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Abstract

Over the past three decades, L-proline has become recognized as an important metabolite for trypanosomatids. It is
involved in a number of key processes, including energy metabolism, resistance to oxidative and nutritional stress and
osmoregulation. In addition, this amino acid supports critical parasite life cycle processes by acting as an energy source,
thus enabling host-cell invasion by the parasite and subsequent parasite differentiation. In this paper, we demonstrate that
L-proline is oxidized to D1-pyrroline-5-carboxylate (P5C) by the enzyme proline dehydrogenase (TcPRODH, E.C. 1.5.99.8)
localized in Trypanosoma cruzi mitochondria. When expressed in its active form in Escherichia coli, TcPRODH exhibits a Km of
16.5861.69 mM and a Vmax of 6662 nmol/min mg. Furthermore, we demonstrate that TcPRODH is a FAD-dependent
dimeric state protein. TcPRODH mRNA and protein expression are strongly upregulated in the intracellular epimastigote, a
stage which requires an external supply of proline. In addition, when Saccharomyces cerevisiae null mutants for this gene
(PUT1) were complemented with the TcPRODH gene, diminished free intracellular proline levels and an enhanced sensitivity
to oxidative stress in comparison to the null mutant were observed, supporting the hypothesis that free proline
accumulation constitutes a defense against oxidative imbalance. Finally, we show that proline oxidation increases
cytochrome c oxidase activity in mitochondrial vesicles. Overall, these results demonstrate that TcPRODH is involved in
proline-dependant cytoprotection during periods of oxidative imbalance and also shed light on the participation of proline
in energy metabolism, which drives critical processes of the T. cruzi life cycle.
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Introduction

In many organisms, proline is oxidized to glutamate through

two mitochondrial enzymatic steps. The first step can be catalyzed

by different two types of proline dehydrogenases (PRODH) (also

known as proline oxidases – EC 1.5.1.2 and EC 1.5.99.8), which

oxidize L-proline to D1-pyrroline-5-carboxylate (P5C) in either a

NAD(P)+ or a FAD-dependent way, respectively. P5C is subse-

quently hydrolyzed in a non-enzymatic manner to glutamic acid

gamma-semialdehyde (cSAG). In the second enzymatic step,

cSAG is oxidized to L-glutamate by D1-pyrroline-5-carboxylate

dehydrogenase (P5CDH), which is a NAD(P)+-dependent enzyme

[1,2]. Glutamate, in turn, can be deaminated by transaminases or

dehydrogenases to be converted into the tricarboxylic acid (TCA)

intermediary a-ketoglutarate (Figure 1). Apart from contributing

to the cellular energy supply, L-proline oxidation plays an

important role in intracellular redox homeostasis in a variety of

organisms including fungal pathogens [3], yeast [4,5], bacteria [6–

8], plants [9–11] and mammalian cells [12,13]. Moreover, L-

proline is involved in defense mechanisms against various abiotic

and biotic stresses, thus benefiting a broad range of organisms

[14,15]. However, the mechanisms of proline-mediated stress

protection and, in particular, the components involved in proline-

dependent signal transduction pathways are still not well

understood.

Trypanosoma cruzi, the etiological agent of Chagas’ disease, has a

complex life cycle which alternates between its insect vector, the

blood-sucking ‘‘kissing bugs’’ of the subfamily Triatominae

(Family: Reduviidae), and vertebrate hosts, including humans. T.

cruzi epimastigotes (the predominant replicative form in the insect

vector) consume glucose preferentially. After glucose exhaustion,

amino acids [16] are utilized. L-proline is particularly relevant

since putative genes for PRODH and P5CDH have been

identified in the T. cruzi genome database [17] and it may be

used as the main energy and carbon source [18]. Indeed, proline is

involved in a variety of critical biological processes in T. cruzi,

which are essential for life-cycle progression and pathogenesis.

This includes a role in cell differentiation in the insect vector

[19,20] and in the mammalian host [21], as well as in the infection
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of host-cells [22]. There is also evidence of participation of this

amino acid in osmoregulation [23–25] and resistance to

nutritional and oxidative stress [26]. Furthermore, recent results

have shown that proline, instead of glucose, is consumed during

the intracellular life cycle stage of T. cruzi [27].

Despite the known involvement of the proline in several T. cruzi

biological processes, PRODH, a key enzyme for proline metab-

olism has not been well characterized in this parasite. In this study,

we demonstrate that the putative TcPRODH gene encodes a

functional PRODH protein in T. cruzi. We have shown its

involvement in the intracellular accumulation of proline and that

downregulation of TcPRODH contributes to the parasite’s

resistance to oxidative imbalance. Finally, we show that

TcPRODH feeds electrons into the T. cruzi respiratory chain

through the reduction of FAD.

Materials and Methods

Trypanosome and Yeast Cell Cultures
Epimastigotes of T. cruzi, CL-14, a clone derived from the CL

strain [28], were maintained in exponential growth phase by

subculturing every 48 hours in liver infusion-tryptose (LIT)

medium supplemented with 10% (v/v) FCS at 28uC [29]. The

amastigotes, intracellular epimastigotes and trypomastigote forms

were obtained by infection of Chinese Hamster Ovary cell line

(CHO-K1) cells with trypomastigotes, as described [21,30]. Host

cells were infected and maintained at 33uC, as the intracellular

cycle of that strain is temperature sensitive, as described

[31].Under these conditions, amastigotes and intracellular epi-

mastigotes were purified from CHO-K1 on day 2 and around day

5 post infection respectively. Trypomastigotes are collected in the

extracellular medium from seventh day on. When necessary, the

intracellular forms were purified after disrupting the infected cells

with a rubber policeman. After centrifugation, the pellet was

suspended in RPMI medium and purified by centrifugation on

5 ml lymphoprep (Nycomed Pharma AS) for 10 min at 4300 g.

The Saccharomyces cerevisiae strain YLR142W (BY4741; Mat a;

his3D1; leu2D0; met15D0; ura3D0; YLR142w::kanMX4) knock-

out for PUT1- proline dehydrogenase was obtained from the

EUROSCARF collection (Germany). This yeast strain was

routinely cultured in YPD medium (1% (w/v) yeast extract, 2%

(w/v) peptone, 2% (w/v) dextrose) containing 200 mg/ml G418 or

synthetic dropout (SD) media with appropriate supplements at

30uC. When indicated, proline was added to the SD medium.

Protein Extracts and Mitochondrial Preparation
Parasite protein extracts were obtained through three cycles of

freeze-thawing in lysis buffer (50 mM Tris-HCL buffer pH 7.6,

0.25 M sucrose, 0.2% v/v Triton X-100) containing 1 mM

phenylmethyl-sulphonyl fluoride (PMSF), 0.5 mM N-alpha-p-

tosyl-lysyl-chloromethyl ketone (TLCK) and 0.1 mM trans-epox-

ysuccinyl-L-leucyl amido (4-guanidino) butane (E-64) as protease

inhibitors. Yeast cells were then resuspended in buffer A (0.1 M

Tris–HCl pH 7.4, 100 mM KCl, 10 mM MgCl2, 0.1% v/v

Tween 80, 0.1 mM EDTA and 1 mM PMSF) and ruptured with

0.5 g glass beads (0.5 mm diameter) by vortexing for five 2 min

sets, with a 1 min interval between each set. Rupture of the cells

was confirmed by microscopy. The samples were centrifuged at

70006g for 10 min at 4uC. Mitochondrial fractions were obtained

from log phase cultures of T. cruzi epimastigotes using a modified

protocol of Schneider et al., (2007) [32]. The protein concentra-

tion was determined by the Bradford assay, using bovine serum

albumin as a standard [33].

