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22  ABSTRACT

23 Trypanosoma cruzi, the causative agent of Chagas disease, presents a complex life cycle
24  and adapts its metabolism to nutrients availability. Although T. cruzi is an aerobic
25  organism, it does not produce heme. This cofactor is acquired from the host, and is
26  distributed and inserted into different heme-proteins such as respiratory complexes in the
27  parasite mitochondrion. It has been proposed that T. cruzi’s energy metabolism relies on a
28  branched respiratory chain with a cytochrome c¢ oxidase type aa3 (CcO) as the main
29 terminal oxidase. Heme A, the cofactor for all eukaryotic CcO, is synthesized via two

30 sequential enzymatic reactions catalyzed by heme O synthase (HOS) and heme A synthase
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(HAS). Previously, TcCox10 and TcCox15 were identified in T. cruzi. They presented HOS
and HAS activity, respectively, when were expressed in yeast. Here, we present the first
characterization of TcCox15 in T. cruzi, confirming its role as heme A synthase. It was
differentially detected in the different T. cruzi stages, being more abundant in the
replicative forms. This regulation could reflect the necessity of more heme A synthesis, and
therefore more CcO activity at the replicative stages. Over-expression of a non-funtional
mutant caused a reduction in heme A content. Moreover, our results clearly showed that
this hindrance in the heme A synthesis provoked a reduction on CcO activity and, in
consequence, an impairment on T. cruzi survival, proliferation and infectivity. These
evidences support that T. cruzi depends on the respiratory chain activity along its life cycle,

being CcO an essential terminal oxidase.

SUMMARY STATEMENT

Trypanosoma cruzi requires heme A as cofactor for the cytochrome c oxidase (CcO) of the
mitochondrial respiratory chain. The impairment of heme A synthesis negatively affects
parasite proliferation and infectivity, confirming its essentiality in the parasite life-cycle
stages.

SHORT TITLE

Heme A synthesis is essential for Trypanosoma cruzi
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CcO, cytochrome c oxidase; DAPI, 4',6-diamidine-2-phenylindole; DMEM, Dulbecco's

Modified Eagle Medium; FBS, Fetal Bovine Serum; GFP, green fluorescence protein; Glc,
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Glucose; Gly—EtOH, Glycerol-Ethanol; HAS, heme A synthase; HOS, heme O synthase; LIT,
Liver Infusion Tryptose; MOI, multiplicity of infection; PBS, phosphate buffered saline; SC-
URA, synthetic complete medium lacking Uracile; TcCox15, Trypanosoma cruzi Cox15

protein; YP, yeast extract, peptone, wt, wild type.

INTRODUCTION

Heme (heme B) is an essential molecule for most aerobic organisms of all
kingdoms, and it is the prosthetic group of nearly all the heme-proteins including
hemoglobin, myoglobin, catalases, peroxidases and mitochondrial respiratory complexes
(1-3). It is synthesized via a well-defined pathway that is highly conserved through
evolution (2,4,5), where the last step — the insertion of ferrous iron into the
protoporphyrin IX ring - is catalized by ferrochelatase. Heme B can also be converted into
heme C or A, which contain different modifications in the protoporphyrin ring (2). Heme A,
B and C are cofactors in complexes Il, Ill and IV of the respiratory chain as well as in
cytochrome c. Cytochromes ¢ and c1 are examples of heme-proteins that contain heme
covalently bound to its apo-protein partner through its vinyl side chains (heme C), and
different mechanisms and enzymes were described for this type of attachment (6). The
only known protein which has heme A as a cofactor is the cytochrome ¢ oxidase (CcO) or
complex IV of the mitochondrial respiratory chain (3,7). Heme A is synthesized via two
sequential enzymatic reactions starting from heme B. In the first reaction, catalized by the
heme O synthase (HOS) or Cox10, a farnesyl group is transferred to the C-2 vinyl group of
heme B to form heme O. During the second reaction, the methyl substituent on pyrrole
ring D is oxidized to an aldehyde by the heme A synthase (HAS), or Cox15, to form heme A
(Figure 1). Sequence analyses and biochemical studies have revealed that these enzymes
are highly conserved among eukaryotes and are located in the mitochondrial inner
membrane (3,7,8).

Trypanosomatids belong to the narrow group of eukaryotic organisms that are not
capable of synthesizing heme and, to overcome this deficiency, they extract this cofactor

from their environment. The mentioned group includes several organisms that cause
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significant human and animal diseases worldwide, among them species of Trypanosoma
and Leishmania. Trypanosoma cruzi causes Chagas disease, the most prevalent parasitic
disease in the Americas (4,9). It is estimated that about 6 to 7 million people are infected
worldwide, mostly in Latin America and southern states of USA, where Chagas disease is
considered endemic. Moreover, it is also becoming relevant in non-endemic regions due to
migrations and the absence of control in blood banks and organ transplantation
(http://www.who.int/mediacentre/factsheets/fs340/en/) (10). This organism has a
complex life cycle that alternates between two hosts, an invertebrate and a vertebrate,
and involves at least four different stages. In the insect vector, two distinct forms were
described: the epimastigote, which is the replicative form, and the metacyclic
trypomastigote, the infective and non-replicative form that once in the mammals’ blood
stream can infect any nucleated cell. In the mammal host two stages are undoubtedly
described: the amastigote (intracellular and replicative) and the bloodstream
trypomastigote (infective and non-replicative) forms. The last one is derived from the
intracellular amastigotes and released into the blood stream (11). During the different life-
cycle stages, the parasite adapts its metabolism to the nutrient availability inside the
different hosts. It is postulated that T. cruzi’s energy metabolism relies on the respiratory
chain, at least in some stages of its life cycle (12—14). It has also been proposed that a
branched respiratory chain is functioning in the parasite mitochondrion, with a type aa3
CcO as its main terminal oxidase, and with a contribution to the total oxygen consumption
of a putative alternative oxidase, as found in T. brucei (TAQ), and/or an oxidase containing
cytochrome o (15—-17). However, other putative terminal oxidases were not identified in T.
cruzi, neither from its genome sequence (18), nor from proteomic analysis that reported
the presence of polypeptides belonging to mitochondrial complexes such as NADH

deshydrogenase, cytocrome c1, subunits of CcO, and ATP synthase complexes (19,20).

Although T. cruzi lacks the complete route for heme biosynthesis, several studies
have been demonstrated that it is essential for this parasite. It is capable of acquiring
heme from its hosts (21,22) and inserting it in different heme-proteins. Also, heme is
transported to the parasite mitochondrion where the cytochromes c and c1 are assembled
by a mechanism not yet characterized (9), and heme A is synthetized and inserted into the

mitochondrial CcO. In our laboratory we identified two T. cruzi proteins, named TcCox10
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and TcCox15, which presented hemo O synthase and heme A synthase activity,
respectively, when they were expressed in yeast (23). Nevertheless, up to date, there is no
evidence about the role of TcCox10 and TcCox15, and the heme A synthesis in T. cruzi.

