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Abstract

Chronic Chagas’ disease cardiomyopathy (CCC) is an often fatal
outcome of Trypanosoma cruzi infection, with a poorer prognosis
than other cardiomyopathies. CCC is refractory to heart failure treat-
ments, and is the major indication of heart transplantation in Latin
America. A diffuse myocarditis, plus intense myocardial hypertrophy,
damage and fibrosis, in the presence of very few T. cruzi forms, are the
histopathological hallmarks of CCC. To gain a better understanding of
the pathophysiology of CCC, we analyzed the protein profile in the
affected CCC myocardium. Homogenates from left ventricular myo-
cardial samples of end-stage CCC hearts explanted during heart
transplantation were subjected to two-dimensional electrophoresis
with Coomassie blue staining; protein identification was performed
by MALDI-ToF mass spectrometry and peptide mass fingerprinting.
The identification of selected proteins was confirmed by immunoblot-
ting. We demonstrated that 246 proteins matched in gels from two
CCC patients. They corresponded to 112 distinct proteins. Along with
structural/contractile and metabolism proteins, we also identified
proteins involved in apoptosis (caspase 8, caspase 2), immune system
(T cell receptor ß chain, granzyme A, HLA class I) and stress pro-
cesses (heat shock proteins, superoxide dismutases, and other oxida-
tive stress proteins). Proteins involved in cell signaling and transcrip-
tional factors were also identified. The identification of caspases and
oxidative stress proteins suggests the occurrence of active apoptosis
and significant oxidative stress in CCC myocardium. These results
generated an inventory of myocardial proteins in CCC that should
contribute to the generation of hypothesis-driven experiments de-
signed on the basis of the classes of proteins identified here.
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Introduction

Chagas’ disease is a significant cause of
morbidity and mortality in Central and South
America, affecting about 13 million people
(1). The disease is caused by infection with the
intracellular protozoan parasite Trypanosoma
cruzi. About 30% of Chagas’ disease patients
develop chronic Chagas’ disease cardiomy-
opathy (CCC), an inflammatory cardiomyop-
athy that occurs decades after the initial infec-
tion, and one-third progress further to a par-
ticularly aggressive, life-threatening dilated
cardiomyopathy. In spite of the recent ad-
vances in vector control, the millions of pa-
tients already infected deserve more attention
from the scientific community. Furthermore,
clinical progression, length of survival and
overall prognosis are significantly worse in
CCC patients compared with patients with
dilated cardiomyopathy of non-inflammatory
etiology (2,3).

CCC heart lesions show histopathologi-
cal findings consistent with inflammation
and a myocardial remodeling process: T cell/
macrophage-rich myocarditis, hypertrophy,
and fibrosis with heart fiber damage (4). The
local cytokine production profile is consist-
ent with a T1-type response, with interferon-
gamma (γ)-induced chemokines (5-12). Gene
expression profiling of CCC myocardial tis-
sues showed that 15% of the known genes
selectively up-regulated in CCC are IFN-γ-
inducible (12). Exposure of cardiomyocytes
to IFN-γ can up-regulate the expression of
atrial natriuretic factor (12), suggesting that
IFN-γ may directly modulate gene expres-
sion in myocardial cells. These results are
consistent with a possible role of IFN-γ-
induced chronic inflammation in modulat-
ing myocardial gene expression.

However, gene expression profiling may
not be faithfully reflected at the protein level.
Advances in two-dimensional (2-D) electro-
phoresis, mass spectrometry, and bioinfor-
matics, along with progress in genomic se-
quence analysis now make possible a direct

evaluation of large-scale protein profiles (13).
In order to study the global protein pro-

file of the myocardium under the effect of
chronic inflammation in CCC heart tissue,
and to gain insight about the pathophysiol-
ogy of CCC, we analyzed the myocardial
proteome from end-stage CCC patients.

Patients, Material and Methods

Reagents

Immobilized pH gradient gel buffer, tryp-
sin (sequencing grade), α-cyano-4-hydroxy-
cinnamic acid and other analytical grade
reagents were purchased from Amersham
Biosciences (Uppsala, Sweden), with the
exception of ammonium bicarbonate, ana-
lytical grade acetonitrile and trifluoroacetic
acid (TFA) that were obtained from Merck
(Darmstadt, Germany). ACTH peptide 18-
39 and (Ile7)-angiotensin III were obtained
from Sigma (St. Louis, MO, USA). All stock
solutions were prepared with deionized wa-
ter using a Milli-Q Academic System (Milli-
pore Co., Billerica, MA, USA).

Sample preparation

The protocol was approved by the Insti-
tutional Review Board of the University of
São Paulo School of Medicine and written
informed consent was obtained from the
patients.

Myocardial left ventricular free wall heart
samples were obtained from two end-stage
heart failure CCC patients with a diagnosis
established by seropositivity to T. cruzi in at
least two of three tests, i.e., ELISA, indirect
immunofluorescence and indirect hemag-
glutination, and by positive epidemiology.
Both patients were female and were 42 and
62 years old, with an ejection fraction <40%.
The hearts were explanted on the occasion
of heart transplantation at the Heart Institute
- InCor, University of São Paulo School of
Medicine, São Paulo, SP, Brazil. Samples
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were dissected, frozen in liquid nitrogen and
stored at -80ºC. The tissue (100 mg) was
homogenized in 1% SDS (w/v) and 0.5 mM
TLCK (1 mL), submitted to three sonication
cycles and centrifuged at 12,000 g for 15
min at 4ºC (14). The samples were passed
through Millipore Centricon YM-3 filters
(molecular mass cutoff at 3000 Da) and the
protein content of the supernatant solution
of each extract was quantified by the bicin-
choninic acid method (15).

