glycogen as an energy reserve, glucose is obtained from the extracellular environment
through a transport system and then it is catabolized, producing reduced metabolites, mainly
succinate and L-alanine . In the present work, we set up to determine if the proline analogues 1 —
3 were capable of interfering with the normal metabolic pathway in T. cruzi (Scheme 1). An
approach was made to follow-up by NMR the different metabolites excreted by T. cruzi when
treated with 1 — 3 at their ICsos. Observing the results from the metabolomics assays (Fig. 8), it is
appreciable that compounds 1 and 2 had a similar behaviour, causing a significant decrease in
most metabolites, and this could be due to a redox imbalance in the mitochondria, induced by the
incorporation of the analogues to the parasite. The analogue 3 did not show significant changes in
the metabolic values studied, as expected. As we proposed in our previous work 23, this compound
would be acting by blocking the transporter. This would cause neither proline nor the analogue to
enter into the cell, and would provoke a differential response. We could expect that once the
glucose is consumed, the parasite would not have access to the proline of the medium and this

would cause its death.
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Scheme 1. Central metabolism in T. cruzi epimastigotes. Metabolites under study in this work
are highlighted in purple. Glucose and Proline (light blue) are introduced from extracellular media

Our findings exposed in this work reinforce our initial hypothesis, where we proposed that
compounds 1 and 3 have different modes of action. On the one hand, analogue 1 showed a similar
response than 2 in the cell death type and metabolomics assays, but 1 proved to inhibit proline
uptake and transport, effect not observed in 2 2223, Therefore, 1 and 2 may be acting on the same
in-cell target, with the difference that 1 may be taking advantage of the proline transport system to
be internalized. On the other hand, compound 3, showed a necrotic death pathway at high
concentrations, along with poor, or no change in the metabolic cycle, respect to the non-inhibited
control. Both assays indicate that the most plausible mode of action for this analogue takes place
form the extracellular space, in accordance with our previous studies where 3 proved to bind the

proline permease and not being internalized .

5. Conclusion

In this work we demonstrated that we were able to produce proline analogues that effect their
action by two different mechanisms. Compound 1 may be acting by being recognized and
incorporated to the parasite by the proline transport system, and inhibition could be due to the
proline — triazole moiety interacting with an in-cell target. This compound most likely competes with

proline to enter to the parasite. Compound 3 blocks the proline transport system and produces a
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proline depletion in the parasite. Since proline is fundamental for many biological processes in T.

cruzi, 3 provokes a parasite misfunction, which leads to a necrotic death.

Both modes of action open doors to different inhibition strategies. The first one has the
potential for the design of new compounds with Trojan horse mode of action, derived from already
known inhibitors, but improving permeability properties by the addition of proline as a recognition
motif for the permease, and, in consequence, increase the inhibitor internalization, previously
made by passive diffusion. The second mode of action involves a direct inhibition of the proline
permease, and proved that proline depletion can lead to loss of cell viability. Further structural
optimization of analogue 3 will lead us to a compound with a high potency with scarce to non-
adverse effects. This will lead to a better understanding of the active site and ligand - target

interactions.
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