In this work, we present the first characterization of TcCox15, the HAS enzyme,
along the different life-cycle stages of T. cruzi. We focus on TcCox15’s relevance to T.
cruzi's survival and infectivity analyzing the expression of different versions of the TcCox15
recombinant protein -mutants and tagged ones- along the different life-cycle stages. Our
results demonstrate that TcCox15 has heme A synthase activity in T. cruzi, and that heme
A synthesis, and consequently the CcO activity, is essential in epimastigotes growth,

trypomastigotes infectivity and amastigotes intracellular replication.

MATERIALS AND METHODS

Reagents. Dulbecco's Modified Eagle Medium (DMEM) was obtained from Life
Technologies, Fetal Bovine Serum (FBS) from Natocor SA (Cérdoba, Argentina), and hemin
from Frontier Scientific (Logan, UT, USA). Hemin stock solution was prepared in 50% (v/v)

EtOH, 0.01 N NaOH at a concentration of 1 mM, fractionated and stored at -80 °C.

Bacterial and yeast strains. Escherichia coli strains used for cloning procedures were
grown at 37 °C in Luria Bertani medium, supplemented with either ampicillin (100 pg/ml)
or kanamycin (50 pg/ml). Saccharomyces cerevisiae cells were grown in either a rich YP
medium (1% yeast extract, 2% peptone) or a synthetic complete medium (SC) lacking
Uracile for plasmid selection (SC-URA). In both cases, 2% Glucose (Glc) or 3% Glycerol-2%
Ethanol (Gly—EtOH) were used as carbon sources. S. cerevisiae strains DY5113 (MATa ade2-
1 his3-1,15 leu2-3,112 trp1A ura3-1) and cox15A (DY5113 cox15::KanMX4, (23)) were used
for heterologous complementation assays. Yeast cells were transformed using the lithium

acetate method (24).

Cell lines and parasites. Vero cells (ATCC CCL-81, already available in our laboratory) were
maintained in DMEM supplemented with 0.15% (w/v) NaHCOs, 100 U/ml penicillin, 100
ug/ml streptomycin and 10% heat inactivated FBS (DMEM-10%FBS) at 37 °C in a humid
atmosphere containing 5% CO,. T. cruzi epimastigotes Dm28c strain were cultured in a

Liver Infusion Tryptose (LIT) medium supplemented with 10% heat inactivated FBS (LIT-
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10%FBS) and 20 uM hemin (25), at 28 °C. Metacyclic trypomastigotes were obtained by
spontaneous differentiation of epimastigotes at 28 °C and used to infect monolayered
Vero cells to obtain cell-derived trypomastigotes. After two rounds of infection, the
resulting cell-derived trypomastigotes were used to infect monolayered Vero cells at a
multiplicity of infection (MOI) of 10-30 to monitor the cell infection experiments, or the
development and replication of intracellular amastigotes. During T. cruzi infections,
monolayered Vero cells were incubated in DMEM-2%FBS (2% of heat inactivated FBS) at

37 °Cin a humid atmosphere containing 5% CO,.

In silico analysis. The protein sequences: TcCox15 (TCDM_06426, obtained from TriTrypDB
database, http://tritrypdb.org/tritrypdb/ (26)), the S. cerevisiae ScCox15 (YER141W,
obtained from the Saccharomyces Genome Database http://www.yeastgenome.org), and

the B. subtilis CtaA (CAB11340.1, obtained from NCBI http://www.ncbi.nlm.nih.gov) were

used for the amino acids' multiple sequence alignments using the Clustal W and Clustal X

version 2.0 software (http://www.ebi.ac.uk/Tools/msa/clustalw2, (27)).

Ethics statement. All experiments were approved by the Comité Institucional para el
Cuidado y Uso de Animales de Laboratorio, Facultad de Ciencias Bioquimicas vy
Farmacéuticas, Universidad Nacional de Rosario, Argentina (Institutional Committee of
Animal Care and Use of the School of Biochemical and Pharmaceutical Sciences, National
University of Rosario Argentina) and conducted according to specifications of the US
National Institutes of Health guidelines for the care and use of laboratory animals (File

number 935/2015).
Polyclonal antibodies that recognize TcCox15.

To obtain anti-TcCox15 antibodies, we used the P1TcCox15 peptide expressed as a GST-
fusion protein. Experimental details are included in the Supporting Information. The rabbit
polyclonal antibodies were obtained from the Animal Facility, Facultad de Ciencias
Bioquimicas y Farmacéuticas - Universidad Nacional de Rosario. Animals were housed and

maintained according to institutional guidelines.

TcCox15.His-GFP fusion protein. The TcCOX15.HIS-GFP recombinant gene was made in a

two-step procedure. First, the TcCOX15.HIS sequence was amplified by PCR, using the
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pBluescriptllKS(-).TcCOX15.HIS vector as a template (23), and FP_TcCOX15 and RP_noStop
primers (Table S1) to eliminate STOP codon at its 3’-end; BamHI and Xhol restriction sites
flanked the TcCOX15.HIS-nonSTOP sequence. Also the primers FP_GFP and RP_GFP, listed
in Table S1, were designed to amplify GFP sequence from a plasmid available in the
laboratory introducing the Xhol restriction site at the 5°-end and Sall EcoRV Xbal at the 3'-
end. The GFP PCR product was treated with the Xhol and Xbal restriction enzymes and the
TcCOX15.HIS-nonSTOP was treated with BamHI and Xhol enzymes. TcCOX15.HIS-nonSTOP
genes and the GFP gene were cloned together into a pENTR™3C vector (Gateway system®,
Invitrogen) to form TcCOX15.HIS-GFP. The cloning procedure was verified by sequencing
the DNA insert. After that, TcCOX15.HIS-GFP was cloned in p426.M25 vector previously
used in our laboratory for yeast complementation assays (23) and in pTcINDEX vectors

(28) for T. cruzi expression assays.

TcCOX15.HIS mutant genes. The mutants TcCOX15H129A, TcCOX15H206A and
TcCOX15H307A were made following the site directed mutagenic method described by
Oded Edelheit with some modifications (29). The mutagenic primers are listed in Table S1.
The pENTR3C.TcCOX15.HIS vector obtained from E. coli DH5a (dam®) was used as a
template. The reaction mixture (100 pl) contained 0.3 mM of each dNTP, 0.2 uM of each
mutagenic primer, 400 ng of template DNA, 1 mM MgSO,4, 10 ul of the 10X buffer
(Invitrogen) and 2.5 units of Pfx Platinum DNA polimerase (Invitrogen). The reaction steps
were: one cycle of 3 minutes at 95 °C, then 18 cycles of 30 seconds at 95 °C, 1 minute at 55
°C and 5 minutes at 68 °C. After that, the PCR mix was treated with 20 U of Dpnl
(Fermentas) at 37 °C for 2 hours where the methylated DNA used as template was
completely digested. 10 pL of 1 M CaCl, were added to 90 uL of the mixture and then used
to transform E. coli DH5a cells by the chemical method. The plasmids containing the
mutated sequences were identified by restriction enzyme treatment since a specific
restriction site was introduced together with the aminoacid substitution by the mutagenic
primer (30). The mutations were confirmed by DNA sequencing, and the inserts cloned to
pTcINDEX vector (28) for T. cruzi expression assays and also between BamHI| and Sall

restriction sites in p426.MET25 vector for yeast complementation assays (23).

