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« A Benznidazole derivative was
synthesized and immobilized into a
solid matrix.

« Trypanosoma cruzi proteins were
confronted with the immobilized

drug.

« Bound proteins were visualized by Qs
electrophoresis and identified by &N;s
mass spectrometry. o

« The aldoketo reductase TcAKR was
found among the Bzn interacting
partners.
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Benznidazole (Bzn) is a nitroimidazole drug currently used as first line treatment against Chagas disease,
a neglected tropical disease caused by the flagellated protozoan Trypanosoma cruzi. Although the drug has
been used since the late 1960s, its mechanism of action is not fully understood. In an attempt to study
Bzn mode of action, a structurally modified derivative of the drug was synthesized and immobilized into
a solid matrix. This allowed enrichment of T. cruzi proteins capable of binding immobilized Bzn, which
were subsequently analysed by mass spectrometry. The proteins identified as specific non-covalent
Bzn interactors were a homologue of the bacterial YjeF proteins, a Sec23A orthologue and the aldo-
ketoreductase family member TcAKR. TcAKR is closely related to other enzymes previously associated
with Bzn reductive activation such as NTRI and TcOYE. Thus, our untargeted search for Bzn binding
partners allowed us to encounter proteins that could be related to drug reductive activation and/or
resistance mechanisms.

© 2014 Elsevier Inc. All rights reserved.
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1. Introduction

Chagas disease has been recognized by the World Health Orga-
nization (WHO) as one of the world’s 17 most neglected tropical
diseases. Although there has been a remarkable reduction in the
prevalence of this disease during the last few decades, estimates
indicate there are 13,000 annual deaths, 10 million people infected
worldwide, and 40 million at risk of infection (Remme et al., 2006,
Schofield et al., 2006). The kinetoplastid parasite Trypanosoma cruzi
is the causative agent of this zoonosis, naturally transmitted to
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humans and other mammals by reduviid insects of the subfamily
Triatominae, but also transmitted by blood transfusions, organ
transplants, orally through contaminated food, and vertically from
mother to child (Rassi et al., 2010).

Benznidazole (Bzn), formerly commercialized as Rochagan® and
Radanil® (Roche), and Nifurtimox (Nfx), marketed as Lampit®
(Bayer), are the only drugs proven effective against Chagas disease.
Benznidazole has the best safety and efficacy profile, and therefore
is usually used as a first line treatment. Both Bzn and Nfx have un-
wanted side effects that can lead to treatment discontinuation,
both are genotoxic and may be carcinogenic, dosage regimes are
very complex, and resistance is an increasing problem. One major
limitation these drugs present is their low anti-parasitic activity in
the established chronic disease, which is its most prevalent presen-
tation (Urbina, 2010; Wilkinson et al., 2011) and the therapeutic
benefits of Bzn in established mild to moderate Chagas disease
are under scrutiny by the BENEFIT trial (Marin-Neto et al., 2009).
Although the available drugs present certain limitations, only a
few compounds are currently undergoing clinical trials against
chronic Chagas disease, and there are no immediate prospects of
vaccines.

Bzn and Nfx were empirically discovered as anti-trypanosomal
agents without a clear understanding of their mechanisms of ac-
tion. Both are nitro-heterocyclic compounds which contain a nitro
group linked to an imidazole or furan ring, respectively. These
agents act as pro-drugs and need to be reductively activated to
have cytotoxic effects (Docampo and Stoppani, 1980; Marin-Neto
et al., 2009; Wilkinson et al., 2011). Several trypanosomal enzymes
have been related to the metabolism of Bzn and Nfx (Wilkinson
and Kelly, 2009). Different lines of evidence suggest that a type |
nitroreductase (NTR I) may act as the main reductase of both drugs
in vivo (Wilkinson et al., 2011), generating the toxic metabolites
(Hall et al., 2011; Hall and Wilkinson, 2012). Parasites overexpress-
ing this enzyme have increased sensitivity towards the drugs,
while null heterozygous mutants (Wilkinson et al., 2008), and also
RNAI induced parasites targeting the NTR I transcript, display high-
er resistance to both Nfx and Bzn (Baker et al., 2011). Covalent
binding to macromolecules including DNA and proteins has been
demonstrated for Bzn (Diaz de Toranzo et al., 1988; Maya et al.,
2007), as well as the decrease of low molecular weight thiols after
treatment (Maya et al., 1997). Nevertheless the involvement of
additional proteins on Bzn metabolism, including enzymes that
may act on Bzn reduction or detoxification still remains uncertain.
As a consequence, in this work we searched, by means of chemical
proteomics (Menna-Barreto et al., 2014; Terstappen et al., 2007),
for proteins capable of associating with an immobilized derivative
of Bzn. Here we report a discrete number of Bzn binding proteins,
including the aldo-ketoredutase family member TcAKR.