Two-dimensional gel electrophoresis

Isoelectric focusing was carried out on
24-cm long immobilized pH gradient gel
strips, with a pH range of 3.0 to 10.0 (Im
mobiline DryStrip gels, Amersham Bio-
sciences). The strips were rehydrated in 8 M
urea, 0.5% CHAPS, 0.5% IPG buffer, 0.2%
DTT, and traces of bromophenol blue con-
taining 1 mg of cardiac protein extract for 12
h at 20ºC. Isoelectric focusing was performed
using the Ettan IPGphor Isoelectric Focus-
ing System (Amersham Biosciences) at 20ºC
at 50 mA/strip in an increasing voltage gra-
dient (500 V for 1 h, 1000 V for 1 h, and
8000 V for 8 h, accumulating a total of
64,000 Vh), according to manufacturer in-
structions. Before the second dimension elec-
trophoresis, the strips were equilibrated twice
for 15 min in a buffer containing 50 mM
Tris, pH 8.8, 6 M urea, 30% glycerol (v/v),
2% SDS (w/v), 0.002% bromophenol blue
(w/v), and in the presence of 10 mg/mL DTT
in the first step and 25 mg/mL iodoacet-
amide in the second step. The second dimen-
sion was carried out on a vertical DaltSix
system (Amersham Biosciences) at 20ºC on
12.5% polyacrylamide gels (24 x 18 cm) for
5 h at 100 W. Coomassie blue-stained gels
were digitized with an ImageScanner and
analyzed with the ImageMaster 2D Elite
3.10 software (Amersham Biosciences). The
matching spots in the two samples were
selected and the volume (related to the quan-
tity of protein) of each spot was normalized

on the basis of total volume of all spots in
each gel.

Protein digestion

All spots visualized in each gel were
excised, subjected to tryptic digestion and
processed in a robotic workstation (Ettan
Spot Handling Workstation, Amersham Bio-
sciences). Briefly, spots (1.4 mm in diam-
eter) were excised from the gel and then
washed in 50 mM ammonium bicarbonate
(NH4HCO3) in 50% acetonitrile (ACN) until
complete destaining and SDS removal and
then dried. Dehydrated gel plugs were rehy-
drated with 30 µL of a solution containing
0.3 µg trypsin in 20 mM NH4HCO3. Diges-
tion was performed at 37oC for 6 h. Digested
peptides were extracted by the addition of 50
µL 50% ACN/0.5% TFA at room tempera-
ture for 1 h. The procedure was repeated and
the supernatants were combined. Samples
were concentrated and resuspended in 5 µL
5% ACN/2.5% TFA.

Protein identification

Tryptic fragments were analyzed with
the Ettan MALDI-ToF Pro mass spectrom-
eter (Amersham Biosciences). For peptide
mass fingerprinting (PMF) analysis, a small
quantity of each processed sample (0.5 µL)
corresponding to a spot was applied on a
metal slide mixed with the same quantity of
matrix (α-cyano-4-hydroxycinnamic acid)
and taken to the mass spectrometer for anal-
ysis. To ensure maximal accuracy, trypsin
autolysis peptides (842.51 and 2211.10 Da)
were used for internal mass calibration and
(Ile7)-angiotensin III (897.53 Da) and ACTH
peptide 18-39 (2465.20 Da) were used for
external calibration of the instrument. The
m/z values for trypsin autolysis peptides and
for contaminants (842.5, 1045.8, 1066.4,
2211.1, 2225.1, and 2299.2) were excluded
from the list of tryptic peptides representing
the PMF of proteins.
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Proteins were identified by comparing
the PMF of each spot to virtual tryptic diges-
tion of proteins using the MALDI-ToF Evalu-
ation software (Amersham Biosciences) and
the non-redundant NCBI databank (H. sapi-
ens), using as search parameters 0.2-Da pep-
tide mass tolerance and 1 maximum missed
cleavage sites. The mass lists of each spec-
trum were also submitted to the Mascot tool
(http://www.matrixscience.com) and Swiss-
Prot databank (H. sapiens) with mass toler-
ance of 0.5 Da and 1 maximum missed
cleavage as parameters. The only allowed
post-translational modification was oxida-
tion. We considered expectation values ≤0.1
as significant protein identifications. After
protein identification in both gels, a com-
posite image of the two gels was constructed
by matching the spots. We could enumerate
the protein spots that were matched and
identified as the same protein in the two gels,
as well as those that were only identified in
one of the gels. The functional classification
of the proteins identified in both gels was
adapted from the Gene Ontology classifica-
tion using the FatiGO tool (http://fatigo.
bioinfo.cipf.es).

Western blot analysis

Cardiac tissue homogenates in SDS-
PAGE sample buffer were heated (95ºC, 5
min), run on SDS-polyacrylamide gels and
then blotted onto nitrocellulose membranes.
Next, the membranes were incubated with
monoclonal antibodies against heat shock
protein 60, protein disulfide isomerase, Cu/
Zn superoxide dismutase, caspase 8 (Stress-
gen Bioreagents, Victoria, British Colum-
bia, Canada) and caspase 2 (rabbit polyclo-
nal antibody). Antibodies were kindly pro-
vided by Drs. Celio X. Santos, Francisco
Laurindo, and Gustavo Amarante-Mendes
(University of São Paulo). After incubation
with the appropriate horseradish peroxidase-
coupled conjugate, blots were developed by
chemiluminescence using ECL Plus West-

ern Blotting Detection Reagents (Amersham
Biosciences, Little Chalfont, Buckingham-
shire, UK).

Results

Two-dimensional electrophoresis of the
myocardium from CCC patients allowed us to
observe ca. 400 spots on each gel (Figure 1).
Using MALDI-ToF analysis with SWISS-
PROT and the non-redundant NCBI databases,
we identified proteins in 316 spots on the gel
from patient 1 and 259 spots on the gel from
patient 2, 246 of which were matched on both
gels. Of the identified proteins, 112 were dis-
tinct proteins (Table 1). A representative spec-
trum of the tryptic fragments of a protein is
shown in Figure 2, illustrating the mass/charge
values from the trypsin autolysis products.