Spot growth assay. S. cerevisiae wt and cox15A cells transformed with plasmids derived of

p426.MET25 were grown overnight in SC-URA medium at 30 °C with vigorous shaking.
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Then, the cells were suspended at a final pe

=1 and 5 pl of four serial dilutions (1:10 to
1:10000) plated in solid SC-URA Glc and SC-URA Gly-EtOH. When it was necessary, the
methionine concentration was modified to evaluate the effect caused by different amount
of overexpressed recombinant protein, since the MET25 promoter is repressed by

methionine (31). The plates were incubated at 30 °C for 4-5 days.

Parasites transfection. 7. cruzi epimastigotes Dm28c containing pLEW13 plasmid (28)
(Dm28c.pLEW13), were grown in LIT-10%FBS with 20 pM hemin plus 250 pg/ml G418 to
approximately 3 x 10 cells/ml. Epimastigotes were collected by centrifugation at 3000 x g
for 5 minutes, washed twice with PBS, and 1 x 10® cells were suspended in 0.35 ml of
electroporation buffer pH 7.5 (137 mM NaCl, 2.7 mM KCl, 4.7 mM Na,HPQO,4, 1.47 mM
KH,PQg4, 0.5 mM MgCl,, 0.1 mM CaCl,). The cells were transferred to a 0.2 cm gap cuvette
and 50 pl of 0.4 pg/ul DNA was added (wt and mutant genes cloned into pTcINDEX
plasmid). The mixture was placed in ice for 15 min and subjected to 1 pulse of 450 V and
500 uF using GenePulser Il (Bio-Rad, Hercules, USA). Then, it was transferred to 3 ml of LIT-
10%FBS with 20 UM hemin and incubated at 28 °C. 48 hours post electroporation 50 pg/ml
of Hygromycin B was added, and at 72 to 96 hours, the cultures were diluted and
Hygromycin B concentration was increased to 200 pg/ml. Stable resistant transfected cells

were obtained approximately 30-45 days post transfection.

Epimastigotes’ growth curves. Epimastigotes transfected with pTcINDEX plasmids
containing the wt or mutant TcCOX15 genes were maintained in LIT-10%FBS plus 20 uM
hemin. They were collected by centrifugation, and 5 x 10° cells were suspended in 1.5 ml
of fresh medium. After 24 hours of growth, tetracycline was added at different
concentrations (0.05, 0.15 and 0.25 pg/ml) to induce gene expression and the cultures
were maintained for 7-10 days in mid-log phase by periodic dilutions every two days. Cell
growth was monitored by cell counting in a Neubauer chamber. Samples were taken 3-4
days post induction to analyze protein expression by Western blot assay and indirect
immunofluorescence method, heme A levels by the heme pyridine hemochrome method,
and CcO activity by oxygen consumption rates measurement. In all cases, the accumulation
of the recombinant proteins caused by the addition of different amount of tetracycline
was evaluated by Western blot assay. Recently, it was reported by Moullan and col. that

tetracycline can disturb mitochondrial function in different eukaryotic models (32). On the
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other hand, Hashimi and col. reported later that higher tetracycline concentrations did not
affect T. brucei and L. tolerantoae (33), but they did not test the effect on T. cruzi (32,33).
Considering the presented evidences, and to avoid other possible effects caused by the
mitochondrial protein imbalance, we performed the assays using the lower inductor
concentration that caused a phenotypic difference between the epimastigotes containing

the recombinant proteins (wt and mutants) and the controls.

Cell infection assay using trypomastigotes overexpressing the recombinant TcCOX15 wt
and mutant genes. Cell-derived trypomastigotes (containing  pTcINDEX,
PTcINDEX.TcCOX15.HIS and pTcINDEX.TcCOX15H307A.HIS) were used to infect
monolayered Vero cells to evaluate the effects of (wt and mutant) TcCox15 recombinat
protein during tripomastigotes” infection and intracellular amastigotes' replication (2-3
days post infection) as it was previously described (22,34). Briefly, the cell-derived
trypomastigotes were collected by centrifugation at 4,000 x g for 10 minutes and pre-
incubated in both, the absence (-) and the presence (+) of 0.20 pg/ml tetracycline for 1 h.
Then they were incubated during 16 hours with 3 x 10° Vero cells plated on cover glasses
(mantained in DMEM-2%FBS at 37 °C in a humid atmosphere containing 5% CO,) at a MOI
(multiplicity of infection) of 10-30 trypomastigotes/cell (Infection), Then, the monolayered
Vero cells were washed twice with PBS, the complete medium was renewed without (-) or
with (+) 0.20 pg/ml tetracycline and then incubated during 2 - 3 days (post infection). After
that, the treated monolayered cells were washed twice with PBS, fixed with methanol for
15 minutes, stained with Giemsa reagent and mounted with Canada Balsam (Biopack). To
quantify the percentage of infected cells and the number of amastigotes per infected cell,
200 cells per slide were analyzed by optical microscopy. All conditions were run by
triplicate (technical replicates) and the results are representative of at least two

independent assays (biological replicates).

Yeast mitochondrial purification. Intact yeast mitochondria were isolated from yeast
grown in a synthetic medium as previously described (23). The final pellet containing the
crude mitochondrial fraction was suspended in a Spheroplast buffer (0.6 M Manitol, 20

mM Tris:HCl pH 7.5, 1 mM PMSF), immediately used or fractioned and stored at -80 °C.
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Total protein cell extracts obtained from different life-cycles stages of T. cruzi.
Epimastigotes maintained in exponential growth phase in LIT-10%FBS with 20 uM hemin
(plus tetracycline in case of transfectant epimastigotes) were collected by centrifugation at
2000 x g, washed twice with PBS, and suspended in a Lysis buffer (8 M urea, 20 mM Hepes
pH 8). The cell-derived trypomastigotes were collected by centrifugation at 6000 x g for 10
minutes, washed twice with PBS, and suspended in the same Lysis buffer. Amastigotes
were obtained from infected monolayered Vero cells maintained in DMEM-2%FBS. 48
hours post infection, the monolayered cells were washed twice with cold PBS and lifted
with a cell scraper in 5 ml of PBS. The cells were collected by centrifugation at 1500 x g for
8 minutes and suspended with 1 ml of PBS, and then disrupted by a 27G syringe. The
amastigotes were collected by centrifugation at 1500 x g for 8 minutes and suspended in

Lysis buffer.