2. Materials and methods

2.1. Synthesis of the benznidazole derivative Bzn1 (N-(4-(piperazin-1-
yisulfonyl)benzyl)-2-(2-nitro-1H-imidazol-1-yl)acetamide)

All starting materials were commercially available research-
grade chemicals and used without further purification. All solvents
were dried and distilled prior to use. Melting points were deter-
mined with an electrothermal melting point apparatus (Electro-
thermal 9100) and were uncorrected. Proton and carbon NMR
spectra were recorded on a Bruker DPX-400 spectrometer. The
chemical shift values are expressed in ppm relative to tetramethyl-
silane, which was used as an internal standard. Mass spectra were
determined using an MSD 5973 Hewlett-Packard spectrometer
with electronic impact at 70 eV (EI). UV-spectra were recorded
using a Varian Cary 50 Tablet UV-Visible Spectrophotometer.

Column chromatography was carried out using Merck silica gel
(60-230 mesh).

2.2. Synthesis of intermediate I

(Grunewald et al., 2005) Sulfurochloridic acid (15 equivalents
dissolved in dichloromethane) was added dropwise to Bzn (1
equivalent) during 15 min at 0°C and under an N, atmosphere.
The mixture was left stirring at room temperature for 4 h. The reac-
tion was followed by TLC (SiO,, dichloromethane:methanol, 95:5).
The product was partitioned between a phosphate buffer solution
of pH 7.0 and dichloromethane (4 times) in an ice bath. It was then
rapidly dried with anhydrous sodium sulphate and evaporated in
vacuo. Finally, petroleum ether was added and evaporated in vacuo
again, a yellow solid precipitated (intermediate (1)), yield 60%.

2.2.1. Preparation of intermediate II

N-Boc piperazine (1.05 equivalents dissolved in dichlorometh-
ane) was added dropwise, during 15 min at 0 °C and under an N,
atmosphere, to one equivalent of intermediate (I) in presence of
triethylamine (10 equivalents) and dissolved in dichloromethane
(1 mL per 100 mg of intermediate (I)). After the addition was com-
pleted the mixture was left at room temperature for 12 h. The reac-
tion was monitored by TLC (Al,0s, dichloromethane:methanol,
95:5). The mixture was partitioned between phosphate buffer pH
6.0-7.0 and dichloromethane. Then it was dried with anhydrous
sodium sulphate and evaporated in vacuo. Finally petroleum ether
was added and evaporated in vacuo again. The residue, intermedi-
ate (II) (yield 75%), was used as it in the following synthetic step.

2.2.2. Preparation of Bzn1 (N-(4-(piperazin-1-ylsulfonyl)benzyl)-2-(2-
nitro-1H-imidazol-1-yl)acetamide)

Intermediate (II) was reacted with TFA (12 equivalents) dis-
solved in dichloromethane (3 mL). The addition was carried out
dropwise over 15 min in an ice bath. After the addition was com-
pleted the mixture was left at room temperature for 24 h. At the
end of the reaction, the mixture was partitioned between phos-
phate buffer pH 6.0-7.0 and dichloromethane, dried with anhy-
drous sodium sulphate and evaporated in vacuo. The crude was
purified on a chromatographic column (Al,03) with a gradient of
dichloromethane: methanol (0-5%). Yellow solid, yield 20%, mp
69.0-71.0 °C. MS (EI) m/z (abundance,%): 409 (M*, 100). 'TH NMR
((CD3),S0) &: 2.76 (bs, 4H), 2.78 (bs, 4H), 4.45 (d, 2H, ] = 5.9 Hz),
5.21 (s, 2H), 7.21 (d, 1H, J=1.0Hz), 7.54 (d, 2H, ] = 8.4 Hz), 7.66
(d, 1H, J=1.0Hz), 7.70 (d, 2H, ] = 8.4 Hz), 8.32 (bs, 1H), 8.99 (bs,
1H). 3C NMR ((CDs),S0) &: 42.0, 45.0, 47.0, 52.0, 128.0 (two car-
bons), 129.0 (two carbons), 134.0, 145.0 (two carbons), 167.0. Jmax
(acetonitrile) =320 nm (¢=6.13 cm™ ' mM™ ).