Table 2 shows the distribution of the 112
distinct proteins among functional catego-
ries according to the Gene Ontology classifi-
cation (http://fatigo. bioinfo.cipf.es). As ex-
pected, proteins of the contractile apparatus
and involved in energy generation were
among the most abundant groups in CCC
heart tissue. This analysis was able to iden-
tify less abundantly expressed proteins, such
as transcriptional factors and proteins pro-
duced by the inflammatory infiltrate and
related to the apoptotic process.

Structural proteins (19% of all distinct
proteins) included multiple constituents of
the sarcomeric actomyosin complex (15 pro-
teins) such as heavy and light chains of
cardiac myosin, several isoforms of actin,
troponin and tropomyosin, actin-binding and
Z-band proteins, as well as cytoskeletal pro-
teins (6 proteins). The atrial isoform of myo-
sin light chain (MYL4), which is normally
suppressed after birth (16), was identified in
the ventricular CCC samples. We identified
six spots corresponding to vimentin, which
is expressed by fibroblasts, suggesting the
occurrence of a fibrotic process, a hallmark
of CCC myocardium (17).

More than 38% of all distinct proteins
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Figure 1. Two-dimensional gel electrophoresis of proteins in the myocardium of patients with
chronic Chagas’ disease cardiopathy (CCC). A and B, Samples from CCC patients #1 and #2; the
outlines of spots that were selected for protein identification are shown. Myocardium proteins were
separated by isoelectric focusing on 24-cm long immobilized pH gradient gel strips containing a
linear 3-10 pH gradient, followed by SDS-PAGE on vertical 12.5% gels. Proteins were detected by
Coomassie blue R-250 staining.



1554

Braz J Med Biol Res 39(12) 2006

P.C. Teixeira et al.

Table 1. Proteins identified in the myocardium of patients with chronic Chagas’ disease cardiopathy by 2-D gel electrophoresis-peptide mass fingerprinting analysis.

Symbol Description Exp.1 Cov.2 pI pI   Mass   Mass N. Accession No. T.
(%) (T) (E)    (T)   (E) Vol.3 number Spots4 Vol.5

1. Structural and Contractile Proteins
ACTA1 actin, α1, skeletal muscle 0.027 30.2 5.2 5.5 42.3 51.6 0.196 P68133 3 0.20
ACTA2 actin, α2, smooth muscle, aorta 0.010 19.7 5.3 4.8 42.3 42.1 0.034 P62736 15 0.03
ACTC actin, α, cardiac muscle 0.006 28.1 5.2 3.0 42.3 56.0 0.816 P68032 14 0.82
ACTG2 actin, γ2, smooth muscle, enteric 0.018 34.3 5.3 5.8 42.3 54.7 3.618 P63267 8 3.62
ACTN2 actinin, α2 0.018 20.9 5.3 5.7 104.4 91.3 0.165 P35609 8 0.17
DES desmin 0.000 41.7 5.2 5.2 53.6 65.3 1.506 P17661 13 1.51
KIAA0992 palladin 0.083 12.4 9.3 9.0 45.6 31.0 0.118 Q7Z3W0 1 0.12
LMNA lamin A/C (70-kDa lamin) 0.010 15.0 6.3 8.4 65.0 66.2 0.037 P02545 2 0.06
MYBPC3 myosin-binding protein C, cardiac 0.001 8.8 6.2 7.5 141.8 107.2 0.030 Q14896 4 0.12
MYH6 myosin, heavy polypeptide 6, 0.001 6.0 5.9 8.3 223.5 125.0 0.041 P13533 1 0.04

cardiac muscle, α
MYH7 myosin, heavy polypeptide 7, 0.000 33.6 5.3 5.6 183.1 75.0 0.115 P12883 12 0.79

cardiac muscle, ß
MYL2 myosin, light polypeptide 2, 0.000 69.3 4.9 4.8 18.8 18.9 2.749 P10916 3 4.78

regulatory, cardiac, slow
MYL3 myosin, light polypeptide 3, alkali, 0.000 56.2 5.0 5.3 22.0 26.9 2.636 P08590 10 7.54

ventricular, skeletal, slow
MYL4 myosin, light polypeptide 4, alkali, 0.010 36.0 5.0 5.3 21.4 30.0 0.021 P12829 2 0.06

atrial, embryonic
MYOZ2 myozenin 2 0.014 19.7 7.9 6.4 29.9 42.1 0.016 Q9NPC6 2 0.04
RTN2 reticulon 2 0.164 16.4 5.3 9.5 33.4 41.3 0.156 O75298 1 0.16
SSH3 slingshot homolog 3 0.059 22.0 9.5 5.3 16.5 25.8 0.017 Q8TE77 1 0.02
TNNT2 troponin T2, cardiac 0.010 20.1 4.9 5.3 33.0 51.8 4.163 P45379 3 4.49
TPM1 tropomyosin 1 (α) 0.014 34.9 4.6 4.4 26.6 42.0 5.375 P09493 2 5.59
TUBB tubulin, ß polypeptide 0.019 19.9 4.8 5.2 30.6 69.5 0.066 P07437 1 0.07
VIM vimentin 0.004 32.2 5.1 5.0 53.7 62.1 0.066 P08670 6 0.46