Immunoblotting. Total protein from T. cruzi cell-free extracts (10-15 x 10° cells/well) or S.
cerevisiae mitochondrial fractions (30-50 ug protein per well) were heated at 50 °C for 15
minutes in a loading buffer (1.8% SDS, 5% glycerol and 0.5% [B-mercaptoethanol),
separated by electrophoresis on a 12-15% SDS-PAGE, and electrotransferred onto
nitrocellulose membranes (Amersham). The following antibodies were used for protein
detection: rabbit polyclonal anti-TcCox15 antibody, rabbit monoclonal anti-GFP antibody
(Santa Cruz Biotechnology), mouse monoclonal anti-His antibody (Calbiochem) or rabbit
polyclonal anti-6xHis HRP conjugated antidody (ABCAM), mouse monoclonal anti-
trypanosome a-tubulin clone TAT-1 antibody (a gift from K. Gull, University of Oxford,
England, United Kingdom), rabbit polyclonal anti-mitochondrial tryparedoxin peroxidase
antibody (anti-TcmPx, kindly provided by Sergio Guerrero, Universidad Nacional del Litoral,
Argentina) (35), and rabbit polyclonal anti-B subunit of F1 ATPase complex antibody (anti-
subp F1, a kind gift from A. Tzagollof, Columbia University, USA). Bound antibodies were
detected with peroxidase-labeled anti-rabbit 1gG (Calbiochem) or peroxidase-labeled anti-
mouse IgG (Calbiochem) and ECL Prime Western Blotting Detection kit (GE Healthceare).
When it was necessary, the membranes were stripped 30 minutes at 50 °C with Stripping
buffer (2% SDS, 100 mM B-mercaptoethanol, 62.5 mM Tris pH 8). The Image) software was

used for the quantitative analysis (36,37).

10
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Indirect immunofluorescence. Epimastigotes maintained in an exponential growth phase
in LIT-10%FBS with 20 uM hemin (plus the addition of tetracycline when necessary) were
collected and 10 x 10° cells were incubated with 1 UM Mitotracker (Invitrogen) in 100 pL of
PBS during 60 minutes at 28 °C. The cells were fixed with 4% (w/v) paraformaldehyde in
PBS at room temperature for 10 min and permeabilized with 0.1% Triton X-100 in PBS for
10 min. Then they were incubated first with rabbit anti-TcCox15 polyclonal antibody
diluted in Immunofluorescence Buffer (IB - 0.1% Tween 20, 150mM Tris pH 7.5 and
150mM NaCl) plus 1 % BSA, washed, and later incubated with anti-rabbit IgG FitC
conjugated (Jackson Immuno Research) diluted in the same IB and 1 uM DAPI (4',6-
diamidine-2-phenylindole). The slides were mounted with VectaShield (Vector
Laboratories). Images were acquired with a confocal Nikon Eclipse TE-2000-E2 microscope
using Nikon EZ-C1 software. The Imagel software was used to process the images (36,37).
The autofluorescent background was rectified and the deconvolution treatment was
applied to all images. The co-localization quantitative analysis was performed using the
Image J software; the estimated Pearson’s correlation coefficient and Manders’ overlap

coefficients are reported.

Oxygen consumption measurements. The oxygen consumption rates were quantified
using a Clark electrode connected to a 5300 Biological Oxygen Monitor (Yellow Springs
Instrument Co.) from the linear response as previously described (23). The yeast cells
grown overnight in SC-URA Glc were collected, washed, and suspended in 3% glycerol
(v/v). The measurements of oxygen consumption rate (O, nmoles consumed per minute
and D°®) were carried out in 3% glycerol (v/v) at 30 °C in a final volume of 2 ml. The

reaction was completely inhibited by the addition of azide (a few grains).

The oxygen consumption rate of transfected epimastigotes (O, nmoles consumed by 10°
cells per minute) was measured following the protocol previously described by Vercesi and
col. (38) with minor modifications. Epimastigotes transfected with pTcINDEX containing
the TcCOX15 genes (wt and mutants) were treated with tetracycline for 3-4 days, then
collected, washed with PBS, suspended at 50 x 10° cells/100 pL in TSB-EGTA (125 mM
sucrose, 65 mM KCl, 10 mM Tris:HCI pH 7.5, 1 mM MgCl;, 2.5 mM KH;PO,4, 333 uM EGTA)

and kept in ice. 5 mM succinate and 50 uM digitonin were added to each sample

11
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immediately before the assay. The measurements of oxygen consumption were carried

out in TSB-EGTA plus 5 mM succinate at 28 °C in a final volume of 2 ml.

Heme pyridine hemochrome method. 2-4 x 10° cells of transfected epimastigotes were
collected after 3-4 days post induction with tetracycline, washed with PBS, and pulled
down by high-speed centrifugation discharging the supernatant. Total hemes were
extracted from the cell pellet by the acetone:HCl extraction method previously described
with minor modifications (39). Briefly, the cell pellet was washed with 1 ml of cold
acetone:water (80:20) and then mixed with 1 ml of acetone:HCl (4 vol acetone and 1.5 vol
1.5 M HCl) to extract heme A and B. Then, the sample was centrifuged and the
supernatant was kept in a separated tube. Hemes were extracted again from the pellet
with 0.5 ml of acetone:HCI. Then, both supernatants were combined and mixed with 1 ml
of ethyl ether and 0.25 ml of 1.5 M HCI to extract hemes from the acetone:HCl solution.
The last step (ether extraction) was repeated but the extraction was performed with 0.5
ml of ethyl ether and 0.125 ml of 1.5 M HCI. The ethyl ether fractions were combined and
washed with 0.8 ml of 0.5 M HCI, and with 0.8 ml of 3% (w/v) NaCl. After ethyl ether
evaporation, the extracted hemes were suspended with 500 puL PBS and their
concentrations quantified from the reduced — oxidized differential spectrum as described
previously (22). The 557 nm from heme B and 588 nm from heme A absorbance peaks
were identified spectrum and heme B and heme A concentrations were quantified using

the molar extinction coefficient 23.98 mM™ cm™ and 25.02 mM™ cm™, respectively (39).

Statistical analysis. The results are expresed as mean + S.D. of three technical replicates
(technical replica) from one representative of three independent experiments (biological
replica) unless otherwise indicated. Statistically significant differences between groups (P)

were analyzed using GraphPad Prism version 6.0 as indicated in each assay.

RESULTS
TcCox15 is detected in the different life-cycle stages of Trypanosoma cruzi
To study the role and relevance of TcCox15 in T. cruzi, first we evaluated its

presence along the parasite's life cycle. The endogenous protein was detected in all
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assayed life-stages as shown in Figure 2, where anti-TcCox15 antibodies were used in the
Western blot assay. The replicative life-stages (epimastigotes and amastigotes) showed
higher TcCox15 levels than the infective and non-replicative stage (trypomastigotes). The
TcCox15 signal was normalized against tubulin or TcmPx, revealing the amount of this
protein was two times higher in epimastigotes than in amastigotes and five times higher
than in trypomastigotes (Figure 2B and C). These results suggest a major requirement for

HAS activity in the replicative stages.

TcCox15 is detected in the mitochondrion of Trypanosoma cruzi epimastigotes.