Cloning, Expression and Purification of the Recombinant
Tcprodh Protein

The putative TcPRODH gene (Tc00.1047053506411.30) was

identified from the T.cruzi genome project database (http:/www.

genedb.org). The TcPRODH coding region was amplified by PCR

using T. cruzi genomic DNA as template and gene-specific primers

designed with restriction sites for the enzymes BamHI and EcoRI

(underlined): TcPRODH-Forward 59-TTAGGATCCTCTC-

CAACTTCACGCAAAATTC-39 and TcPRODH-Reverse 59-

GAATTCCTAAGCCTTTACATCTTTTTCCCG-39. PCR

amplification settings were set at 95uC (5 min) and 32 cycles

using the following conditions: initial denaturation cycle at 92uC
(1 min), annealing at 55uC (1 min) and elongation at 72uC
(2 min). A single fragment (1.7 kb) was amplified and the PCR

product was purified from a 1% (w/v) agarose gel and cloned into

the pGEM-T Easy vector (Promega, Madison, WI). Selected

clones were sequenced and the expected identity of the cloned

DNA fragments to PRODH was confirmed by using the BLAST

software program (http://blast.ncbi.nlm.nih.gov/). The gene

Figure 1. Proline metabolism. Abbreviations: PRO, proline; PRODH, proline oxidase (a.k.a. proline dehydrogenase); P5CR, pyrroline-5-carboxylate
reductase; P5C, pyrroline-5-carboxylate; GSA, glutamic semialdehyde; P5CDH, pyrroline-5-carboxylate dehydrogenase; P5CS, pyrroline-5-carboxylate
synthase; GLU, glutamate; a-KG, a-ketoglutarate; TCA, tricarboxylic acid cycle; NAD(P)+, oxidized nicotinamide adenine dinucleotide (phosphate);
NAD(P)H, reduced nicotinamide adenine dinucleotide (phosphate); FAD, oxidized flavin adenine dinucleotide; FADH2, reduced flavin adenine
dinucleotide.
doi:10.1371/journal.pone.0069419.g001
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encoding the putative PRODH enzyme was further subcloned into

the pAE expression vector [34] and the construct was used to

transform E. coli BL21-CodonPlus (DE3) cells. The bacteria were

grown in Luria-Bertani (LB) medium containing 100 mg/mL

ampicillin and 5 mg/mL tetracycline at 37uC, until an OD600 of

0.6 was reached. Expression of TcPRODH was induced by the

addition of isopropyl-1-thio-b-D-galactopyranoside (IPTG) to a

final concentration of 0.5 mM and cells were maintained at 37uC
for 4 hours. For protein purification, the cells were harvested,

resuspended in lysis buffer (50 mM Tris-HCL pH 7.5, 500 mM

NaCl, 0.1% (v/v) Triton X-100 and 1 mg/mL lysozyme)

containing protease inhibitors and subjected to three cycles of

sonication (three 1 min pulses followed by 1 min rest between

cycles) at 4uC. The recombinant 6-His-tagged protein was purified

using Ni2+-nitrilotriacetic (NTA) column affinity chromatography

(QiagenH) according to the manufacturer’s instructions.

Reverse Transcription PCR (RT-PCR) and Quantitative
Real-Time PCR (qRT-PCR)

Total RNA was extracted from different T. cruzi stages, CHO-

K1 cells (control) and yeast cells using TRIzol reagent (Invitrogen,

Life Technologies). RNA preparations were treated with RNase-

free DNase I (Fermentas, Life Sciences) and checked by running

aliquots in 1% agarose gels. Reverse transcription was performed

with SuperScript IITM (Invitrogen, USA) using the anti-sense

Oligo (dT) primer, 5 mg of RNA and by following the

manufacturer’s instructions. The primers used for qRT-PCR

analysis were designed using software provided by Eppendorf

(RealPlex v.1.5). Primers were designed based on the nucleotide

sequences of T. cruzi glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) (GeneBank accession number: AI007393), which was

used as a housekeeping gene [27] and TcPRODH (GeneBank

accession number: XM800962). Primer sequences used were:

GAPDH forward (59-GTGGCAGCACCGGTAACG-39),

GAPDH reverse (59-CAGGTCTTTCTTTTGCGAAT-39),

TcPRODH forward (59-ACGCAAAATTCAGCCGGTAA-39)

and TcPRODH reverse (59-GGCTCGCACTAACCACCAAA-

39). qRT-PCR analyses were performed using MastercyclerH ep

Realplex 1.5 (Eppendorf, Germany) equipment and a SYBR

Green QuantiMix EASY SYG KIT (Biotools Quantimix EasySyg,

Spain) for amplicon quantification. PCR conditions were as

follows: initial denaturation at 95uC (10 min) followed by 40 cycles

of 94uC (1 min), 57uC (1 min) and 72uC (2 min). In all cases,

denaturation curves for the PCR products were obtained. Data

obtained were analyzed using REALPLEX v1.5 software. A fold-

change in the expression of transcripts was obtained using the 2-

DCT method [35]. All time-fold variations were calculated using

Figure 2. Sequence alignment of the putative TcPRODH protein (XP806055) with PRODH orthologs from other organisms. The
amino acid sequence of TcPRODH was aligned with orthologs from closely related flagellated protozoa Leishmania major Lmj261610 (LmPRODH),
Trypanosoma brucei Tb9277210 (TbPRODH) and eukaryotes (Homo sapiens AAD24775 (HmPRODH), Sacharomyces cerevisiae AY69290 (ScPut1p) using
ClustalX default settings. Conserved (black) or substituted (grey) residues are highlighted. Degrees of identity (IDENTITY %) are shown after the C-
terminal region of each sequence. The N-terminal signal peptide and putative EF-hand domain are underlined. Based on the available crystal
structures of PRODH, the conserved residues implicated in cofactor (FAD binding) and substrate specificity (proline) are indicated by asterisks.
doi:10.1371/journal.pone.0069419.g002
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GAPDH as a housekeeping protein. cDNA from CHO-K1 cells

was used as a control, as previously described [27].

SDS-PAGE and Native gel Electrophoresis
Sodium dodecyl sulfate polyacrylamide gel electrophoresis

(SDS-PAGE) was undertaken using 10% (v/v) polyacrylamide

gels, according to the method of Laemmli [36]. The approximate

molecular mass of the native enzyme was determined using blue

native gradient electrophoresis (BNGE) [37,38]. Mitochondrial

membranes were solubilized using dodecyl-b-D-maltoside and

digitonin, and a detergent-to-protein ratio of 2:1 and 4:1,

respectively, was employed. Samples were centrifuged at

20,0006g for 20 min at 4uC. Approximately 10 mg protein from

the total mitochondrial extract was applied into each well of a 3–

15% (v/v) polyacrylamide gradient gel. Protein bands were

visualized by staining with Coomassie brilliant blue R-250.

TcPRODH Activity
Two methods were used to determine the enzymatic activity of

TcPRODH. The first method measured the levels of P5C formed

using o-aminobenzaldehyde (OAB), and the resultant OAB-P5C

complex was quantified by spectrophotometry at 443 nm. The

Figure 3. Functional complementation of a Saccharomyces cerevisiae D-PUT1 yeast strain with the TcPRODH ORF (1.7 Kb). (A) The yeast
strains D-PUT1, D-PUT1 transformed with either empty vector (D-PUT1/pYES) or vector carrying the PRODH gene (D-PUT/PRODH) were grown in
culture medium containing a mix of amino acids with the exception of proline (SD-URA Gal) or supplemented with proline (0.5% (v/v) as the only
nitrogen source (SD+PRO Gal). (B) The 1% gel shows the PCR amplified products from cDNAs obtained by reverse transcription of mRNAs of
epimastigotes of T. cruzi, and the yeast mutant (DPUT1), control (DPUT1/pYES) and complemented (DPUT1/PRODH). The positive and negative
controls correspond to the test reactions performed using genomic DNA from T. cruzi (EPI) or not (2) respectively. The GAPDH gene was used as a
house keeping gene for qRT-PCR reaction (bottom panel). (C) Western blot analysis of total extracts from yeast mutant (DPUT1), control (DPUT1/
pYES) and complemented (DPUT1/PRODH). The arrow indicates the TcPRODH band with a molecular mass of approximately 65 kDa. (D) Specific
Activity of PRODH of wild-type strain BY4741 that gave rise to mutant DPUT1 (WT), yeast mutant (DPUT1), control (DPUT1/pYES) and complemented
(DPUT1/PRODH), which were grown for 16 hours at 30uC in the minimum medium plus proline. Epimastigotes of T. cruzi (EPI) were grown in LIT
medium. Enzymatic activity of PRODH within the protein extracts of the listed samples was assessed by measuring the formation of the OAB-P5C
complex at 443 nm.
doi:10.1371/journal.pone.0069419.g003
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assay reaction mixture (1 mL) contained 15 mM proline, 15.6 mg

cytochrome c, 100 mM potassium phosphate buffer pH 7.5 and

50 ml of 2.5% (w/v) o-aminobenzaldehyde (in 40% (v/v) ethanol).

The reaction was started by adding 50 mg of the recombinant

protein to the assay reaction mixture, incubating for 30 min at

37uC, and stopped by adding 1 mL of 10% (v/v) trichloroacetic

acid and centrifugation at 50006g for 10 min. The clear, yellow

supernatant solution was carefully removed and the absorbance

was measured at 443 nm (e= 2710 M21cm21). One unit of

enzyme specific activity was expressed as 1 nmol of P5C formed

per min/mg of protein. The blank incubation was treated in the

same manner, except that L-proline was omitted.