2. Metabolism

2.1. Glycolysis
ALDOA fructose 1,6-biphosphate aldolase 0.020 30.0 8.8 9.5 39.7 51.3 0.821 P04075 1 0.82
ENO1 enolase 1 0.026 24.4 7.0 7.6 47.5 60.2 0.023 P06733 1 0.02
GAPDH glyceraldehyde-3-phosphate 0.019 15.2 8.7 9.5 36.2 45.6 0.665 P04406 1 0.66

dehydrogenase
LDHB lactate dehydrogenase B 0.013 15.9 5.7 6.7 36.8 45.5 0.103 P07195 3 0.31
PDHB pyruvate dehydrogenase, E1 beta 0.000 26.0 5.4 6.0 36.8 43.2 0.038 P11177 2 0.07

2.2. Tricarboxylic Acid Cycle
ACO2 aconitase 2, mitochondrial 0.006 10.0 7.4 7.7 86.2 84.3 0.046 Q99798 7 0.62
DLD dihydrolipoamide dehydrogenase 0.025 22.0 7.8 8.0 54.7 66.3 0.051 P09622 3 0.18

precursor
DLST dihydrolipoamide succinyltransferase 0.068 11.0 9.4 6.1 49.0 64.4 0.059 P36957 2 0.12
FH fumarate hydratase precursor 0.018 23.5 9.0 8.1 54.8 58.3 0.058 P07954 4 0.17
MDH2 malate dehydrogenase 2, mitochondria 0.099 23.7 9.0 9.5 33.7 42.7 0.103 P40926 1 0.10
OGDH oxoglutarate dehydrogenase (lipoamide) 0.015 9.3 6.6 7.3 114.7 90.4 0.027 Q02218 6 0.15
SDHA succinate dehydrogenase complex, 0.005 14.5 7.1 7.5 73.7 77.4 0.080 P31040 4 0.30

subunit A, flavoprotein (Fp)

2.3. Oxidative Phosphorylation and Electron Transport
ATP5A1 ATP synthase, F1 complex, α polypeptide 1 0.010 21.7 9.3 9.5 59.8 64.6 0.821 P25705 2 0.82
ATP5B ATP synthase, F1 complex, ß polypeptide 0.000 46.1 5.3 5.0 56.5 63.6 1.548 P06576 2 1.55
ATP5C1 ATP synthase, F1 complex, γ  polypeptide 1 0.047 26.1 9.1 9.5 32.3 38.8 0.313 P36542 1 0.31
ETFDH electron-transferring-flavoprotein 0.002 10.1 6.9 7.9 65.5 73.6 0.013 Q16134 3 0.07

dehydrogenase

Continued on next page
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Table 1 continued.

Symbol Description Exp.1 Cov.2 pI pI    Mass    Mass N. Accession No. T.
(%) (T) (E)    (T)   (E) Vol.3 number Spots4 Vol.5

NDUFS1 NADH dehydrogenase (ubiquinone) 0.016 16.5 5.9 5.8 80.5 82.5 0.114 P28331 6 0.42
Fe-S protein 1

NDUFS3 NADH dehydrogenase (ubiquinone) 0.012 27.7 7.0 6.0 30.3 30.9 0.035 O75489 2 0.06
Fe-S protein 3

NDUFS8 NADH dehydrogenase (ubiquinone) 0.091 18.1 5.5 5.1 24.3 25.6 0.028 O00217 1 0.03
Fe-S protein 8

NDUFV1 NADH dehydrogenase (ubiquinone) 0.042 8.6 9.1 9.5 50.5 62.2 0.088 P49821 1 0.09
flavoprotein 1

NDUFV2 NADH dehydrogenase (ubiquinone) 0.015 26.0 7.1 6.6 25.7 27.1 0.058 P19404 1 0.06
flavoprotein 2

UQCRC1 ubiquinol-cytochrome c reductase 0.000 26.6 5.9 6.4 53.3 60.3 0.104 P31930 5 0.41
core protein I

UQCRFS1 ubiquinol-cytochrome c reductase, 0.034 12.4 8.9 7.0 29.9 29.0 0.128 P47985 1 0.13
Rieske iron-sulfur polypeptide 1

2.4. Energy Transduction
CKM creatine kinase, M chain 0.005 38.1 6.8 8.1 43.3 53.5 0.578 P06732 8 0.58
CKMT2 creatine kinase, sarcomeric mitochondrial 0.149 25.1 8.9 9.5 48.0 55.9 1.211 P17540 1 1.21

2.5. Lipid Metabolism/ß-Oxidation
ALG1 ß-1,4 mannosyltransferase 0.129 14.7 5.6 4.7 26.5 35.2 0.023 Q9P2Y2 1 0.02
APOA1 apolipoprotein A-I 0.036 24.7 5.5 5.2 30.8 28.3 0.110 P02647 2 0.11
ECH1 enoyl co-enzyme A (CoA) hydratase 1, 0.006 16.2 8.7 7.8 36.1 36.9 0.021 Q13011 2 0.02

peroxisomal
ECHS1 enoyl CoA hydratase 1, mitochondrial 0.020 21.0 8.9 6.9 31.8 31.3 0.020 P30084 1 0.02
FABP3 fatty acid-binding protein 3, muscle and heart 0.038 25.2 7.0 7.0 13.3 11.9 0.365 P05413 3 1.15
HMGCS1 hydroxymethylglutaryl-CoA synthase, 0.160 11.9 5.8 7.3 56.0 83.2 0.031 Q01581 1 0.03

cytoplasmic

2.6. Nucleotide and Nucleic Acid Metabolism
ADSS adenylsuccinate synthase 0.043 8.0 8.8 6.0 50.2 52.7 0.034 P30520 1 0.03
AK1 adenylate kinase 1 0.084 23.0 7.8 9.5 21.9 25.5 0.121 P00568 1 0.12
DPYSL2 dihydropyrimidinase-like 2 0.085 12.4 6.0 7.3 62.7 74.3 0.038 Q16555 1 0.04