Indirect immunofluorescent assay on epimastigotes (Dm28c) were run to assess the
cellular localization of TcCox15 (using anti-TcCox15 antibodies), but the resulting
fluorescent signals presented very low intensity, impeding a clear identification of the
protein  location.  Alternatively, transfected epimastigotes containing the
pPTcINDEX.TcCOX15.HIS, treated with tetracyclin during 3 days to induce the recombinant
gene expression, were analyzed. Anti-TcCox15 as the primary antibody and the anti-rabbit
FitC-conjugated as the secondary antibody allowed the detection of the recombinant
TcCox15.His. Also the samples were labeled with Mitotracker. In this case, the green
fluorescent signal corresponding to TcCox15.His overlapped with the Mitotracker's red
signal, as shown in Figure 2D, suggesting that TcCox15 localizes in the parasite's

mitochondrion, as it was expected.

TcCOX15.His-GFP fusion is dominant negative

In addition to TcCox15.His we also constructed a recombinant protein fused to a C-
terminal GFP where the TcCOX15.HIS gene was C-terminally tagged with a GFP sequence
generating the TcCOX15.HIS-GFP recombinant gene. The functionality of TcCox15.His-GFP
was evaluated in cox15A yeast cells. Then wt and cox15A yeast cells were transformed
with TcCOX15.HIS-GFP cloned in pRS426.MET25, and plated on selective media
supplemented with Glc or Gly-EtOH to test the respiratory capacity. The expression of
TcCoxX15.His-GFP did not fully restore the respiratory deficiency of the knocked out
cox15A cells as it is shown in Figure 3A. Moreover, the oxygen consumption of cox15A cells
over-expressing TcCox15.His-GFP was lower than cells expressing TcCox15.His (Figure 3B).

The presence of both recombinant proteins was corroborated by Western blot assays
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using anti-TcCox15 and anti-GFP antibodies (Figure 3C), and also TcCox15.His-GFP was
visualized in the yeast cells by confocal microscopy (Figure 3D). Surprisingly, the over-
expression of the recombinant protein TcCox15.His-GFP, contrary to TcCox15.His, affected
negatively the respiratory growth of the wt cells (Figure 3E). Presumably, this dominant
negative effect was due to a defective formation of the complexes necessary for heme A
synthesis and/or heme A insertion into subunit | of CcO (40,41). In addition to this
evidence, TcCOX15.HIS-GFP was also cloned in pTcINDEX (28) and the resulting plasmid
used to transfect T. cruzi epimastigotes (Dm28c.pLEW13). It was not possible to obtain
transfectant epimastigotes harboring pTcINDEX.TcCOX15.HIS-GFP, consistently with the

phenotype observed when TcCOX15.HIS-GFP was expressed in wt yeast.

The conserved histidine residues of TcCox15 enzyme are essential for heme A synthase

activity

Several His residues were described as essential for the CtaA activity (B. subtilis HAS
enzyme), such as His60, His123, and His216 (42). These residues are conserved in TcCox15,
corresponding to His129, His206 and His307 following the TcCox15 numbering
(Supplementary Figure S1) (23). To analyze their relevance, each one was changed by Ala
generating the TcCox15HxxxA.His (H129A, H206A and H307A) mutant proteins (all of them
containing a C-terminal His-tag). The HAS activity of these recombinant proteins was
evaluated in yeast cells, then the TcCOX15HxxxA.HIS variants cloned in p426.MET25
(p426.MET25.TcCOX15H129A.HIS, p426.MET25.TcCOX15H206.HIS and
p426.MET25.TcCOX15H307A.HIS) were used to transform the cox15A cells as well as
p426.MET25 (negative control), and p426.MET25.TcCOX15.HIS and
p426.MET25.5cCOX15.HIS as positive controls (23). The presence of TcCox15H129A.His,
TcCox15H206A.His and TcCox15H307A.His did not allow the recovery of the respiratory
growth of cox15A cells, and also the recombinant strains did not exhibit any oxygen
consumption activity as it is shown in Figure 4A and B respectively. The presence of the wt
TcCox15.His and the TcCox15HxxxA.His mutants in mitochondrial fractions was verified by
Western blot assays (Figure 4C). In summary, the respiratory deficiency was not due to the
absence of these recombinant proteins in the yeast mitochondria but instead to the
mutations introduced in TcCox15 sequence. Also, the phenotype caused by the over-

expression of TcCox15HxxxA.His was evaluated in wt yeast cells and its growth was not
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affected like it was observed with the over-expression of the TcCox15.His-GFP. This
suggests that TcCox15HxxxA.His mutants did not affect the activity of the native HAS
enzyme in yeast (ScCox15). These results show that the mutations introduced in the
TcCOX15 gene affected the enzyme function without major effect on its assembly and
accumulation in the yeast mitochondria, which makes them promising candidates to

evaluate their function in the native organism, T. cruzi.

The presence of TcCox15 mutant negatively affects heme A synthesis, CcO activity and

epimastigotes proliferation

As an approach to analyze the role of TcCox15 in T. cruzi, TcCOX15HxxxA.HIS (H129,
H206 and H307) genes were cloned in pTcINDEX vector and pTcINDEX.TcCOX15H129A.HIS,
pTcINDEX.TcCOX15H206A.HIS, pTcINDEX.TcCOX15H307A.HIS, in addition to
PTcINDEX.TcCOX15.HIS, were used to transfect epimastigotes Dm28c.pLEW13 (28). We did
not succeed in obtaining epimastigotes transfected with pTcINDEX.TcCOX15H206A.HIS, so
we decided to exclude this mutant for the studies conducted afterwards. We tested the
phenotype caused by the induction of the recombinant genes (TcCOX15.HIS and
TcCOX15HxxxA.HIS) by the addition of different amounts of tetracycline, from 0 to 0.25
ug/ml. In this case, we did not observe any effects in the controls (epimastigotes harboring
PTcINDEX) up to 0.5 pg/ml of tetracycline (Figure 5A, B and C) and the induction of the wt
gene expression (TcCOX15.HIS) caused a mild negative effect on growth when the
concentration of tetracycline was increased from 0.15 to 0.25 pg/ml (Figure 5A). However,
the induction of both mutant genes severely impaired the epimastigotes' growth at the
lowest tetracycline concentration assayed (0.15 pg/ml) as shown in Figure 5B and C. The
effect produced by the presence of recombinant proteins was reported as a percentage of
parasite number of induced/non-induced conditions at the end of the growth curve, day 8
(Figure 5D). The accumulation of the recombinant proteins was validated by Western blot
assays (Figure 6A). Also, the cellular location of the mutant proteins (TcCox15H129A His
and TcCox15H307A.His) was verified by indirect immunofluorescence assays (Figure 6B),
where the signal corresponding to the TcCox15HxxxA.His overlapped the mitochondrial
marker signal (Mitotracker), similarly to TcCox15 wt (Figure 2D), suggesting that the

mutations (H129A and H307A) did not affect the protein localization.
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Afterwards, heme A synthesis and CcO activity were evaluated on epimastigotes
over-expressing TcCox15.His and TcCox15H307A.His recombinant proteins. Heme A
content was quantified by the pyridine hemochrome method (39) and CcO activity by
oxygen consumption measurements. The heme A content is reported in Table 1. All the
samples showed similar heme B concentrations, however, epimastigotes containing the
TcCox15H307A.His non-functional enzyme showed a 50% reduction in heme A
concentration, which is also denoted by the heme A/heme B ratio. Moreover, the parasites
containing the TcCox15H307A.His decreased about 40-45% the oxygen consumption rates
when compared to the non-induced samples (Figure 7). Conversely, parasites containing
TcCox15.His (wt protein) did not show any significant variations in the oxygen
consumption rates (Figure 7). Taking into account all results presented here, we can
postulate that the over-expression of the non-functional TcCox15 mutants caused a
negative effect over heme A synthesis, affecting the function of the CcO complex and

epimastigotes' proliferation.