The second method determined TcPRODH activity by

measuring the reduction of the electron-accepting dye dichlor-

ophenolindophenol (DCPIP) at 600 nm. The DCPIP reaction

mixture contained 11 mM MOPS, 11 mM MgCl2, 11% (v/v)

glycerol, 0.28 mM phenazine methosulfate and 56 mM of DCPIP

pH 7.5. Varying proline concentrations were added to between

900 and 950 ml of the stock assay mix, and the reaction (1 mL total

volume) started by adding the enzyme (1–50 ml) [39]. An

absorption coefficient (e) of 21 mM21. cm21 at 600 nm was

used for DCPIP [40]. Km and Vmax values for recombinant

TcPRODH were determined by regression analysis of the initial

reaction velocity versus proline concentration using the Michaelis-

Menten equation. The concentration of flavin-bound PRODH

was determined using the molar extinction coefficient for bound

FAD (e451 = 10,800 M21. cm21), NAD+ and NADH FAD

(e340 = 6,220 M21. cm21) [41]. The optimum pH for recombinant

TcPRODH activity was determined using a mixed buffer system,

which ranged from pH 5.0 to 11.0 and was comprised of 50 mM

each of cacodylate, MOPS, MES, Tris, CAPS and CHES. The

kinetic parameters of the enzymatic reactions were calculated

based on data obtained from at least three independent

experiments.

Cytochrome c Reduction
Proline-dependent cytochrome c reduction was measured in a

1 ml reaction mixture which contained 0.05 M Tris-HCl pH 8.5,

5 mM MgCl2, 0.5 mM FAD, 0.5 mg cytochrome c, 0.1 M proline

and the mitochondrial preparation (with or without antimicyn A).

The reaction was monitored by spectrophotometric analysis at

550 nm. The concentration of reduced electron acceptors was

determined using the molar extinction coefficient, which is

1.86104 for cytochrome c.

TcPRODH Antisera and Western Blot Analysis
The N-YTEDRVFNDLTRSELE-C region of TcPRODH was

selected to produce synthetic peptides since this region corre-

sponds to the best combination of hydrophobicity and predicted

antigenicity, according to the algorithm described by Kyte and

Doolittle [42]. The synthetic peptide was coupled to keyhole

limpet hemocyanin (KLH, Thermo Scientific-Pierce, USA)

following the manufacturer’s instructions. Four-week-old wild-

type BALB/C male mice were intraperitoneally inoculated (every

15 days) with 50 mg of the KLH-coupled synthetic peptide in

Freund?s adjuvant. After five weeks, blood was collected and the

serum was separated. Before immunization, a blood sample was

collected as the pre-immune control. Antibodies were affinity

purified by adsorption to the KLH-coupled peptide immobilized

on nitrocellulose membranes, as previously described [43]. The

protocols used herein were approved by the ethical committee of

the Institute of Biomedical Sciences, University of São Paulo,

according to national regulations and international standards for

animal care.

For Western blot analysis, recombinant TcPRODH (50 mg/

lane) was loaded onto a 10% (v/v) polyacrylamide gel and

subsequently transferred to a nitrocellulose membrane. Mem-

branes were blocked with 5% (w/v) non-fat milk in TBS-T (Tris-

buffered saline, containing primary 0.1% v/v Tween 20) for 1

hour at 23uC. This was followed by incubation with an anti-

PRODH antibody (dilution 1:500) for 1 hour at room temperature

with constant agitation. The blots were washed with TBS-T and

incubated with horseradish peroxidase (HRP) coupled to an anti-

mouse secondary antibody (Jackson ImmunoResearch, USA),

which was diluted 1:5000 in TBS-T. The bound antibodies were

visualized using ECL Western blot detection reagents (Thermo

Fisher Scientific, USA). Competition assays were performed by

incubating the nitrocellulose membranes with synthetic peptide

diluted in TBS before incubation with the anti-PRODH antibody

as described above.

Subcellular TcPRODH Localization
To determine the subcellular localization of TcPRODH, two

complementary approaches were used: (i) digitonin extraction of

intact cells and (ii) immunofluorescence microscopy. Digitonin

extraction was performed using T. cruzi epimastigotes as previously

described [44]. Epimastigotes (6.46108 cells) were resuspended in

TSEB buffer (25 mM Tris-HCL buffer, pH 7.6, 0.25 M sucrose,

1 mM EDTA and 10 mM E-64) supplemented with increasing

digitonin quantities (0 to 5 mg). The parasites were incubated at

25uC for 5 min and then centrifuged at 18.0006g for 2 min at

room temperature. The supernatant (S) was separated immedi-

ately. The pellet (P) was then washed with TSEB and disrupted by

sonication, using 4 pulses of 20 seconds each, at 60% maximum

amplitude. The activity of pyruvate kinase (cytosolic), hexokinase

(glycosomal) and citrate synthase (mitochondrial) were measured

as markers in all supernatant (S) and pellet (P) fractions.

TcPRODH activity was measured in all fractions. Equal volumes

of S and P fractions were subjected to SDS-PAGE analysis under

Figure 4. Heterologous expression and purification of recom-
binant TcPRODH. Each of the recombinant proteins (10 mg) was
analyzed by SDS-PAGE, using 10% (v/v) polyacrylamide gels under
reducing conditions and visualized by Coomassie Blue staining. (A) Lane
1: Molecular weight markers; Lane 2: recombinant TcPRODH. (B)
Western blot analysis was performed using an anti-PRODH antibody
raised against the recombinant enzyme. Lane 1: pre-immune serum;
Lane 2: extract T.cruzi epimastigote stage extract; Lane 3: recombinant
TcPRODH. (C) Analysis of mitochondria by Blue-Native gel electropho-
resis (BNGE) of the mitochondrial preparations of different strains T.
cruzi followed by western blot using antibody against protein PRODH
(lane 1, strain CL 14, lane 2, strain CL Brenner).
doi:10.1371/journal.pone.0069419.g004
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reducing conditions, blotted onto nitrocellulose membranes and

probed with specific polyclonal mouse antisera raised against

PRODH enzyme.

For immunofluorescence microscopy, 16106 cells/mL of log

phase parasites in different life cycle stages were resuspended in

culture medium without serum containing 100 nM MitoTracker

(Molecular Probes, Invitrogen) and treated according to manu-

facturer’s instructions for mitochondrial staining. Cells were

washed with PBS and fixed with 2% (v/v) paraformaldehyde in

PBS for 20 min at room temperature. Fixed cells were washed

three times with PBS and incubated with a 1:500 dilution of

primary mouse antibody against PRODH for 1 hour. The

coverslips were rinsed three times with PBS and incubated with

a 1:2000 dilution of goat anti-mouse IgG conjugated to Alexa

Fluor 488TM in blocking solution for 1 hour. After washing the

coverslips three times in PBS, they were incubated with DAPI

(1 mg/ml), washed again with PBS and observed under a confocal

microscope. Fluorescence images were obtained using a confocal

microscope (Carl Zeiss Meta System, Germany) and processed

using ImageJ 1.44 software (National Institutes of Health, MD,

USA).

Yeast Strain Construction and Complementation Analysis
The coding region of the TcPRODH gene was excised from the

pGEM-T Easy plasmid (Promega, Madison, WI, USA) and

Figure 5. Effects of pH, temperature, substrate specificity and cofactor dependence on the specific activity of recombinant
TcPRODH. Panel (A) pH dependence of TcPRODH activity. The buffers used were cacodylate and MES (pH 5.0 26.0), TRIS buffers (pH 7.0–8.0), CHES
buffers (pH 8.0–9.0) and CAPS (pH 10.0 211.0). Panel (B) temperature dependence of TcPRODH enzyme activity. Panel (C) substrate specificity of
TcPRODH. The enzyme activity was determined by using different analogs of L-proline as substrates. Panel (D) enzymatic activity was assayed using
NAD+, NADP+ and FAD in optimal conditions for each case. Panel (E) UV-visible absorption peaks of purified recombinant TcPRODH. Peaks were
observed at 370 nm and 450 nm, typical for the spectrum of a flavoprotein. At least three replicates were performed for each experiment. In Panel (A)
and Panel (B), average values are shown. In Panel (C) and Panel (D) mean and standard error bars are shown.
doi:10.1371/journal.pone.0069419.g005

Table 1. Kinetic constants and molecular parameters for the
PRODH enzyme from T. cruzi.