2.3. Parasites

T. cruzi epimastigotes of the DM28c strain (Contreras et al.,
1988) were grown in LIT medium supplemented with yeast extract
and 10% FBS at 28 °C (Camargo, 1964).

2.4. Protein extracts

Total protein extracts were prepared from exponentially grow-
ing T. cruzi epimastigotes (5 x 107 cells/mL). Parasites were centri-
fuged at 2000g, washed three times with cold PBS (Phosphate-
Buffered Saline: 1.2 mM KH,PO,4, 8.1 mM Na,HPO,4, 130 mM Nadl,
26mM KCI pH 7.4) and resuspended in cold lysis buffer
(150 mM NaCl, 1% Triton X-100, 0.25% NP40, 50 mM Hepes,
1 mM DTT, 1X Protease inhibitor cocktail (Sigma), 1 mM PMSF,
pH 7.9). Parasites were lysed with three freeze-thaw cycles with
liquid N, —37 °C. The lysates were cleared by centrifugation at
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100,000g for 30 min at 4°C. The resulting supernatants were
immediately used or conserved at —80 °C until use. Proteins were
quantified with Bradford reagent (Sigma).

2.5. Affinity chromatography

The benznidazole derivative, Bzn1, was covalently coupled to
NHS-activated Sepharose 4 Fast Flow (GE Healthcare) as recom-
mended by the manufacturer. NHS-activated is comprised of an
N-hydroxysuccinimide (NHS) ester attached by epichloro-hydrine
to Sepharose via a 6-atom spacer arm. Briefly, beads were washed
three times with cold 1 mM HCI, immediately resuspended in cou-
pling buffer (0.2 M NaHCOs, 0.5 M NaCl pH 8) containing 10 pmol
Bzn1 every 0.5 mL of packed beads, and incubated 30 min at 20 °C.
After binding the free sites were inactivated with three cycles of
washing with buffer A (0.5M ethanolamine, 0.5 M NaCl pH 8)
and buffer B (0.1 M sodium acetate, 0.5 M NaCl pH 4). Beads were
resuspended in coupling buffer and stored at 4 °C until use. The
coupling process was followed by UV-spectrophotometry. Briefly,
aliquots of incubation mixture, t=0 and 30 min, were measured
at 320 nm. The concentration of free Bzn1 was determined from
the corresponding calibration curve in acetonitrile (HPLC grade).
Percentage of reaction = 58%.

(a)
oIy (O

hydrolysis ™/

o]
\)\\OH

different
NO2 assayed
conditions \
(b) .
-
- cl
D (e
Y CH,Cl,
NO, 0°Ctort
Bzn A )
(o}
. CH,CI,/TFA
N N\)\N/\Q\u 0 Shcs
H s
NO, N 0°Ctort
\) 24h
Bzn1 (\
N
H
Activated
Sepharose
beads
(c)
O
Q—spacer—{ OyN
N

Bzn coupled beads

35

For affinity chromatography, beads were washed twice with ly-
sis buffer and incubated with protein extracts for 2 h at 4 °C. Three
mg of protein were used with 25 pL of packed beads. After protein
incubation beads were washed three times with wash buffer
(150 mM Nacl, 0.25% NP40, 50 mM Hepes pH 7.9). Bound proteins
were eluted by incubation with denaturing sample buffer (2% SDS,
10% Glycerol, 1.55% DTT, 0.002% bromophenol blue, 67.5 mM
Tris-HCl) for 5 min at 95 °C. Eluted proteins were separated by
SDS-PAGE in 12% acrilamide gels (Laemmli, 1970) and visualized
by silver staining as previously described (Parodi-Talice et al.,
2007). Attempts to elute bound proteins with up to 10 mM Bzn
or Bzn1 were not successful and compound precipitation due to
low water solubility hindered the use of higher drug concentrations.