The presence of the TcCox15 non-functional mutant negatively affects T. cruzi infection

(trypomastigotes) and intracellular replication (amastigotes)

We evaluated if any reduction in heme A synthesis and consequently CcO activity
could affect T. cruzi infection and intracellular replication. Cell-derived trypomastigotes
containing pTcINDEX, pTcINDEX.TcCOX15.HIS and pTcINDEX.TcCOX15H307A.HIS plasmids
pre-treated without or with 0.20 pg/ml of tetracycline, were incubated with monolayered
Vero cells at a ratio of 10 trypomastigotes/cell during 16 h at 37°C without or with the
addition of tetracycline (infection without (-), Infection with (+)). Then, the free
trypomastigotes were washed out, the complete medium was replaced without (-) or with
(+) the addition of 0.20 pg/ml of tetracycline and the cells incubated for another 2 days,
(post infection without (-), post infection with (+)). Then, the cells were stained with
Giemsa, and the number of infected cells and the intracellular amastigotes per infected
cells were evaluated microscopically. No effect was observed in parasites transfected with
the pTcINDEX (not shown). The presence of the recombinant TcCox15.His (wt enzyme) did
not affect the number of infected cells or the intracellular amastigotes per infected cells at
any of the assayed conditions, as shown in Figures 8A and B. Representative Giemsa

stained cells infected with T. cruzi expressing TcCox15.His are presented in Figure 8C. On
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the other hand, the expression of TcCox15H307A.His impacted negatively on the number
of infected cells and the amount of amastigotes per infected cell (Figure 8D and E).
Induction of TcCOX15H307A.HIS expression during infection (+/- or +/+) caused a reduction
in the number of infected cells by approximately 50%, but no effect was observed when
the tetracycline had been added once the infection was established (-/+) (Figure 8D). Also,
a significant reduction in the number of amastigotes per infected cell was caused when the
tetracycline was added during the infection (+/-) or when it was maintained throughout
the whole assay (+/+). Aditionally, a lower number of amastigotes per infected cell was
observed when tetracycline was added once the infection was established (-/+), but the
effect was less severe (Figure 8E). A representive picture of infected cells with T. cruzi
over-expressing TcCox15H307A.His is presented in Figure 8F. Both recombinant proteins
(TcCox15.His and TcCox15H307A.His) were detected by Western blot assay from total cell-
free extracts of transfected trypomastigotes and amastigotes (Figure 8G). We also verified
that the impairment in heme A synthesis affected the earlier steps on the infection
processes, as it is described in supporting information, where the over-expression of
TcCox15H307A.His recombinant protein caused a reduction on the percentage of infected
cells at short periods of time post infection (Figure S4). Thus, the presence of the TcCox15
non-functional mutant that reduces the heme A synthesis impaired the trypomastigote

infection and the intracellular amastigote replication.

DISCUSSION

Heme A is an essential cofactor produced only for the mitochondrial respiratory
complex IV (CcO); its insertion into subunit | of this complex is one of the first stages in the
CcO assembly (43). It is reported that the impairment in heme A synthesis and/or its
proper insertion into subunit | causes the proteolysis of the core of CcO in yeast, resulting
in a failure to detect this complex in the mitochondrial inner membrane (3). Therefore, a
lack of success in the synthesis and correct loading of heme A leads to respiratory chain
defects. T. cruzi, like other trypanosomatids relevant for human health, are aerobic
organisms that rely, at least in some of their life-cycle stages, on the mitochondrial

respiratory chain activity. Acknowledging these pieces of evidence, we postulate that
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heme A might be synthesized according to the requirements of assembled and active CcO,
depending on the energetic metabolism of the T. cruzi life-cycle stages, nutrient
availability, or both. Furthermore, it seems reasonable that a reduction, or inhibition, in
heme A synthesis would render a defect on CcO activity that could lead to an increase in
the other terminal oxidase activities to compensate the impairment of the CcO function.

In this work, we present the first characterization of the TcCox15 enzyme (HAS) and
its product —heme A- in the native organism, T. cruzi. Our data indicates that TcCox15
should localize in the parasite mitochondrion, like all the eukaryotic HAS studied to date.
Recently reported transcriptomic analysis described that genes belonging to the Krebs
cycle, the respiratory chain and oxidative phosphorylation were significantly up-regulated
in epimastigotes, however, expression of genes related to respiration were detected in all
stages (44). Our results show that the expression of TcCox15 is regulated throughout the
parasite life cycle, being more abundant in the replicative stages (epimastigotes and
amastigotes) than in the infective stage (trypomastigotes), in agreement with the
transcriptomic analysis. Moreover, the TcCox15 expression pattern could reflect the
necessity of more respiratory chain activity during the replicative stages and to support
this demand of CcO, more HAS activity is required.

Several His residues, reported as essential for HAS activity in other organisms, are
conserved in the T. cruzi protein (23,42). Their replacement by Ala in TcCox15 rendered
non-functional enzymes (TcCox15H129A, TcCox15H206A and TcCox15H307A), and
together with the data reported from CtaA (B. subtilis HAS enzyme) (42), and recently from
ScCox15 (S. cerevisiae Cox15 enzyme) (41), it confirmed the relevance of the conserved His
residues in HAS activity. Also, the dominant negative effect observed when the
recombinant protein TcCox15.His-GFP was expressed in wt yeast cells, as well as the
inability to obtain transfected epimastigotes expressing this recombinant protein, suggests
that the presence of the C-terminal GFP interferes with HAS activity. This strongly supports
that TcCox15 could form relevant oligomeric complexes involved in heme A synthesis
and/or heme A insertion into subunit | of CcO as it was described for other eukaryotic HAS
(40,41). All these evidences indicate that heme A synthesis (at least the reaction catalized
by HAS), and possibly the cofactor insertion into CcO, are conserved in T. cruzi despite the

evolutionary divergence of this organism.
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The non-funtional mutants of TcCox15 araise as a useful tool to analyze the role of
heme A and its synthesis in T. cruzi. Their expression in epimastigotes, which also contain
endogenous TcCox15, negatively affects parasite growth as a direct consequence of the
impairment of heme A synthesis and consequently CcO activity. A priori, we exclude any
other possibility since the over-expression of the recombinant wt enzyme did not affect
heme A synthesis, CcO activity and epimastigotes’ growth. Besides, these recombinant
proteins (wt and mutants) were localized in the parasite mitochondrion and interestingly
their presence did not affect heme B concentration in epimastigotes. Recently, it was
postulated that yeast Cox15 (ScCox15) associates with the CcO assembly intermediates
during Cox1 maturation, where Cox15 itself plays a relevant role in heme A insertion into
Cox1 (40,41). Then, it is reasonable to postulate that non-functional TcCox15 caused a
dominant-negative effect on epimastigotes’ growth, where the inactive enzyme could
replace some of the endogenous TcCox15, disrupting the relevant complexes involved in
heme A synthesis and/or heme A insertion into CcO. In spite of the negative effects caused
in CcO activity by the presence of the TcCox15 non-functional mutants, the epimastigotes’
oxygen consumption rates were not compensated by any other mechanism under our
assay conditions. Therefore, our results confirm that CcO is the main terminal oxidase
essential for the epimastigotes’ proliferation.