Molecular Mass (SDS PAGE) 64.763 kDa

Molecular Mass (Native Gel) , 140 kDa

Optimal Temperature 28uC–37uC

Activation Energy 1.207 kcal mol21

Optimal pH 7.0–7.5

Recombinant PRODH Km (app) L-proline 16.5866.08 mM

Vmax 4.6462.60 nmol21 min21 mg
protein 21

Vmax/Km 0.280 nmol21 min 21 mg
protein 21

Epimastigote PRODH of T. cruzi Km (app) L-proline 37.49612.85 mM

Vmax 7.4763.3 nmol21 min21 mg
protein 21

Vmax/Km 0.199 nmol21 min21 mg
protein 21

The kinetic parameters which are the means of four determinations 6 S.E.M.,
were obtained as described in methods.
doi:10.1371/journal.pone.0069419.t001
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inserted into the EcoRI restriction site in the galactose-inducible

yeast expression vector pYES 2.0 (URA3-Invitrogen). The yeast

strain YLR142W (DPUT1) knockout gene PRODH was trans-

formed with a TcPRODH-bearing pYES vector (TcPRODH/

pYES) or with a pYES vector without an insert (control) by

following an already described method [45]. Transformed cells

were selected in minimal medium containing galactose (2% w/v)

but lacking the base uracil at 30uC for between 2 to 4 days.

Colonies obtained were tested for recovery of their growth ability

on agar plates containing 0.1% (w/v) L-proline as the only

nitrogen source, or on agar plates containing a mixture of amino

acids except proline as a control.

Oxidant Tolerance Tests
Early log-phase yeast cultures at OD600 = 0.5 were diluted to an

OD600 of 0.05 with appropriate synthetic dropout (SD) media

containing 2% galactose. Cells were then treating with either

inorganic hydrogen peroxide or T-butyl hydroperoxide in culture

medium containing L-proline (5 mM), at 30uC with vigorous

shaking for 4 hours. During this period, 10 ml cell aliquots were

collected each hour, spread on YPD plates and incubated at 30uC
for 48 hours. Cell viability was determined by counting the

number of colony-forming units (CFUs) and comparing the

number of CFUs from treated and untreated cells. All experiments

were repeated in triplicate at least [4,15].

Thiol Determination
Reduced (GSH) and oxidized glutathione (GSSG) concentra-

tions were determined by mediated recycling assay in the presence

of NADPH and DTNB [46]. GSSG was determined by

subtraction of GSH from total glutathione. The final values

considered for analyses were obtained from at least three

independent experiments.

Measurement of Intracellular Proline Levels
Parasites and yeast strains (16108cells/mL) were challenged

with peroxides as described above, ruptured and their proteins

were precipitated by the trichloroacetic acid (TCA) method

following centrifugation at 10.0006g for 30 min at 4uC.

Measurements of intracellular proline in the remaining superna-

tant solution were performed using the ninhydrin reaction (an

adapted Bates protocol) [47]. In brief, 200 ml of the supernatant

was incubated with 200 ml of acid ninhydrin (0.25 g ninhydrin

dissolved in 6 ml glacial acetic acid and 4 ml 6 M phosphoric acid)

Figure 6. Immunofluorescence of different life cycle stages of T. cruzi. Parasites were treated with the polyclonal antibody anti-PRODH and
then with a secondary antibody coupled to AlexaFluorH-455 probe (green). Parasites were labeled with DAPI for DNA staining (blue) and MitoTracker
Red MitoSox (red) for mitochondrial staining. Images were merged using ImajeJ software (NIH). Phase contrast images are shown in the last column.
Bars, 1 mm.
doi:10.1371/journal.pone.0069419.g006
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and 200 ml of glacial acetic acid for 1 hour at 100uC. The reaction

was stopped by incubation on ice and the mixture was extracted

with toluene (400 ml/sample). The toluene phase was separated

and the absorbance at 520 nm was recorded. A proline standard

curve ranging from 0 to 500 mM proline was used to determine the

proline levels of each sample, expressed in nmol/number of cells.

It is worth mentioning that Bates method is specific for proline due

to the fact that, in spite is well known that ninhydrin reacts with all

amino acids in a sample, proline is the only one having a different

absorption spectrum with an absorption peak at 520 nm [47].

Statistical Analysis
Results were expressed as mean 6 the standard error of mean

(S.E.M.) values for at least three independent experiments. Non-

parametric statistical analyses were performed using the one-way

ANOVA test combined with Tukey’s test. Results were considered

statistically significant at p,0.05.

Results

In Silico Analysis of TcPRODH
In the T. cruzi genome database (http://www.genedb.org/

Homepage/Tcruzi) we identified an open reading frame (ORF)

encoding the putative protein TcPRODH (1701 bp,

Tc00.1047053506411.30), which has a predicted molecular mass

of 64.7 kDa. Amino acid sequence analysis showed that, as

expected, TcPRODH has the highest sequence identity with

Trypanosoma brucei orthologs (72%), followed by orthologs from

Leishmania major (54%), Homo sapiens (31%) and Sacharomyces cerevisiae

(27%) (Figure 2). The presence of putative protein domains or

conserved motifs between sequences from different species was

analyzed using the InterProScan database (version 4.6) (http://

www.ebi.ac.uk/Tools/pfa/iprscan/). This analysis revealed con-

served regions related to the family of proline dehydrogenases, as

well as a putative FAD binding domain. Additionally, a putative

EF-hand motif domain (which binds Ca2+ and eventually other

bivalent metal ions) was found, which was unexpected for this

family of proteins.

Based on crystallographic data for E. coli PRODH (43%

similarity, 26% identity to TcPRODH), the key residues involved

in substrate and cofactor (FAD) binding have been predicted:

Asp370, Tyr 540, Arg555, Arg556, and Leu513 have been implicated

in substrate binding, while Arg431 and Glu559 play a key role in

FAD binding [48]. These residues are also conserved in

TcPRODH (Asp360, Arg392, Leu488, Tyr510, Arg525, Arg526 and

Glu529) (Figure 2). Recently, these residues have been found to be

highly conserved in S. cerevisiae Put1 [49], which indicates a

conserved catalytic mechanism between orthologous proteins from

E. coli and eukaryotic organisms, such as trypanosomes.

Furthermore, a predicted N-terminal mitochondrial targeting

signal, followed by a putative transmembrane alpha helix spanning

domain, was identified (Figure 2). These data led us to hypothesize

that TcPRODH is associated with the mitochondrial inner

membrane in T. cruzi, a common feature of eukaryotic PRODH

enzymes analyzed to date [39].

Activity and Biochemical Characterization of TcPRODH
To verify whether the putative TcPRODH identified coded for

a functional enzyme, its ability to recover the wild type phenotype

of a S. cerevisiae PRODH null mutant (DPUT1p in yeasts) was

analyzed. Only colonies transformed with the pYES-PRODH gene

were able to grow in medium containing L-proline as the sole

nitrogen source. Yeast cells transformed with the empty vector

(DPUT1/pYES) and mutant strain (DPUT1) did not grown under

these conditions (Figure 3A). This demonstrates that the product of

the PRODH gene insert is able to oxidize proline to P5C and

subsequently to glutamate, which can act as a -NH2 donor

through the transamination network in these cells. To confirm the

identity of this gene product, mRNA and protein expression levels

Figure 7. Determination of the subcellular localization of
TcPRODH enzyme by digitonin extraction. Panel (A) intact
epimastigotes were treated with digitonin (0–5 mg/mL) and the
pyruvate kinase (PK) (inverted triangle), hexokinase (HK) (diamond),
citrate synthase (CS) (circle) and proline dehydrogenase (PRODH)
(square) activities were measured. (B) Soluble (S) and insoluble fractions
(P) obtained at different digitonin concentrations were subjected to
Western blot analysis using a PRODH specific antibody. Equal amounts
of soluble and insoluble fractions were loaded per lane.
doi:10.1371/journal.pone.0069419.g007

Figure 8. Analysis of TcPRODH transcript and protein abun-
dance in different developmental stages of T. cruzi. (A) qRT-PCR
analysis and specific activity protein (B) Western blot analysis of
TcPRODH expression in different developmental stages of T. cruzi and
CHO-K1 host cells (control). Epimastigote (EPI), metacyclic (META),
amastigote (AMA), intracellular epimastigote (INT EPI), culture trypo-
mastigote (TRYP), CHO-K1 host cell (CHO).
doi:10.1371/journal.pone.0069419.g008
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and the activity of TcPRODH in the transformed and knockout

yeasts were analyzed. A product of the size expected for the T.

cruzi cDNA was detected in the transformed, but not in the non-

transformed, yeast cells (Figure 3B). A single 65 kDa band was

detected in the cells transformed with the TcPRODH plasmids, but

not in the knockout or mock-complemented yeasts (Figure 3C).

Significant PRODH activity was only observed in yeast homog-

enates expressing TcPRODH or wild-type (WT) S. cerevisiae as well

as T. cruzi epimastigotes (control) (Figure 3D). This data confirms

the PRODH activity of the cloned gene.