2.6. Mass spectrometry analysis

Selected protein slices were treated in-gel with trypsin
(Sequencing-grade Promega) overnight at 37 °C and resulting pep-
tides were extracted using 60% acetonitrile in 0.2% TFA, concen-
trated by vacuum drying and desalted using C18 reverse phase
micro-columns (OMIX Pippete tips, Varian). Peptide elution from
the micro-columns was performed directly into the mass spec-
trometer sample plate with 3 pL of matrix solution (o-cyano-4-
hydroxycinnamic acid in 60% acetonitrile, containing 0.2% TFA).
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Fig. 1. Approach to obtain Bzn coupled beads. (a) Attempts to prepare Bzn derivative (X). (b) Synthetic approach to obtain nucleophilic Bzn derivative Bzn1. (c) Schematic
structure of the affinity matrix obtained after reaction of Bzn1 (Bzn coupled beads) or ethanolamine (Control beads) with activated Sepharose beads. Spacer: 6 carbon spacer

arm.
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Mass spectra for the digestion mixtures were acquired in a 4800
MALDI-TOF/TOF instrument (Applied Biosystems) in reflector
mode, externally calibrated using a mixture of peptide standards
(Applied Biosystems). Collision-induced dissociation MS/MS exper-
iments of selected peptides were performed. Proteins were identi-
fied by searching the NCBInr database (2011) using the MASCOT
search engine in the “Mascot sequence query” mode (Perkins
et al., 1999). The following search parameters were used: taxon-
omy, all entries; monoisotopic mass tolerance, 0.05 Da; fragment
mass tolerance, 0.6 Da; methionine oxidation as a variable modifi-
cation and one missed tryptic cleavage allowed. Significant peptide
ion and protein scores (p < 0.05) were used as criteria for positive
protein identification.

3. Results and discussion
3.1. Synthesis of a Benznidazole derivative linkable to Sepharose beads

In order to generate a Benznidazole derivative with an amino-
group linkable to Sepharose beads with activated acid groups, we
planned to modify the molecule in a remote position from the
main pharmacophore, the 2-nitroimidazolyl moiety. This moiety
has been well recognized as the responsible of the toxic effects
to the parasite (Wilkinson et al., 2011) determining that other
changes in the molecules could not cause any change in its mech-
anism of action. We designed structures that carried the nucleo-
philic connector, amino-group, in the benzylic position of Bzn,
and two different strategies were assayed. On one hand we tried
to exchange the benzylamino moiety of Bzn for a p-(amino-
methyl)benzylamino group. The first step for this strategy was to
hydrolyse the Bnz-amide moiety to later make a new amide-bond
with 1,4-bis(aminomethyl)benzene, generating derivative (X)
(Fig. 1a). However, we were not able to obtain the desired acid
intermediate in any of the tested conditions, producing the com-
plete decomposition of the imidazole ring. Consequently, we
planned a new synthetic route (via intermediates (I) and (II)) as
an alternative to obtain the Bzn-nucleophilic Bzn1 (Fig. 1b). After
synthesis, Bzn1 was reacted into the electrophilic resin with the
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Fig. 2. Enrichment of T. cruzi proteins with affinity to immobilized Benznidazole.
Proteins eluted from Sepharose beads with immobilized Bzn (Bzn) and from control
beads (C) were separated by SDS-PAGE and visualized by silver staining. Elutions
from three representative independent protein extracts are shown (el, e2 and e3).
Arrows mark bands that were cut for protein identification by MS (Table 1). Marked
bands were observed in all elutions from immobilized Bzn and equivalent bands
were not observed in any of the control elutions from the six independent protein
extracts analyzed. Bands that did not meet these criteria were not considered for
identification.

activated acid connector. Nearly sixty percent of the compound re-
acted with the activated beads as measured by UV-spectrophotom-
etry when used in a ratio of 1:2 (compound: available bead acid
sites). As control, beads were prepared under the same conditions
in the absence of Bzn1 (Fig. 1c).