The expression of the recombinant non-functional HAS (TcCox15H307A.His)
negatively affected the cell line infection produced by trypomastigotes, while the
recombinant wt protein did not cause any effect. Notably, the endogenous level of
TcCox15 in trypomastigotes (infective form) was the lowest detected compared to the
replicative forms. Then, any small amount of a recombinant protein (wt or non-functional
mutant) could produce a serious imbalance in the HAS activity and finally in the amount of
fully assembled CcO. It has been previously proposed that once the trypomastigotes enter
the cell they have to differentiate into amastigotes and escape from parasitophorous
vacuole to establish the infection (45), or leave the cell (46,47). Interestingly, our results
demonstrate that heme A synthesis and CcO activity are essential for the cellular infection
produced by the T. cruzi trypomastigotes, and supports the idea that the trypomastigotes
attachment to mammalian cells is an active process that requires energy and

mitochondrial respiratory chain activity as it was previously described (48).
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On the other hand, larger amounts of endogenous TcCox15 detected in the
epimastigotes and amastigotes forms are consistent with the hypothesis that the
replicative life-stages have a higher energy requirement than the infective stage. In
consequence, the parasite would need a fully active respiratory chain, with a concomitant
augmentation of heme A synthesis to assemble a higher amount of CcO complex. These
concepts are supported by the over-expression of the recombinant non-functional
TcCox15 that also impairs the intracellular replication of amastigotes. Likewise, this
evidence confirms that heme A synthesis and CcO activity are essential for amastigote
intracellular replication.

In summary, we have demonstrated that TcCox15 plays the role of heme A
synthase in T. cruzi. Despite the possible existence of a branched respiratory chain, our
results clearly show that CcO type aa3 is the main terminal oxidase in all of T. cruzi life-
cycle stages and that its activity is essential for parasite growth and infection. Remarkably,
the data presented here demonstrate by the first time that impairment in CcO activity
(inhibiting its heme A synthesis) negatively affects, not only the replicative stages, but the
trypomastigotes infectivity. These evidences reinforce the idea of parasite energy

metabolism as an attractive therapeutic target to control infection and transmission.
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TABLE 1
heme A heme B
heme A/heme B
nmoles/ 1.1090ells nmoles/ 1.1090ells
+S.D.
+S.D. +S.D.
vector 0.036 + 0.005 1.225 £ 0.046 0.030 £ 0.003
TcCox15 + Tet 0.033+0.003 1.477 £ 0.076 0.022 + 0.001*
H307A + Tet 0.0160 + 0.0003 * 1,207 £ 0.002 0.0136 + 0.0003 **

Table 1. The expression of recombinant TcCox15H307A.His enzyme decreases the
amount of heme A in T. cruzi epimastigotes. Heme content of epimastigotes transfected
with pTcINDEX (vector), pTcINDEX.TcCOX15.HIS (TcCox15) or pTcINDEX.TcCOX15H307A.HIS
(H307A) treated with 0.15 pg/mL tetracycline for 3 days was quantified by heme pyridine
hemochrome method. The concentration of heme B and heme A were estimated from the
reduced minus oxidized spectra, using the molar extinction coefficient 23.98 mM™" cm™
(557 nm) and 25.02 mM™ cm™ (588 nm) respectively (39). Data are expressed as means +
S.D. of three technical replicates from one representative of at least three independent
experiments (biological replica). Asterisks indicate a statistically significant difference

compared to control, parasites transfected with pTcINDEX, *P < 0.05 and **P < 0.01 (one-

way analysis of variance followed by Tukey's Multiple Comparison post-test).
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FIGURES LEGENDS

Figure 1: Schematic representation of heme A synthesis. Heme O Synthase (HOS) and

Heme A Synthase (HAS) (7).

Figure 2. TcCox15 is detected in T. cruzi extracts from the different life-cycle stages. (A)
Equal amounts of total cell-free extracts of epimastigotes (E), cell-derived trypomastigotes
(T), and amastigotes (A) were separated by SDS-PAGE, transferred to nitrocellulose, and
analyzed with anti-TcCox15, anti-tubulin as a loading control of total cell extract, and anti-
mitochondrial tryparedoxin peroxidase (anti-TcmPx) as a loading control as well as
mitochondrial marker. The Western blot is a representative from three independent
biological replicas. The relative amount of TcCox15 was quantified and normalized to anti-
tubuliun (B) and anti-TcmPx intensity (C). Data are expressed as means + S.D. of three
independent assays. (D) Immufluorescence assay of T. cruzi epimastigotes transfected with
pTcINDEX.TcCOX15.HIS incubated with 0.15 pg/mL tetracycline for 3 days. TcCox15
(endogenous and recombinant proteins) was detected using anti-TcCox15 and FITC-
conjugated anti-rabbit (green) as secondary antibody. DNA was stained with DAPI (blue)
and mitochondrion was stained with Mitotracker (MT). DIC, differential interference
contrast image. The confocal images are a representative of multiple fields from three
different experiments. The colocalization analysis (Red:Green) was performed (Pearson's

correlation coefficient: 0.972, and Manders overlap coefficients: 0.895 and 0.924).

Figure 3. The C-terminal GFP fusion to TcCox15 affects the heme A synthesis in yeast
cells. (A) Spot growth assay of cox15A yeast cells transformed with p426.MET25 (vector),
p426.MET25.TcCOX15.HIS (TcCox15.His), p426.MET25.TcCOX15.HIS-GFP (TcCox15.His-GFP)
or p426.MET25.5cCOX15.HIS (ScCox15). 5 pl of four serial dilutions from an initial cultures
of D°®=1 were plated on SC-URA Glc or SC-URA Gly-EtOH to test the respiratory capacity.
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(B) The oxygen consumption rate of the same yeast cells was measured in 3% glycerol
(v/v). Data are expressed as means * S.D. of three technical replicates from one
experiment representative of three independent biological replicas. (C) Western blot of
mitochondrial extracts from S. cerevisiage cox15A cells transformed with
p426.MET25.TcCOX15.HIS (TcCox15.His) or p426.MET25.TcCOX15.HIS-GFP (TcCox15.His-
GFP), grown in SC-URA 0.2% Glucose, 1.8% Galactose, using the following antibodies: anti-
TcCox15, and anti-fB subunit of F1 complex (anti-subB F1) as a loading control of yeast
mitochondrial extract. (D) Confocal microscopy images of S. cerevisiae cox15A cells
transformed with p426.MET25.TcCOX15.GFP incubated overnight in SC-URA Gly-EtOH. (E)
Spot growth assay of WT yeast cells transformed with p426.MET25.TcCOX15.HIS
(TcCox15.His) or p426.MET25.TcCOX15.HIS-GFP (TcCox15.His-GFP). 5 ul of four serial
dilutions from an initial cultures of D°®=1 were plated in SC-URA Glc or Gly-EtOH
supplemented with 2mg/l or without (wo) methionine (increasing Met concentration
decrease MET25 promoter activity) to test the effect caused by increasing amount of

TcCox15.His-GFP on the respiratory capacity of the WT strain.