To further characterize TcPRODH, the TcPRODH gene was

subcloned into the pAE expression vector to produce the purified

recombinant enzyme. Recombinant TcPRODH was expressed in

E. coli, and purified by affinity chromatography using a Ni2+ NTA

resin, as described in Materials and Methods. After purification,

SDS-PAGE analysis revealed that recombinant TcPRODH

migrated as a single band with a molecular mass of approximately

66 kDa, which corresponds to the predicted molecular mass for

the 66 HIS-PRODH construct. Western blot analysis of the

purified protein or epimastigote extracts revealed bands corre-

sponding to the recombinant protein (66 kDa) and to the

predicted protein from epimastigote lysates (65 kDa) (Figure 4A,

4B). Interestingly, Western blot analysis performed using native

gels revealed a single band corresponding to a 140 kDa protein,

indicating a dimeric state for native TcPRODH (Figure 4C).

To further characterize TcPRODH in terms of its substrate

specificity and catalytic efficiency, the kinetic parameters of

TcPRODH activity were determined using the proline:DCPIP

oxidoreductase assay. The enzyme followed Michaelis-Menten

kinetics for L-proline, with an apparent Km 16.5861.69 mM and a

Vmax of 6662 nmol/min mg (Table 1). The activity the enzyme

followed a bell-shaped curve, with an optimum pH between 7.0

and 7.5 using TRIS (50 mM) as the optimal buffer for reaction

(Figure 5A) and the reaction exhibited its maximal activity at

temperature to 37uC (Figure 5B).

The ability of TcPRODH to use alternative substrates, such as

hydroxyproline, D-proline, L-pipecolic acid nicotinic acid or

thiazolidine-4-carboxylate was tested. The enzyme catalyzed the

dehydrogenation of L-proline, but not any of the other substrates

(Figure 5C). The requirement for NAD+, NADP+ or FAD as

cofactors was also analyzed. TcPRODH was found to be a FAD-

dependent enzyme, since this was the only electron acceptor able

to induce its activity (Figure 5D). Moreover, the purified enzyme

had a typical flavoprotein absorbance spectrum, characterized by

two flavin absorption peaks at 370 nm and 450 nm (Figure 5E).

Subcellular TcPRODH Location
To validate the putative mitochondrial localization of PRODH

as predicted by in silico analysis, two different assays (immunoflu-

orescence and digitonin differential permeabilization) were per-

formed. Immunofluorescence with anti-TcPRODH antibodies, as

well as DAPI and MitoTracker staining, was performed for all

stages of the T. cruzi life cycle. When overlapped, the signals

obtained from MitoTracker and the anti-PRODH antibody

indicated that, as predicted, TcPRODH is located in the

mitochondrion with the exception of amastigotes, in which the

fluorescence was almost undetectable (Figure 6). To confirm this

result, epimastigotes were subjected to sequential permeabilization

by incubation with increasing concentrations of diginonin [44].

Under these assay conditions, cytoplasmic proteins are released

first, followed by glycosomal proteins and finally mitochondrial

proteins. The pattern of PRODH activity release was compared to

the following enzyme markers: pyruvate kinase (cytosolic),

hexokinase (glycosomal) [16,50] and citrate synthase (mitochon-

drial) [51]. Most of the PRODH activity (80%) was released with

the mitochondrial marker citrate synthase, thus confirming the

mitochondrial location of TcPRODH. This was also confirmed by

immunological detection of the enzyme in the fraction corre-

sponding to mitochondrial contents (Figure 7A, 7B).

Finally, Western blot analysis of TcPRODH expression and

activity in purified mitochondrial vesicles (i.e. broken mitochon-

drial vesicles that had lost all of their matrix contents and were

then resealed) from the epimastigote stage revealed a single band

with an apparent molecular mass of 140 kDa (Figure 4C). These

results confirm TcPRODH as a mitochondrial membrane located,

FAD-dependent proline dehydrogenase.

TcPRODH Expression in Different T. Cruzi Life Cycle
Stages

Previous evidence has shown that proline uptake is regulated

during the T. cruzi life cycle, uptake by intracellular epimastigotes

falls to less than 10% in culture-derived trypomastigotes, the stage

Figure 9. Viability of the yeast cells under conditions of oxidant challenges. Yeast strains (mutant (DPUT1), control (DPUT1/pYES) and
complemented (DPUT1/PRODH)) were cultured in the presence of (A) H2O2 or (B) t-butyl hydroperoxide for 6 hours. Cellular viability was assessed by
counting number CFUs. Mean +/2 S.E.M. values are shown. Insert (A) GSSG/GSH ratios.
doi:10.1371/journal.pone.0069419.g009
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which is infective to mammalian hosts [21]. This variation in

proline uptake could be accounted for by regulation of the whole

proline degradation pathway. To confirm this possibility, the

specific activity of the enzyme was measured in all T. cruzi life cycle

stages. The proliferative intracellular epimastigote stage exhibited

the highest TcPRODH activity levels, while all other stages

presented similar TcPRODH activity levels (Figure 8A). In order

to investigate the regulation of TcPRODH activity during

different life cycle stages, mRNA and protein levels were assessed.

Western blot and qRT-PCR analysis indicate that TcPRODH

mRNA expression levels correlate with enzyme activity levels

during the T. cruzi life cycle. Expression of TcPRODH was found

to be four-fold higher in the intracellular epimastigote form

relative to the amastigote form (Figure 8A). Other T. cruzi life cycle

stages had similar levels of PRODH transcript expression.

TcPRODH transcript expression was found to be parasite-specific,

as no amplification signal was detected when total RNA isolated

from the host cell was used as template for the reaction (negative

control). When TcPRODH protein expression levels of different

forms of T. cruzi were analyzed, major differences in PRODH

protein expression were observed in the intracellular epimastigote

stage compared to the other parasite life cycle stages, as expected

(Figure 8B). No band was detected in the negative control (CHO-

K1 cells). These results suggest that TcPRODH activity is

regulated with previously characterized proline uptake activities

[27].

Proline Accumulation and Oxidative Imbalance
PRODH has previously been reported to participate in redox

regulation of several cells. Furthermore, our group demonstrated

the participation of proline metabolism in the resistance to

oxidative stress in T. cruzi [26]. Thus, it was hypothesized that

TcPRODH could have an impact on redox status and resistance

to oxidants in T. cruzi [52]. The stress tolerance levels in yeast

cultures expressing TcPRODH were examined after treatment

with H2O2 (hydrogen peroxide) or T-butyl hydroperoxide (organic

Figure 10. TcPRODH activities in mitochondrial vesicles (Mc) and total extracts from epimastigote forms (ET). (A) Western blot analysis
of ASATm (mitochondrial isoform of aspartate aminotransferase) (left panel) and TcPRODH (right panel) expression. ASATm (mitochondrial isoform of
aspartate aminotransferase), an enzyme localized in the mitochondrial matrix is absent from mitochondrial vesicles. (B) Activities of citrate syntase, cs
(matrix marker) and fumarate reductase, FMR (mitochondrial membrane marker). (C) Activity of TcPRODH in total extracts and mitochondrial vesicles
of T. cruzi epimastigotes. These activities indicate that vesicles lack matrix content. (D) Reduction of cytochrome c in T. cruzi epimastigote
mitochondrial vesicles in the presence L-proline, with or without antimycin A.
doi:10.1371/journal.pone.0069419.g010
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peroxide). Interestingly, DPUT1/PRODH expressing yeasts were

significantly more sensitive to both challenges (viabilities of 37%

and 53% respectively) when compared to controls DPUT1 strain

(knockout), or DPUT1/pYES (mock-complemented) yeast

(Figure 9A, 9B). These results indicate that the presence of the

functional proline oxidation pathway makes cells more sensitive to

oxidants. Interestingly, these facts concur with previous results,

which show that, in T. cruzi epimastigotes, the ability to resist

H2O2 stress is related to the ability of the cells to accumulate

intracellular free proline [26].To confirm the hypothesis that

resistance to oxidative imbalance could be related to the free

proline levels, free proline levels were measured in the three yeast

strains used for the oxidative challenge experiments (i.e. the knock

out, the mock complemented and the complemented strains). As

expected, DPUT1/PRODH had the lowest levels of free proline

(25060.02 nmol/108 cells). The PUT1 knockout and control

(mock complemented) strains accumulated the highest levels of

free proline (68060.06 nmol/108 cells and 67260.06 nmol/108

cells, respectively). This correlated with their resistance to the

oxidative challenge. To confirm the role of the intracellular free

proline on the redox state of the cells, the intracellular GSH/

GSSG ratio was also measured after H2O2 treatment. The GSH/

GSSG ratio decreased (corresponding to a more oxidized

intracellular environment) in cells with a diminished proline

concentration and that showed a higher sensitivity to H2O2

(Figure 9A). This finding supports previously published evidence

which shows that the accumulation of intracellular free proline

constitutes a mechanism contributing toward the resistance to

oxidative imbalance [6,13,26,53].