2.7. Other Metabolism Proteins
ALDH2 aldehyde dehydrogenase, mitochondrial 0.010 0.2 6.6 6.2 56.3 65.8 0.070 P05091 1 0.07
GOLGA1 Golgi autoantigen (golgin 97) 0.019 12.0 5.2 5.7 88.3 88.4 0.042 Q92805 1 0.04
GOT1 aspartate aminotransferase 1 0.039 14.8 6.5 7.9 46.5 51.5 0.073 P17174 2 0.14
NSFL1C p47 protein 0.082 17.3 5.1 5.9 41.1 66.5 0.037 Q9UNZ2 2 0.07
OXCT1 3-oxoacid CoA transferase 1 precursor 0.002 17.1 7.2 6.9 56.6 68.7 0.072 P55809 2 0.18
PSMD11 proteasome 26S non-ATPase subunit 11 0.087 17.3 5.5 7.5 43.2 74.3 0.019 O00231 1 0.02
PYGB glycogen phosphorylase, brain form 0.001 15.3 6.5 7.5 99.5 86.8 0.017 P11216 1 0.02
TPI1 triosephosphate isomerase 1 0.054 22.2 6.5 8.1 26.8 28.7 0.018 P60174 2 0.04

3. Stress Response
APTX aprataxin 0.088 27.0 9.2 5.0 13.3 12.3 0.015 Q7Z2E3 1 0.02
CRYAB crystallin, α B 0.010 44.0 6.8 7.6 20.1 22.6 1.865 P02511 5 1.86
CRYM crystallin, mu 0.002 10.5 5.1 5.1 33.9 45.6 0.026 Q14894 3 0.03
DNAJC12 DnaJ (Hsp40) homolog, subfamily C, member 12 0.150 19.0 5.5 7.3 23.4 29.3 0.038 Q9UKB3 1 0.04
DNAJC13 DnaJ (Hsp40) homolog, subfamily C, 0.022 18.5 8.4 7.0 50.6 61.3 0.020 O75165 1 0.02

member 13 (RME8)
GSTA1 glutathione S-transferase A1 0.073 31.1 5.4 6.2 23.3 26.9 0.030 P08263 1 0.03
HSPA5 heat shock 70-kDa protein 5 0.035 10.0 5.1 5.0    72.3    83.0 0.147 P11021   1 0.15
HSPA8 heat shock 70-kDa protein 8 isoform 2 0.000 35.6 5.6 5.8    53.6    77.7 0.234 P11142   5 0.87
HSPA9B heat shock 70-kDa protein 9B precursor 0.002 30.2 6.0 5.7   74.1 79.4 0.194 P38646 6 0.70

Continued on next page
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Table 1 continued.

Symbol Description Exp.1 Cov.2 pI pI    Mass  Mass N. Accession No. T.
(%) (T) (E)    (T)   (E) Vol.3 number Spots4 Vol.5

HSPB1 heat shock 27-kDa protein 1 0.074 36.6 8.1 5.7 22.4 30.4 0.219 P04792 8 0.64
HSPB6 heat shock protein, α-crystallin-related, B6 0.010 23.0 6.0 6.7 17.2 19.3 0.008 O14558 3 0.04
HSPB7 heat shock 27-kDa protein family, member 7 0.007 32.1 5.4 5.2 15.5 12.2 0.011 Q9UBY9 1 0.01

(cardiovascular)
HSPCA heat shock 90-kDa protein 1, α 0.009 13.0 4.9 5.0 84.5 88.4 0.036 P07900 1 0.04
HSPD1 chaperonin (HSP60) 0.059 16.9 5.7 5.4 61.2 72.6 0.117 P10809 4 0.23
NOR1 oxidored-nitro domain-containing protein 0.132 20.6 9.4 2.9 26.7 53.2 0.132 Q8N7G2 1 0.13

isoform 1
PDIA3 protein disulfide isomerase-associated 3 0.045 15.2 6.0 6.5 57.2 69.7 0.025 P30101 4 0.11
PRDX2 peroxiredoxin 2 0.002 28.0 5.2 5.4 18.5 24.4 0.125 P32119 3 0.23
PRDX6 peroxiredoxin 6 0.066 17.4 6.0 6.8 25.1 30.0 0.071 P30041 1 0.07
SERPINA1 α-1 antitrypsin 0.003 26.8 5.4 4.9 46.9 71.6 0.034 P01009 1 0.03
SOD1 superoxide dismutase 1, soluble 0.137 32.7 5.8 5.9 15.9 17.7 0.129 P00441 1 0.13
SOD2 superoxide dismutase 2, mitochondrial 0.000 32.3 6.9 7.7 23.7 23.7 0.148 P04179 3 0.23
TRA1 tumor rejection antigen (gp96) 1 (heat shock 0.008 9.1 4.7 4.7 90.4 95.0 0.043 P14625 1 0.04

 protein gp96)

4. Immune Response
GZMA granzyme A precursor 0.033 16.0 9.1 7.3 29.0 21.9 0.077 P12544 1 0.08
HLA-B major histocompatibility complex, class I, B 0.130 12.0 6.1 7.8 40.5 31.2 0.040 P01889 1 0.04
HLA-G major histocompatibility complex, class I, G 0.083 32.7 5.0 7.4 19.2 68.4 0.109 P17693 1 0.11
IGHG2 immunoglobulin heavy chain 0.028 31.7 5.2 6.8 35.9 43.3 0.026 P01859 2 0.16
TCRB T cell receptor ß chain 0.002 32.7 6.5 9.5 19.9 26.9 0.081 P01850 2 0.10

5. Apoptosis
CASP2 caspase-2 precursor 0.140 18.0 6.1 6.1 34.9 27.1 0.036 P42575 2 0.04
CASP8 caspase 8 0.100 12.0 5.7 6.4 30.7 26.7 0.061 Q14790 1 0.06
CTSD cathepsin D (lysosomal aspartyl protease) 0.010 14.5 5.3 5.3 44.5 35.8 0.016 P07339 3 0.02