Figure 4. The TcCox15 mutants do not exhibit HAS activity in S. cerevisiae cox15A cells.
(A) Spot growth assay of cox15A yeast cells transformed with p426.MET25 (vector) or
ScCOX15.HIS (ScCox15), TcCOX15.HIS (TcCox15) and TcCOX15HxxxA.HIS mutants (H129A,

00-1 were

H206A and H307A). 5 uL of four serial dilutions from an initial culture of D
plated in solid SC-URA Glc or SC-URA Gly-EtOH and incubated during 5 days at 30 °C to test
their respiratory capacity. (B) The oxygen consumption rate of the same transformed yeast
cells previously grown overnight in SC-URA Glc was measured in 3% glycerol (v/v). Data are
expressed as means = S.D. of three technical replicates from one experiment

representative of three independent biological replicas. (C) Western blot of mitochondrial

extracts from the same transformed cox15A yeast cells, grown in SC-URA Glc.
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Figure 5. The recombinant TcCox15HxxxA mutants impair T. cruzi epimastigotes’ growth.
Growth curve of epimastigotes transfected with (A) pTcINDEX.TcCOX15.HIS (Tc15), (B)
pTCINDEX.TcCOX15H129A.HIS (H129A), and (C) pTcINDEX.TcCOX15H307A.HIS (H307A),
without or with the addition of 0.15 pug/ml, 0.25 ug/ml of tetracyclin (0, 0.15 Tet, 0.25 Tet).
In all cases the growth of epimastigotes transfected with pTcINDEX (vector), incubated
without and with 0.5 ug/ml of tetracycline, was monitored as control. Cells were
maintained in mid-log phase by periodic dilutions every two days. Data are expressed as
means = S.D. of three independent biological replicas. (D) Quantification of the effect
produced by the presence of recombinant proteins expressed as a percentage of parasite

number of induced/non-induced conditions at day 8.

Figure 6. The recombinant TcCox15HxxxA mutants are detected in the epimastigotes’
mitochondrion. (A) Western blot of total cell-free extracts from epimastigotes transfected
with pTcINDEX (vector), pTcINDEX.TcCOX15.HIS (Tcl5), pTcINDEX.TcCOX15H129A.HIS
(H129A) and pTcINDEX.TcCOX15H307A.HIS (H307A) induced with a monodose of 0.05,
0.15, or 0.25 pg/ml tetracycline for 3 days, using the following antibodies: anti-TcCox15,
anti-His, and anti-tubulin as a loading control. (B) Indirect immufluorescence assay of T.
cruzi epimastigotes transfected with pTcINDEX (vector), pTcINDEX.TcCOX15H129A.HIS
(H129A) or pTcINDEX.TcCOX15H307A.HIS (H307A), total TcCox15 was detected using anti-
TcCox15 and FITC-conjugated anti-rabbit (green) as secondary antibody. DNA was stained
with DAPI (blue) and mitochondrion with Mitotracker (MT). DIC, differential interference
contrast image. The confocal images are a representative of multiple fields from three
different experiments. The colocalization analysis (Red:Green) was performed on H129A
(Pearson's correlation coefficient: 0.927, and Manders overlap coefficients: 0.895 and
0.924) and H307A (Pearson's correlation coefficient: 0.331, and Manders overlap
coefficients: 0.717 and 0.908).

29



841
842
843
844
845
846
847
848
849
850
851

852

853

854
855
856
857
858
859
860
861
862
863
864
865
866
867
868
869
870

Figure 7. The expression of the recombinant TcCox15H307A protein causes a reduction
on the oxygen consumption rate in T. cruzi epimastigotes. The oxygen consumption rate

(nmoles of consumed O,/min oD%

) of epimastigotes transfected with pTcINDEX (vector),
PTCcINDEX.TcCOX15.HIS (Tc15) or pTcINDEX.TcCOX15H307A.HIS (H307A) was measured in
TSB-EGTA plus 5 mM succinic acid and normalized against parasite number. The
transfected epimastigotes were incubated without (non-induced) or with 0.25 pg/ml
tetracycline (induced) for 4 days. In each case the oxygen consumption rate was referred
to the non-induced condition. Data are expressed as means * S.D. of three independent
biological replicas. Asterisk indicates a statistically significant difference of induced

compared to non-induced condition, *P < 0.01, each case was analyzed by two-tailed

paired Student’s t test.

Figure 8. The restriction in heme A synthesis (and CcO activity) impairs the
trypomastigotes’ infection and intracellular amastigotes’ replication. To study the effect
of a restriction in heme A synthesis and CcO activity on T. cruzi infectivity and intracellular
replication, the capability of trypomastigotes to infect a cellular line, and intracellular
replication of amastigotes were evaluated in the presence of the recombinant
TcCox15H307A or TcCox15 proteins during the infection (+/-), post infection (-/+), in both
cases (+/+), and compared to control (-/-, without the expression of the recombinant
proteins). The infection and post infection incubation were performed in the absence or
presence of 0.20 ug/ml of tetracycline: -/- tetracycline never added to the medium; +/-
trypomastigotes were pre-treated with tetracycline for 1 h before the infection, it was
added only during the infection (16h) and then removed; -/+ trypomastigotes were not
induced, tetracycline was added only during 72h after the infection at the amastigote
stage; +/+, trypomastigotes were pre-treated and tetracycline was maintained during the
whole assay. The cells were stained with Giemsa reagent and the percentage of infected
cell (infection capacity) and number of amastigotes per infected cell (intracellular
replication) evaluated under light microspcope. (A and D) The percentage of infected cells

is expressed as means + S.D. of three independent biological replicates and analyzed by
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One-way analysis of variance followed by Dunnett's Multiple Comparison post-test (*P <
0.001). (B and E) The number of intracellular amastigotes per infected cell is shown in a
box and whisker plot (the box indicated the first quartil, the median and the third quartil,
and the whisker indicated the 5th and 95th percentile), the mean is indicated with a dash,
and analyzed by Kruskal-Wallis test followed by Dunn's Multiple Comparison post-test (**P
< 0.001). (C and F) Images of Giemsa-satined infected cells. (G) Western blot of total cell-
free extracts from cell-derived trypomastigotes (T) and amastigotes (A) transfected with
pPTcINDEX.TcCOX15.HIS (Tc15) or pTcINDEX.TcCOX15H307A.HIS (H307A) treated with 0.20
pg/ml of tetracycline for 0, 1 and 16 h (T) or during 0 and 48h (A), using the following

antibodies: anti-TcCox15 and anti-tubulin as a loading control.
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