TcPRODH and the T. Cruzi Respiratory Chain
In most trypanosomatids, electrons can be provided to the

respiratory chain by FAD- and NAD+-dependent enzymes. As

TcPRODH the enzyme should be associated to the mitochondrial

membrane, and reduces FAD, it was suggested that this enzyme

could be participating in the respiratory chain by donating

electrons from proline. Thus, purified mitochondrial vesicles

(emptied of matrix contents) were obtained to evaluate whether

TcPRODH activity was associated with the mitochondrial vesicle

membranes and it participated in the transfer of electrons to

cytochrome c. Both mitochondrial isoforms of aspartate amino-

transferases (ASATm) and TcPRODH were detected, confirming

again the membrane location of TcPRODH (Figure 10A). As

expected, no specific citrate synthase activity (mitochondrial

matrix marker) was found in the mitochondrial vesicles when

compared to fumarate dehydrogenase specific activity (mitochon-

drial membrane marker) confirming that the vesicles were

enriched with membrane-bound proteins (Figure 10B). In

addition, when PRODH activity was evaluated, an activity pattern

similar to that of fumarate dehydrogenase was uncovered

(Figure 10C).

As previously shown, purified recombinant or native

TcPRODH is able to reduce tetrazolium dyes (DCPIP). However,

if TcPRODH reduces FAD, it is expected to reduce downstream

cytochrome c [54,55]. The question arose whether cytochrome c

could be the natural electron acceptor in the mitochondrial

membrane. Mitochondrial vesicles were prepared, and

TcPRODH activity was measured over time by following the

cytochrome c reduction by measuring the absorbance at 550 nm

[56]. Upon proline addition, an oscillatory increase in the

absorbance occurred, corresponding to the reduction of cyto-

chrome c. This reduction was inhibited by addition of antimycin A

(a mitochondrial complex III inhibitor), confirming that the

observed activity was due to the transfer of electrons through

mitochondrial complex III to cytochrome c (Figure 10D). Inter-

estingly, under the described conditions, the cytochrome c

reductive process occurred in regular pulses, as previously

described for other metabolic pathways (data not shown). Since

this oscillatory pattern is absent in the presence of unlimited

quantities of electron acceptors (DCPIP), it appears that it is

dependent on the dynamics of reduction and re-oxidation of

cytochrome c.

Discussion

This paper demonstrates that the product of the TcPRODH gene

is a FAD-dependent L-proline oxidoreductase, the first enzyme

that catabolizes proline in T. cruzi [57,58]. The specificity of

TcPRODH was also evaluated and closely related analogues such

as D-proline, hydroxyproline, L-pipecolic acid, nicotinic acid and

thiazolidine-4-carboxylic acid (T4C), did not act as enzyme

substrates. Recently, Ostrander et al. [59] provided evidence that

the Tyr540 residue in E. coli PutA/PRODH imposes spatial

constraints in the active site, which determines the substrate

preference for proline over hydroxyproline. TcPRODH is

predicted to share the corresponding Tyr residue (Tyr510 in

TcPRODH). Besides Tyr540, other amino acids (Asp370and

Leu513) have been identified as responsible for binding the

substrate and are also present in TcPRODH, as well as other

organisms. Accordingly, TcPRODH showed a strict preference for

L-proline and not other substrates tested, which was consistent

with the presence of the Tyr540 residue in the active site.

The N-terminal of TcPRODH presents characteristics of a

canonical mitochondrial-targeting signal peptide [60]. Indeed, we

found by both immunofluorescence and differential permeabiliza-

tion that the subcellular localization of the enzyme is mitochon-

drial, as shown in other organisms [61]. Native gel analysis of the

enzyme indicates a homodimeric arrangement, which is compat-

ible with crystallographic studies of orthologs in several cells such

as E. coli [48], Thermus thermophilus [54], and S. cerevisiae [49].

Proline uptake in T. cruzi is mediated by two active transport

systems; one is a high affinity, low capacity transporter called

system A (Km 0.35 mM), and the second is a low affinity, high

capacity transporter called system B (Km 1.36 mM) [62].

Intracellular free proline content, proline uptake by both

transporters and glucose uptake during the mammalian host-cell

infection process have been analyzed previously. Proline uptake

has been demonstrated to be essential during replication and/or

differentiation of the intracellular epimastigote stage into trypo-

mastigotes [21,27]. Accordingly, this stage exhibits the highest

level of proline uptake, which is provided by the proline pool of the

host-cell (approximately 0.3 mM) [62]. In this study, TcPRODH

expression throughout the life cycle of T. cruzi was analyzed. A

correlation was observed between TcPRODH mRNA levels,

TcPRODH protein levels and TcPRODH activity in T. cruzi

parasites. These levels increased in the intracellular epimastigotes

and were diminished to the minimal levels of expression in the

amastigote stage. Trypomastigotes, epimastigotes and metacyclic

trypomastigotes did not exhibit noticeable differences between

them. In conclusion, TcPRODH expression and activity is

consistent with the proline uptake along the host-cell infection,

supporting the hypothesis that the replicative stage intracellular

epimastigotes are metabolically dependent on this amino acid.

Since proline is involved in several biological processes, apart

from bioenergetics and protein synthesis [52,63,64], interest in its

metabolism has grown. In particular, a correlation between a high

intracellular free proline concentration and an increased protec-

tion from oxidative and/or thermal stresses has been described
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previously in bacteria, plants and yeasts [4,5,15,65]. In T. cruzi,

reduction of intracellular free proline levels make these parasites

more sensitive to oxidative imbalance, thus supporting the

hypothesis that accumulation of proline could contribute to

resistance to oxidants [26]. To date, mechanisms involved in the

process of stress protection have not been well characterized.

Accumulation of free proline is controlled by a balance between

uptake from the extracellular medium, biosynthesis and degrada-

tion. In PUT1 knockout yeast cells transfected with pYES/

TcPRODH, decreased cell viability was found when compared

with the knockout (DPUT1) and control (DPUT1?pYES) strains,

thus demonstrating that, in yeast, resistance to oxidative stress is

strongly linked to PRODH activity. In addition, free proline

content increased in the knockout or mock-complemented cells, as

the presence of the enzyme caused a decrease in the concentration

of intracellular free proline. As proposed, proline accumulation

may decrease intracellular levels of reactive oxygen species (ROS),

thus preventing programmed cell death in fungi [3] and in

mammalian cells [13]. Moreover, other studies suggest that proline

acts as a potential ROS scavenger [66,67]. However, it has also

been shown that upregulation of the mitochondrial PRODH

enzyme in mammalian cells leads to an increase in proline

catabolic fluxes, which cause an increase in ROS production and

eventual cellular death by apoptosis [68]. In addition, in vitro

translated and purified monofunctional POX from Thermus

thermophilus can produce superoxide from proline [54]. Thus,

proline metabolism can contribute not only to bioenergetic

demands and/or regulatory mechanisms, but also affect the

overall intracellular redox environment.

The contribution of L-proline to cell bioenergetics has also been

investigated. L-proline can power ATP production in several

trypanosomatid species. When procyclic forms of T. brucei are

cultured in a glucose poor and L-proline rich medium, oxidative

phosphorylation is the preferred pathway to obtain ATP [39,69].

T. cruzi epimastigotes oxidize proline to CO2 and H2O [18], which

indicates that they possess an active respiratory chain which can

receive electrons from proline. Previously, Martins et al. [22] have

showed that metacyclic forms depleted of ATP under nutritional

stress conditions were able to recover normal ATP concentrations

and full infectivity when L-proline was provided. This reinforces

the idea that oxidation of L-proline is able to yield ATP in T. cruzi.

As previously established, L-proline is oxidized to glutamate,

which enters the Krebs cycle at the level of a-keto glutarate to

participate in energetic metabolism through the generation of

succinate [70]. However, the fate of the electrons donated by L-

proline oxidation remains unresolved. In S. cerevisiae, the oxidation

of proline, via PRODH, is directly linked to the reduction of

ubiquinone via complex III in the electron transport chain [49], as

in bacteria, plants and animals. In these organisms, different

dehydrogenases (including PRODH) transfer electrons to ubiqui-

none, stimulating oxygen consumption and reduction of cyto-

chrome c [71]. The results presented herein show that cytochrome

c could be an electron acceptor. Our data shows similar O2

consumption by mitochondrial vesicles when stimulated with

either proline or succinate (data not shown). In addition, the fact

that both enzymes channel electrons via FAD reduction strongly

suggests that electrons coming from proline or succinate are

channeled to the electron transport chain through Coenzyme Q

and go downstream through an identical route. Notably, these

vesicles are empty of matrix enzymes, so the proline oxidation

followed by electron transfer to the respiratory chain cannot be

attributed to its processing through the citric acid cycle. In

summary, as with succinate, it appears that the electrons are

transferred from proline via FAD, which is reduced to FADH2.