6. Cell Division and Proliferation
FGFR3 fibroblast growth factor receptor 3 0.090 10.0 5.7 6.6 88.1 84.3 0.088 P22607 1 0.09
MLH1 DNA mismatch repair protein Mlh1 0.088 10.0 5.5 7.2 84.7 90.8 0.022 P40692 1 0.02

7. Cell Signaling and Control of Transcription and Translation
FOXP4 forkhead box P4 isoform 1 0.086 24.8 4.5 7.8 16.2 80.8 0.014 Q8IVH2 1 0.01
GJE1 gap junction protein, epsilon 1, 29 kDa 0.031 17.0 9.4 6.7 31.3 60.8 0.065 Q8NFK1 2 0.08
PHB prohibitin 0.002 37.5 5.6 5.9 29.9 34.3 0.042 P35232 2 0.06
TUFM elongation factor Tu, mitochondrial precursor 0.020 19.0 7.9 7.3 49.9 56.8 0.052 P49411 3 0.15

(EF-Tu) (P43)

8. Other Functions
ALB albumin precursor 0.057 17.3 5.6 6.2 68.4 76.0 6.653 P02768 5 6.65
ANXA5 annexin A5 0.090 16.6 4.9 4.9 35.8 41.0 0.024 P08758 1 0.02
ARFGAP1 ADP-ribosylation factor GTPase activating protein 1 0.032 27.8 4.4 5.6 44.7 46.1 0.019 Q8N6T3 1 0.02
C16orf49 chromosome 16 open reading frame 49 0.020 25.2 5.6 4.9 35.7 43.8 0.026 O75208 3 0.03

(unknown gene product)
CA1 carbonic anhydrase I 0.001 38.8 6.6 7.4 28.8 32.2 0.019 P00915 1 0.02
HBA1 hemoglobin, α1 0.026 14.1 9.1 9.4 15.0 11.2 0.274 P69905 2 0.29
HBB hemoglobin, ß 0.002 40.6 6.8 7.8 15.0 11.5 0.101 P68871 2 0.20
IMMT inner membrane protein, mitochondrial 0.000 9.0 6.1 6.5 83.6 84.2 0.112 Q16891 4 0.26
MB myoglobin 0.018 44.2 7.9 3.1 17.2 15.5 1.120 P02144 7 3.79
MMP13 matrix metalloproteinase 13 (collagenase 3) 0.130 25.0 5.3 8.4 53.8 55.6 0.067 P45452 3 0.13
NUP153 nucleoporin 153 kDa 0.087 4.0 8.9 6.6 153.8 69.9 0.018 P49790 1 0.02
RTN1 reticulon 1 0.080 7.1 4.6 6.7 83.9 68.9 0.036 Q16799 1 0.04
TF transferrin 0.040 7.9 7.1 7.0 79.3 82.4 0.336 P02787 3 0.50

1Expectation; 2coverage; 3normalized volume; 4number of spots identified as the same protein; 5total volume (total volume of all spots identified as the named
protein). (E) = experimental; (T) = theoretical.
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belonged to a metabolic pathway. Most of
the proteins identified in this group were
enzymes or enzyme subunits related to en-
ergy metabolism, belonging to the glycoly-
sis (5 proteins), β-oxidation (2 proteins),
tricarboxylic acid cycle (7 proteins) and elec-
tron transport and oxidative phosphoryla-
tion (11 proteins) pathways. As examples,
aconitase, fumarate hydratase, pyruvate de-
hydrogenase, and enolase play important
roles in the tricarboxylic acid cycle and
NADH dehydrogenase isoforms and cyto-
chrome c reductase are subunits of the com-
plexes from the respiratory chain. We also
identified members of the energy transduc-
tion (creatine kinase) pathway; significant-
ly, a high number of spots were identified as
creatine kinase M isoforms (Table 1, Figure
1), which catalyzes the transphosphoryla-
tion reaction of mitochondrial ATP to phos-
phocreatine and ADP for cytoplasmic ATP
synthesis (18). The creatine kinase pathway
is an important complementary pathway un-
der conditions of high ATP demand (19).
We also identified other members of the
lipid metabolism pathway, as well as three
proteins involved in nucleotide/nucleic acid
metabolism.

The identification of a significant num-
ber of proteins involved in stress (19%), in
the immune response (4%) and in apoptotic
(3%) processes reinforces their importance
in the pathogenesis of CCC. Among the
stress proteins, the most frequently identi-
fied were heat shock proteins (HSP) and
cognates. In the present study, 10 HSP were
identified (isoforms of HSP27, HSP40,
HSP60, HSP70, and HSP90). Crystallin is
also a member of this protein superfamily
(20). Oxidative stress-related proteins such as
peroxiredoxin and both Cu/Zn and Mn super-
oxide dismutases were also frequently identi-
fied; these proteins are antioxidants and pro-
tect the cell against free radicals, especially
reactive oxygen intermediates (21).

Analysis of the proteomic profile of the
CCC myocardium also identified proteins

Figure 2. MALDI-ToF mass spectrum of the tryptic products from a spot. The peptide mass
fingerprinting (PMF) list used for protein identification in the databanks is shown. *Trypsin
autolysis peptides used for internal calibration. Peaks that appeared in all spectra were not
included in the PMF list. In bold, the m/z values from the PMF list that were matched with the
identified protein from the database. This spectrum was identified as a heat shock 70-kDa
protein 8 isoform 2 (expectation: 0.003, coverage: 37.1%) using the non-redundant NCBI
databank (Homo sapiens).

Table 2. Functional classification of the proteins identified in the myocardium from
patients with chronic Chagas’ disease cardiopathy.