3.2. A discrete number of T. cruzi proteins bind to immobilized
Benznidazole

To allow enrichment of proteins interacting with Bzn, total na-
tive T. cruzi protein extracts were incubated with Bzn-coupled
beads. After washing, bound proteins were eluted in denaturing
conditions, separated by SDS-PAGE and visualized by silver stain-
ing. Several moderate to high intensity bands were detected in the
eluates from Bzn beads, whereas only very faint bands were de-
tected in the eluates from control beads (Fig. 2). Six independent
protein extracts showed the same pattern of eluted proteins. Bands
detected only on Bzn eluates and absent from control eluates were
excised and analysed by MALDI-TOF/TOF MS for protein identifica-
tion (Table 1 and Supplementary data S1), allowing the identifica-
tion of Bzn non-covalent binding partners.

Six protein bands were specifically detected in Bzn coupled
beads elutions and analysed through mass spectrometry (Fig. 2
and Table 1). Several conditions were tested for enrichment of spe-
cific Bzn binding proteins. The pattern of eluted proteins was un-
changed in a range of protein concentrations (20-5 pg/uL) (not
shown), and was highly reproducible with independent protein ex-
tracts. Moreover, previous work on the T. cruzi complete proteome,
using gel based methodologies (Andrade et al., 2008; Paba et al.,
2004; Parodi-Talice et al., 2004), failed to detect the proteins en-
riched in this work after affinity with Bzn, probably due to low
abundance. On the other hand, with the exception of tubulin,
highly abundant proteins were not bound to immobilized Bzn,
reinforcing the idea that the observed interactions are specific.

A T. cruzi protein of 83 kDa was identified in band 1 (Fig. 2,
Table 1) showing sequence identity to the eukaryotic protein
transport protein Sec23A. This gene is syntenic with the
Trypanosoma brucei SEC23.2 gene [TriTrypDB: Tb927.10.7740],
essential in the African trypanosome (Sevova and Bangs, 2009).
Sec23A proteins, including T. brucei orthologues, are components
of the Coat Protein Complex II (COP II), which coats vesicles in
the endoplasmic reticulum (ER) to transport newly synthesized
cargo proteins to the Golgi Complex (Barlowe et al., 1994).

The protein identified in band 2 (Fig. 2, Table 1) has a molecular
weight of 63 kDa and sequence similarity to the bacterial YjeF pro-
teins, included in the carbohydrate kinase superfamily (see Supple-
mentary data S2). The T. cruzi protein has the same domain
architecture as the bacterial homologues, with YjeF N and C
terminal domains. The E. coli homologue is a non-essential protein
involved in the repair of hydrated NAD(P)H. The protein is a
bi-functional enzyme that dehydrates (S) NAD(P)HX in an ADP
dependent manner and also acts as an epimerase interconverting
(R) and (S) NAD(P)HX (Marbaix et al., 2011).

Tubulins were identified in three different bands (3, 4 and 6,
Fig. 2 and Table 1). Even though there could be a specific interac-
tion with Bzn, T. cruzi alpha and beta tubulin were identified in
several bands with different apparent molecular weights using
the same approach (gel based MALDI-MS proteomics) with other
unrelated immobilized compounds (not shown), suggesting that
they may represent a common contaminant.

A 32 kDa protein was identified in band 5 (Fig. 2 and Table 1),
named TcAKR by Garavaglia and co-workers (Garavaglia et al.,
2010). The protein belongs to the aldo-ketoreductase superfamily
and shows a high degree of similarity (59%) with the Prostaglandin
F2a synthase of Trypanosoma brucei (TbPGFS). TcAKR can reduce
in vitro o-naphtoquinones but not p-naphtoquinones, although its
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Table 1

Identification of Benznidazole binding proteins by MALDI-TOF/TOF MS and NCBInr database search using Mascot.

Band Protein name Protein ID Theoretical MW (kDa) Sequence coverage (%) Protein score
1 Protein transport protein Sec23A XP_806661 83.5 8 116 (>84)

2 YXKO-related protein EFZ33320 63.5 20 99 (>84)

3 Alpha-tubulin AAA99441 46.9 35 113 (>84)

4 Beta tubulin AAA91958 49.4 36 187 (>84)

5 Prostaglandin F synthase XP_814362 325 59 191 (>84)

6 Beta tubulin 1.9 AAL75956.1 49.7 44 150 (>84)

Proteins were identified using PMF data in combination with MS/MS data. Scores greater than those indicated in parentheses were considered significant (p < 0.05) according

to the Mascot algorithm. Band numbers correspond to those shown in Fig. 2.

physiological role is still unknown and reductive activity towards
Bzn has not been reported. In T. brucei, the overexpression of
TbPGFS does not change the parasites’ sensitivity towards Bzn
(Hall and Wilkinson, 2012).