Electrons are then transferred from FADH2 to coenzyme Q,

through the common path i.e. complex III, cytochrome c, complex

IV and oxygen [72].

These results suggest a key role of proline in metabolic pathways

of T. cruzi, not only as a supplier of citric acid cycle intermediates

but also as a main contributor of electrons to the respiratory chain.

In addition, this study provides further support for the involvement

of intracellular free proline accumulation in the resistance to the

oxidative imbalance. As a whole, these results introduce an

apparent conflict with respect to the role of proline: on one side,

proline is a metabolite which, when accumulated, contributes

toward resistances toward oxidants; on the other side, its

accumulation could be contributing to ROS production due to

an overload of the respiratory chain. The existence of a family of

T. cruzi proline racemases [73,74] allows us to propose a solution

for this controversy: D-proline could be preferentially accumulated

as a scavenger against oxidative imbalance. If this is the case, the

relationship between PRODH and proline racemases could

control the delicate balance between generation of energy, ROS

production and defense against ROS accumulation. Further

experimental work is required to elucidate fully the intriguing

dual role of this metabolite.

Author Contributions

Conceived and designed the experiments: LSP BSM AMS. Performed the

experiments: LSP BSM FMZ EMFP PDM EBT. Analyzed the data: LSP

BSM AMS MCE. Contributed reagents/materials/analysis tools: AJK

MCE AMS. Wrote the paper: LSP MCE AJK AMS.

References

1. Hoek JB, Njogu RM (1980) The role of glutamate transport in the regulation of

the pathway of proline oxidation in rat liver mitochondria. J Biol Chem 255:

8711–8718.

2. Phang JM (2008) Introduction to second proline symposium. Amino Acids 35:

653–654.

3. Chen C, Dickman MB (2005) Proline suppresses apoptosis in the fungal

pathogen Colletotrichum trifolii. Proc Natl Acad Sci U S A 102: 3459–3464.

4. Chen C, Wanduragala S, Becker DF, Dickman MB (2006) Tomato QM-like

protein protects Saccharomyces cerevisiae cells against oxidative stress by regulating

intracellular proline levels. Appl Environ Microbiol 72: 4001–4006.

5. Nomura M, Takagi H (2004) Role of the yeast acetyltransferase Mpr1 in

oxidative stress: regulation of oxygen reactive species caused by a toxic proline

catabolism intermediate. Proc Natl Acad Sci U S A 101: 12616–12621.

6. Krishnan N, Becker DF (2006) Oxygen reactivity of PutA from Helicobacter

species and proline-linked oxidative stress. J Bacteriol 188: 1227–1235.

7. Monaghan PJ, Leys D, Scrutton NS (2007) Mechanistic aspects and redox

properties of hyperthermophilic L-proline dehydrogenase from Pyrococcus furiosus

related to dimethylglycine dehydrogenase/oxidase. FEBS J 274: 2070–2087.

8. Wood JM (1988) Proline porters effect the utilization of proline as nutrient or

osmoprotectant for bacteria. J Membr Biol 106: 183–202.

9. Skopelitis DS, Paranychianakis NV, Paschalidis KA, Pliakonis ED, Delis ID, et

al. (2006) Abiotic stress generates ROS that signal expression of anionic

glutamate dehydrogenases to form glutamate for proline synthesis in tobacco

and grapevine. Plant Cell 18: 2767–2781.

10. Verbruggen N, Hua XJ, May M, Van Montagu M (1996) Environmental and

developmental signals modulate proline homeostasis: evidence for a negative

transcriptional regulator. Proc Natl Acad Sci U S A 93: 8787–8791.

11. Banu MN, Hoque MA, Watanabe-Sugimoto M, Islam MM, Uraji M, et al.

Proline and glycinebetaine ameliorated NaCl stress via scavenging of hydrogen

peroxide and methylglyoxal but not superoxide or nitric oxide in tobacco

cultured cells. Biosci Biotechnol Biochem 74: 2043–2049.

12. Hu CA, Donald SP, Yu J, Lin WW, Liu Z, et al. (2007) Overexpression of

proline oxidase induces proline-dependent and mitochondria-mediated apopto-

sis. Mol Cell Biochem 295: 85–92.

13. Krishnan N, Dickman MB, Becker DF (2008) Proline modulates the intracellular

redox environment and protects mammalian cells against oxidative stress. Free

Radic Biol Med 44: 671–681.

Proline Dehydrogenase in Trypanosoma cruzi

PLOS ONE | www.plosone.org 12 July 2013 | Volume 8 | Issue 7 | e69419



14. Ayliffe MA, Mitchell HJ, Deuschle K, Pryor AJ (2005) Comparative analysis in

cereals of a key proline catabolism gene. Mol Genet Genomics 274: 494–505.

15. Takagi H, Sakai K, Morida K, Nakamori S (2000) Proline accumulation by

mutation or disruption of the proline oxidase gene improves resistance to

freezing and desiccation stresses in Saccharomyces cerevisiae. FEMS Microbiol Lett
184: 103–108.

16. Cazzulo JJ (1994) Intermediate metabolism in Trypanosoma cruzi. J Bioenerg
Biomembr 26: 157–165.

17. El-Sayed NM, Myler PJ, Bartholomeu DC, Nilsson D, Aggarwal G, et al. (2005)

The genome sequence of Trypanosoma cruzi, etiologic agent of Chagas disease.
Science 309: 409–415.

18. Sylvester D, Krassner SM (1976) Proline metabolism in Trypanosoma cruzi

epimastigotes. Comp Biochem Physiol B 55: 443–447.

19. Contreras VT, Morel CM, Goldenberg S (1985) Stage specific gene expression

precedes morphological changes during Trypanosoma cruzi metacyclogenesis. Mol
Biochem Parasitol 14: 83–96.

20. Homsy JJ, Granger B, Krassner SM (1989) Some factors inducing formation of
metacyclic stages of Trypanosoma cruzi. J Protozool 36: 150–153.

21. Tonelli RR, Silber AM, Almeida-de-Faria M, Hirata IY, Colli W, et al. (2004) L-

proline is essential for the intracellular differentiation of Trypanosoma cruzi. Cell
Microbiol 6: 733–741.

22. Martins RM, Covarrubias C, Rojas RG, Silber AM, Yoshida N (2009) Use of L-
proline and ATP production by Trypanosoma cruzi metacyclic forms as

requirements for host cell invasion. Infect Immun 77: 3023–3032.

23. Bursell JD, Kirk J, Hall ST, Gero AM, Kirk K (1996) Volume-regulatory amino

acid release from the protozoan parasite Crithidia luciliae. J Membr Biol 154: 131–

141.

24. Rohloff P, Montalvetti A, Docampo R (2004) Acidocalcisomes and the

contractile vacuole complex are involved in osmoregulation in Trypanosoma

cruzi. J Biol Chem 279: 52270–52281.

25. Rohloff P, Rodrigues CO, Docampo R (2003) Regulatory volume decrease in

Trypanosoma cruzi involves amino acid efflux and changes in intracellular calcium.
Mol Biochem Parasitol 126: 219–230.

26. Magdaleno A, Ahn IY, Paes LS, Silber AM (2009) Actions of a proline analogue,
L-thiazolidine-4-carboxylic acid (T4C), on Trypanosoma cruzi. PLoS One 4:

e4534.

27. Silber AM, Tonelli RR, Lopes CG, Cunha-e-Silva N, Torrecilhas AC, et al.
(2009) Glucose uptake in the mammalian stages of Trypanosoma cruzi. Mol

Biochem Parasitol 168: 102–108.

28. Brener Z, Chiari E (1963) Morphological variations observed in different strains

of Trypanosoma cruzi. Rev Inst Med Trop Sao Paulo 5: 220–224.

29. Camargo EP (1964) Growth and differentiation in Trypanosoma cruzi. I. Origin of
metacyclic trypanosomes in liquid media. Rev Inst Med Trop Sao Paulo 6: 93–

100.

30. Almeida-de-Faria M, Freymuller E, Colli W, Alves MJ (1999) Trypanosoma cruzi:

characterization of an intracellular epimastigote-like form. Exp Parasitol 92:
263–274.

31. Brener Z, Golgher R, Bertelli MS, Teixeira JA (1976) Strain-dependent

thermosensitivity influencing intracellular differentiation of Trypanosoma cruzi in
cell culture. J Protozool 23: 147–150.