Functional classification %

1. Structural and contractile proteins 19
2. Metabolism 38

2.1. Glycolysis 12
2.2. Tricarboxylic acid cycle 17
2.3. Oxidative phosphorylation and electron transport 26
2.4. Energy transduction 5
2.5. Lipid metabolism/ß oxidation 14
2.6. Nucleotide and nucleic acid metabolism 7
2.7. Other metabolism proteins 19

3. Stress response 20
4. Immune response 4
5. Apoptosis 3
6. Cell division and proliferation 2
7. Cell signaling and control of transcription and translation 4
8. Other functions 12

The functional classification of the identified proteins was adapted from the Gene
Ontology classification using the FatiGO tool (http://fatigo.bioinfo.cipf.es).
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related to the immune system, such as immu-
noglobulins, T cell receptor ß chain, HLA
class I molecule, and granzyme A. The ex-
pression of HLA class I and granzyme A is
increased expression in the myocardium from
CCC patients (7,8). Granzyme A, a protein
known to be produced by CD8+ cytotoxic T
cells - which are highly abundant in CCC
myocardium (22) - triggers apoptosis of target
cells in the presence of CD8+ T cell cytotoxic-
ity (23). Regarding proteins related to the
apoptotic process, we found caspases 2 and 8
in CCC heart whose sequential activation plays
a central role in cell apoptosis (24).

Proteins related to cell division and pro-
liferation and related to cell signaling and to
the control of transcription and translation
were 2 and 4% of the identified proteins,
respectively. Some of these proteins were:
prohibitin, which plays a role in regulating
proliferation and inhibits DNA synthesis (25),
Forkhead box P4 isoform 1, which is a tran-
scriptional repressor that has been involved
in cardiac morphogenesis (26), and protein
disulfide isomerase-associated 3, which is
classified as a signal transduction protein,
but which could also be classified as an
electron transport protein and plays a role in
the oxidative process (27).

Several spots from the CCC gels, with
different pI and mass, were identified by
PMF as the same protein, such as aconitase,
creatine kinase M chain, and heat shock 70-

kDa protein, which were identified in 7, 8,
and 6 spots, respectively. Structural and con-
tractile proteins, such as several forms of
actin (ACTA1, ACTA2, ACTC, ACTG2,
ACTN2), desmin, myosin (MYL3 and
MYL7), and vimentin were also identified
with different pI values. These could be a
result of post-translational modifications such
as oxidation, phosphorylation, acetylation,
or other processes. Some proteins presented
differences in both mass and pI compared to
the Swiss-Prot database, such as class I ma-
jor histocompatibility complex G (HLA-G),
which shows a difference between the ex-
perimental and theoretical value of 2.4 pI
units, while the theoretical mass was 49 kDa
less than the experimental mass. The same
occurred with immunoglobulin heavy chain
(IGHG2) which showed a difference be-
tween the experimental and theoretical value
of 1.6 pI units, and the theoretical mass was
7.4 kDa less than the experimental mass.

In order to validate the mass spectromet-
ric identification of proteins, we selected 5
representative identified proteins (caspase
8, caspase 2, hsp60, Cu/Zn superoxide dis-
mutase, and protein disulfide isomerase 3)
for further analysis by immunoblot with the
aid of specific monoclonal antibodies, in
tissue samples from 6 CCC patients (Figure
3). We identified protein bands of the ex-
pected molecular weights reacting with the 5
specific antibodies in all samples tested, con-

Figure 3. Validation of selected
proteins by Western blot analysis
of 6 myocardium samples from
patients with chronic Chagas’
disease cardiopathy. A, Identifi-
cation of HSP60 (61 kDa), PDI
(~55 kDa) and CuZn SOD (~23
kDa), which are involved in the
oxidative stress process. B, Iden-
tification of apoptotic proteins, α
and ß caspase 8 (~58 kDa) and
caspase 2 (48 kDa). The pro-
cessed form of caspase 8 (~26
kDa) was also identified. HSP =
heat shock protein; PDI = protein
disulfide isomerase; SOD = su-
peroxide dismutase.
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firming the existence of proteins identified
by PMF. Furthermore, we observed the pro-
cessed forms of caspase 8, indicating its
possible activation.

Discussion

We describe the protein profile of the
myocardium from patients with chronic
Chagas’ disease cardiomyopathy. To our
knowledge, although data from several dif-
ferential proteome analyses in myocardial
samples are available in the literature, the
present study is the first report on the myo-
cardial protein profile of CCC patients. Be-
sides identifying the abundant structural and
contractile myocardial proteins, this approach
allowed us to identify proteins not expected
to be found in normal myocardium, such as
stress and oxidative stress proteins, apopto-
sis effector molecules and proteins involved
in the immune response.

Structural proteins such as sarcomeric
actomyosin complex constituents, as well as
cytoskeletal proteins, were frequently iden-
tified, as expected, since sarcomeric con-
tractile proteins are the most abundant pro-
teins in the myocardium. Among the struc-
tural proteins, the atrial isoform of MYL4
was identified in the CCC ventricle samples.
Ventricular expression of atrial proteins has
been observed in cardiac hypertrophy and
has been ascribed to reversal of myocytes to
an embryonic program of gene transcription
(16). Vimentin, highly expressed in fibro-
blasts, was also identified, in agreement with
the intense fibrotic process known to occur
in CCC heart tissue (17). We could also iden-
tify matrix metalloproteinase 13 (MMP13),
also called collagenase-3, which is expressed
by different cell types including stromal fi-
broblasts. MMP13 degrades collagens I, II,
III, gelatin, fibronectin, laminin, and tenas-
cin (28). Other MMP such as MMP9 (29)
has been reported to play a role in cardiac
remodeling. Thus, we may suggest that
MMP13 could also be involved in the in-

tense remodeling that occurs in the CCC
myocardium.