TcNTRI and TbNTRI diminished expression results in Nfx and
Bzn resistant phenotypes (Wilkinson et al., 2011), whereas overex-
pression produces hypersensitivity, which stands for their critical
role in the toxicity of both drugs against trypanosomes. In T. cruzi,
the nitro-reduction of heterocyclic compounds has been related to
another member of the aldo-ketoreductase family with PGF2o
synthase activity: T. cruzi Old Yellow Enzyme (TcOYE), for which
no homologue can be found in T. brucei genome. Recombinant
TcOYE can reduce Nfx in vitro only under anaerobic conditions,
although is not able to reduce Bzn (Kubata et al., 2002). Neverthe-
less, this Prostaglandin F2a synthase of 42 kDa, was found less ex-
pressed at mRNA and protein levels on Bzn in vitro-induced
resistant parasites due to the loss of three out of four copies of
the gene (Andrade et al., 2008; Murta et al., 2006). In addition,
TcOYE and TcAKR have equivalent tertiary structures. TCAKR was
crystallized in the apo form and its structure was recently depos-
ited at a 2.6 A resolution [PDB: 4fzi]. The protein has an (alpha/
beta)8 barrel structure similar to other homologues including T.
brucei TbPGFS [PDB: 1vbj], the human aldo-ketoreductases, includ-
ing AKR1C3 (Komoto et al., 2004), and TcOYE (Yamaguchi et al.,
2011). In these structures the cofactor NADP" and the inhibitors
bind in a cavity at the C-terminal end of the barrel. With all the
structural similarities TcAKR could accommodate Bzn in the same
cavity.

The three T. cruzi enzymes, TcAKR, TcOYE and TcNTRI display
quinone oxido-reductase activity (Garavaglia et al., 2010; Hall
et al., 2012; Kubata et al., 2002). Remarkably, TcNTRI is proposed
to act physiologically as a quinone-oxidoreductase in the mito-
chondrion, and possesses high catalytic specificity for synthetic
quinones but lower for Nfx and Bzn, which may explain why this
enzyme was not found among the immobilized proteins (Hall
et al., 2012).

Different proteins may be related to Bzn metabolism in T. cruzi
and thus related to toxicity or resistance mechanisms, including
enzymes involved in drug activation, enzymes which may be re-
lated to detoxification mechanisms and proteins that may be tar-
geted by Bzn toxic metabolites. Whether TcAKR is able to reduce
or modify Bzn and which type of metabolites this reaction may
render is not yet clear, but the protein drug-binding capacity and
its shared features with other enzymes related to Bzn activation
suggest it could have a role in Bzn mode of action in T. cruzi. On
the other hand, the binding of T. cruzi Sec23A protein transport
protein and of the YjeF homologue to immobilized Bzn is not easy
to interpret. Some proteins may interact with immobilized Bzn
trough protein-protein interactions. Additional experiments
would be necessary to unveil the role of each protein, and also con-
firm drug-protein interactions. The use of T. cruzi epimastigotes al-
lowed us to obtain high yield concentrated total protein extracts,
though the use of other cultured life stages such as trypomastigotes

or amastigotes would certainly represent a closer look into the
putative Bzn binding partners present in the infective forms.

Several in situ generated Bzn metabolites, including reduction
products and thiol covalent conjugates were identified in a meta-
bolomics analysis of Bzn treated T. cruzi (Trochine et al., unpub-
lished results). The multiplicity of the encountered Bzn targets
and reduction products indicates that at least various enzymes
may be involved in Bzn metabolism and that covalent binding to
macromolecules should be further investigated. TcNTRI plays a
key role in Bzn reduction to toxic metabolites but also the role of
other enzymes must not be underestimated considering the genet-
ic diversity encompassed in the six T. cruzi lineages so far identi-
fied, which display differences in pathogenicity, virulence,
transmissibility and drug sensitivity (Andrade et al., 1985; Brisse
et al., 2000).
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