32. Schneider A, Charriere F, Pusnik M, Horn EK (2007) Isolation of mitochondria
from procyclic Trypanosoma brucei. Methods Mol Biol 372: 67–80.

33. Bradford MM (1976) A rapid and sensitive method for the quantitation of

microgram quantities of protein utilizing the principle of protein-dye binding.
Anal Biochem 72: 248–254.

34. Ramos CR, Abreu PA, Nascimento AL, Ho PL (2004) A high-copy T7
Escherichia coli expression vector for the production of recombinant proteins with

a minimal N-terminal His-tagged fusion peptide. Braz J Med Biol Res 37: 1103–

1109.

35. Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression data using

real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25:
402–408.

36. Laemmli UK (1970) Cleavage of structural proteins during the assembly of the

head of bacteriophage T4. Nature 227: 680–685.

37. Schagger H, Bentlage H, Ruitenbeek W, Pfeiffer K, Rotter S, et al. (1996)

Electrophoretic separation of multiprotein complexes from blood platelets and
cell lines: technique for the analysis of diseases with defects in oxidative

phosphorylation. Electrophoresis 17: 709–714.

38. Strecker V, Wumaier Z, Wittig I, Schagger H (2010) Large pore gels to separate
mega protein complexes larger than 10 MDa by blue native electrophoresis:

isolation of putative respiratory strings or patches. Proteomics 10: 3379–3387.

39. Lamour N, Riviere L, Coustou V, Coombs GH, Barrett MP, et al. (2005) Proline

metabolism in procyclic Trypanosoma brucei is down-regulated in the presence of
glucose. J Biol Chem 280: 11902–11910.

40. Johnson AB, Strecker HJ (1962) The interconversion of glutamic acid and

proline. IV. The oxidation of proline by rat liver mitochondria. J Biol Chem 237:
1876–1882.

41. Sarkar D, Bhowmik PC, Kwon YI, Shetty K (2009) Clonal response to cold
tolerance in creeping bentgrass and role of proline-associated pentose phosphate

pathway. Bioresour Technol 100: 5332–5339.

42. Kyte J, Doolittle RF (1982) A simple method for displaying the hydropathic
character of a protein. J Mol Biol 157: 105–132.

43. Pereira CM, Sattlegger E, Jiang HY, Longo BM, Jaqueta CB, et al. (2005)

IMPACT, a protein preferentially expressed in the mouse brain, binds GCN1
and inhibits GCN2 activation. J Biol Chem 280: 28316–28323.

44. Bontempi E, Martinez J, Cazzulo JJ (1989) Subcellular localization of a cysteine

proteinase from Trypanosoma cruzi. Mol Biochem Parasitol 33: 43–47.
45. Gietz RD, Schiestl RH (2007) High-efficiency yeast transformation using the

LiAc/SS carrier DNA/PEG method. Nat Protoc 2: 31–34.
46. Castillo FJ, Penel C, Greppin H (1984) Peroxidase release induced by ozone in

Sedum album leaves: Involvement of Ca. Plant Physiol 74: 846–851.

47. Bates LS (1973) Rapid determination of free proline for water-stress studies.
Plant Soil 39: 205–207.

48. Lee YH, Nadaraia S, Gu D, Becker DF, Tanner JJ (2003) Structure of the
proline dehydrogenase domain of the multifunctional PutA flavoprotein. Nat

Struct Biol 10: 109–114.
49. Wanduragala S, Sanyal N, Liang X, Becker DF (2010) Purification and

characterization of Put1p from Saccharomyces cerevisiae. Arch Biochem Biophys

498: 136–142.
50. Caceres AJ, Portillo R, Acosta H, Rosales D, Quinones W, et al. (2003)

Molecular and biochemical characterization of hexokinase from Trypanosoma

cruzi. Mol Biochem Parasitol 126: 251–262.

51. Juan SM, Cazzulo JJ, Segura EL (1977) The citrate synthase from Trypanosoma

cruzi. J Parasitol 63: 921–922.
52. Phang JM, Liu W, Zabirnyk O (2010) Proline metabolism and microenviron-

mental stress. Annu Rev Nutr 30: 441–463.
53. Delwing D, Bavaresco CS, Wannmacher CM, Wajner M, Dutra-Filho CS, et al.

(2003) Proline induces oxidative stress in cerebral cortex of rats. Int J Dev
Neurosci 21: 105–110.

54. White TA, Krishnan N, Becker DF, Tanner JJ (2007) Structure and kinetics of

monofunctional proline dehydrogenase from Thermus thermophilus. J Biol Chem
282: 14316–14327.

55. Tanner JJ (2008) Structural biology of proline catabolism. Amino Acids 35: 719–
730.

56. Simondsen RP, Weber PC, Salemme FR, Tollin G (1982) Transient kinetics of

electron transfer reactions of flavodoxin: ionic strength dependence of
semiquinone oxidation by cytochrome c, ferricyanide, and ferric ethylenedi-

aminetetraacetic acid and computer modeling of reaction complexes. Biochem-
istry 21: 6366–6375.

57. Paes LS, Mantilla BS, Barison MJ, Wrenger C, Silber AM (2011) The
uniqueness of the Trypanosoma cruzi mitochondrion: opportunities to identify new

drug target for the treatment of Chagas disease. Curr Pharm Des 17: 2074–

2099.
58. Silber AM, Colli W, Ulrich H, Alves MJ, Pereira CA (2005) Amino acid

metabolic routes in Trypanosoma cruzi: possible therapeutic targets against Chagas’
disease. Curr Drug Targets Infect Disord 5: 53–64.

59. Ostrander EL, Larson JD, Schuermann JP, Tanner JJ (2009) A conserved active

site tyrosine residue of proline dehydrogenase helps enforce the preference for
proline over hydroxyproline as the substrate. Biochemistry 48: 951–959.

60. Emanuelsson O, von Heijne G, Schneider G (2001) Analysis and prediction of
mitochondrial targeting peptides. Methods Cell Biol 65: 175–187.

61. Adams E, Frank L (1980) Metabolism of proline and the hydroxyprolines. Annu
Rev Biochem 49: 1005–1061.

62. Silber AM, Tonelli RR, Martinelli M, Colli W, Alves MJ (2002) Active transport

of L-proline in Trypanosoma cruzi. J Eukaryot Microbiol 49: 441–446.
63. Phang JM, Donald SP, Pandhare J, Liu Y (2008) The metabolism of proline, a

stress substrate, modulates carcinogenic pathways. Amino Acids 35: 681–690.
64. Bringaud F, Barrett MP, Zilberstein D (2012) Multiple roles of proline transport

and metabolism in trypanosomatids. Front Biosci 17: 349–374.

65. Morita Y, Nakamori S, Takagi H (2003) L-proline accumulation and freeze
tolerance of Saccharomyces cerevisiae are caused by a mutation in the PRO1 gene

encoding gamma-glutamyl kinase. Appl Environ Microbiol 69: 212–219.
66. Alia, Mohanty P, Matysik J (2001) Effect of proline on the production of singlet

oxygen. Amino Acids 21: 195–200.

67. Kaul S, Sharma SS, Mehta IK (2008) Free radical scavenging potential of L-
proline: evidence from in vitro assays. Amino Acids 34: 315–320.

68. Maxwell SA, Rivera A (2003) Proline oxidase induces apoptosis in tumor cells,
and its expression is frequently absent or reduced in renal carcinomas. J Biol

Chem 278: 9784–9789.
69. Coustou V, Biran M, Breton M, Guegan F, Riviere L, et al. (2008) Glucose-

induced remodeling of intermediary and energy metabolism in procyclic

Trypanosoma brucei. J Biol Chem 283: 16342–16354.
70. Turrens JF (1989) The role of succinate in the respiratory chain of Trypanosoma

brucei procyclic trypomastigotes. Biochem J 259: 363–368.
71. Rasmusson AG, Geisler DA, Moller IM (2008) The multiplicity of dehydroge-

nases in the electron transport chain of plant mitochondria. Mitochondrion 8:

47–60.
72. Thomson JF, Klipfel FJ (1960) Studies on the enzymic dehydrogenation of

deuterated succinate. Biochim Biophys Acta 44: 72–77.
73. Chamond N, Cosson A, Coatnoan N, Minoprio P (2009) Proline racemases are

conserved mitogens: characterization of a Trypanosoma vivax proline racemase.
Mol Biochem Parasitol 165: 170–179.

74. Reina-San-Martin B, Degrave W, Rougeot C, Cosson A, Chamond N, et al.

(2000) A B-cell mitogen from a pathogenic trypanosome is a eukaryotic proline
racemase. Nat Med 6: 890–897.

Proline Dehydrogenase in Trypanosoma cruzi

PLOS ONE | www.plosone.org 13 July 2013 | Volume 8 | Issue 7 | e69419