The finding that 27% of the identified
proteins belong to the different pathways of
energy metabolism that directly participate
in the generation of ATP (glycolysis, ß-
oxidation, tricarboxylic acid cycle, oxida-
tive phosphorylation, and creatine kinase
system) (Table 1) is consistent with the fact
that the heart requires significant energy for
normal cardiac function (19,30). Moreover,
most of the cardiac diseases in which me-
chanical dysfunction development occurs are
associated with a deficit in energy produc-
tion, often generated by disturbances in one
or more metabolic steps of the ATP produc-
tion pathways (19).

A significant number of HSP and cog-
nates (40 spots, 13 distinct HSP) were iden-
tified in CCC myocardium. Transient HSP
synthesis protects cellular homeostasis after
exposure to heat and to a wide spectrum of
stressful and potentially deleterious stimuli
(31,32). Accumulating evidence has impli-
cated HSPs as mediators of myocardial pro-
tection, particularly in experimental models
of ischemia and reperfusion injury (31). Dif-
ferent protective functions have been attrib-
uted to HSPs, including repairing ion chan-
nels, restoring redox balance, interacting with
nitric oxide-induced protection, inhibiting
proinflammatory cytokines, and preventing
activation of the apoptosis pathway (31).
The significant number of spots identified as
HSPs in the CCC samples supports their role
in myocardial protection. We could identify
12 spots as isoforms of HSP70, which is
expressed at low levels in normal tissue and
is rapidly induced in response to ischemic
stress (33). The increase in myocardial
HSP60 production has also been associated
with the development of chronic heart fail-
ure (32).

Multiple spots were identified as oxida-
tive stress-related proteins, such as peroxire-
doxin and both Cu/Zn and Mn superoxide
dismutase. Studies on animal models have
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suggested that a chronic increase in oxida-
tive stress in the myocardium, possibly due
to impairment of superoxide dismutase and
other antioxidant pathways, could contri-
bute to myocardial remodeling and failure
(34). A murine model of T. cruzi infection
showed that the progressive severity of dis-
ease of infected mice is associated with in-
creased oxidative damage in the myocardi-
um, which seems to result from enhanced
oxidant production coupled with diminish-
ing antioxidant defense (35).

Proteins that play a role in immune pro-
cesses were also detected in CCC myocardi-
um. T cell receptor and immunoglobulin are
consistent with the mononuclear infiltrate
that is a hallmark of CCC. Moreover, these
findings are technically interesting, since 2-
D gel electrophoresis/PMF proteomic anal-
ysis is expected to identify only the most
abundantly expressed proteins from the car-
diac cells, rather than proteins from a com-
paratively small infiltrating inflammatory cell
population observed in CCC myocardium.
We also identified granzyme A, that initiates
an alternative pathway for granule-mediated
apoptosis (36) and is one of the three key
components of the lytic granules of CD8+ T
cells, which constitute the majority of the
mononuclear infiltrate (22). However, one
cannot rule out the possibility that these
findings are due to blood contamination.

In our profile experiment we found cas-
pases 2 and 8. Caspase 8 plays a role in
CD95- and tumor necrosis factor-induced
cell death (24). Apoptosis has been associ-
ated with heart damage in numerous dis-
eases, such as viral infection, myocardial
infarction, diabetes, and regression of hy-
pertrophy (37,38). Apoptosis assessed by
the TUNEL method has been shown in CCC,
and myocardial cell loss by apoptosis may
contribute to heart failure (39). This is rein-
forced by the identification of activated cas-
pase 8 forms in all 6 CCC myocardium
samples (Figure 3).

The observation of several spots identi-

fied by PMF as the same protein, but show-
ing distinct pI’s may represent different iso-
forms of the protein, post-translational modi-
fications or technical artifacts of the 2-D
methodology. Post-translational modifica-
tions such as phosphorylation or acetylation
may be visualized on 2-D electrophoresis
gels as a “train of spots” differing only by
their pI, and have been observed previously
by other investigators. These protein modi-
fications were not characterized in the pres-
ent study, but such trains of spots were ob-
served in some structural and contractile
proteins such as several forms of actin
(ACTA1, ACTA2, ACTC, ACTG2, ACTN2),
desmin, MYL3 and MYL7, and vimentin,
that were identified with different pI values.
Other spots from the CCC gels, with differ-
ent pI and mass, were also identified as the
same protein, such as aconitase, creatine
kinase M chain, and heat shock 70-kDa pro-
tein that were identified in 7, 8, and 6 spots,
respectively. The reason for this large num-
ber of isoforms shown by some proteins is
not known. Literature data suggest that a
subset of proteins from cardiac mitochon-
dria appear to be susceptible to double oxi-
dation of their tryptophan residues (40). The
fact that some proteins presented differences
between experimental and theoretical mass
and pI (e.g., HLA-G and IGHG2) could be
due to the matching with sequence frag-
ments in the databanks, rather than complete
protein sequences.

Several isoforms of the same protein
showing distinct experimental mass and pI
may also represent hydrolytic fragments
formed during breakdown of the parent mol-
ecules in vivo or in vitro, with oxidation
forms resulting from the 2-D gel processing
and precursors arising during protein assem-
bly. Another limitation of the present study
was that the proteins identified here may not
originate from the cardiac tissue itself. As in
most mammalian organs, the involvement
of vascular tissue needs to be considered,
and this may explain the identification of
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smooth muscle forms of actin. Blood-de-
rived proteins were also found, including
albumin, hemoglobin and transferrin.

Proteomic analysis including 2-D gel
electrophoresis and PMF has allowed us to
identify 246 matched protein spots, repre-
sentative of 112 distinct proteins, in myocar-
dial tissue from end-stage CCC patients.
This paper has described for the first time a
significant expression of oxidative stress and
apoptosis-related proteins in CCC heart tis-
sue, suggesting the possible participation of

such processes in CCC pathogenesis, a sub-
ject that is currently under investigation.
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