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Trypanosoma cruzi Bromodomain Factor 3 Binds Acetylated
�-Tubulin and Concentrates in the Flagellum during Metacyclogenesis

Victoria Lucia Alonso,a,b Gabriela Vanina Villanova,a,b Carla Ritagliati,b María Cristina Machado Motta,c Pamela Cribb,a,b

Esteban Carlos Serraa,b

Facultad de Ciencias Bioquímicas y Farmacéuticas, Universidad Nacional de Rosario (UNR). Rosario, Argentinaa; Instituto de Biología Molecular y Celular de Rosario (IBR),
CONICET, Rosario, Argentinab; Laboratório de Ultraestrutura Celular Hertha Meyer, Instituto de Biofísica Carlos Chagas Filho, Universidade Federal do Rio de Janeiro, Rio de
Janeiro, Brazilc

Bromodomains are highly conserved acetyl-lysine binding domains found mainly in proteins associated with chromatin and
nuclear acetyltransferases. The Trypanosoma cruzi genome encodes at least four bromodomain factors (TcBDFs). We describe
here bromodomain factor 3 (TcBDF3), a bromodomain-containing protein localized in the cytoplasm. TcBDF3 cytolocalization
was determined, using purified antibodies, by Western blot and immunofluorescence analyses in all life cycle stages of T. cruzi.
In epimastigotes and amastigotes, it was detected in the cytoplasm, the flagellum, and the flagellar pocket, and in trypomastig-
otes only in the flagellum. Subcellular localization of TcBDF3 was also determined by digitonin extraction, ultrastructural im-
munocytochemistry, and expression of TcBDF3 fused to cyan fluorescent protein (CFP). Tubulin can acquire different post-
translational modifications, which modulate microtubule functions. Acetylated �-tubulin has been found in the axonemes of
flagella and cilia, as well as in the subpellicular microtubules of trypanosomatids. TcBDF3 and acetylated �-tubulin partially
colocalized in isolated cytoskeletons and flagella from T. cruzi epimastigotes and trypomastigotes. Interaction between the two
proteins was confirmed by coimmunoprecipitation and far-Western blot assays with synthetic acetylated �-tubulin peptides and
recombinant TcBDF3.

Trypanosoma cruzi is a protozoan parasite and the causative
agent of Chagas disease. It has a complex life cycle that alter-

nates between two hosts and at least four distinct developmental
stages. Amastigotes and bloodstream trypomastigotes are present
in the mammalian host, whereas epimastigotes and the infective
metacyclic trypomastigotes are present in the insect vectors (from
the families Triatominae and Reduviidae). The differentiation
event from epimastigotes to metacyclic trypomastigotes, occur-
ring inside the insect, is called metacyclogenesis. This process can
be induced in vitro using artificial media that resemble the condi-
tions inside the vector and occurs spontaneously in old epimas-
tigote cultures (1).

Trypanosomatids are characterized by the presence of a partic-
ular cytoskeleton responsible for the modulation of cell shape be-
tween the different life cycle stages and for motility and attach-
ment to the host cell surface (2). These parasites present a layer of
microtubules (MTs), the subpellicular microtubules, located be-
low the plasma membrane, and a flagellum with a typical 9-plus-2
pattern of axonemal microtubules. The flagellum emerges from a
membrane invagination called the flagellar pocket (FP). Four cy-
toplasmic microtubules are nucleated close to the basal body and
run around the FP and along the entire flagellum attachment zone
(FAZ) to the anterior cellular pole. The FP lacks the layer of sub-
pellicular microtubules and is the place where endocytosis and
exocytosis occur (3).

Microtubules can acquire a variety of evolutionarily conserved
posttranslational modifications (PTMs). It has been proposed
that these modifications dictate the recruitment of protein com-
plexes that might regulate microtubule-based functions in differ-
ent cellular locations (4–7). Acetylation occurs on lysine 40 of
�-tubulin (4, 5), and it was thought that MT stabilization was a
consequence of this PTM (6, 7). However, it was recently demon-

strated that acetylation of MTs does not necessarily affect their
stability (8, 9).

In trypanosomatids, acetylated �-tubulin is found in the sub-
pellicular microtubules and in the flagella of T. cruzi and Trypano-
soma brucei (10, 11). This PTM is also present in the ephemeral
microtubules of the mitotic spindle of T. brucei (11). The presence
of acetylated �-tubulin in early mitotic spindles in several organ-
isms and the fact that protozoa like T. brucei and T. cruzi exhibit
global �-tubulin acetylation reinforce the idea that the PTM is not
restricted to stable MTs (reviewed in reference 12).

Although tubulin acetylation was described a long time ago,
the enzymes responsible for this reversible modification have re-
cently started to emerge. The first tubulin deacetylase described in
mammals was HDAC6 (class II histone deacetylase [HDAC]),
which can also modify other nonnuclear proteins (13). SIRT2 is a
NAD-dependent deacetylase (class III histone deacetylase, or sir-
tuin) capable of modifiying �-tubulin (14). In the T. cruzi genome
(http://tritrypdb.org/tritrypdb/), there are two coding sequences
(CDSs) for histone deacetylases homologous to HDAC6 and two
CDSs for sirtuins. The Leishmania infantum sirtuin (LiSIR2RP1)
is a NAD-dependent deacetylase and ADP-ribosyltransferase ca-
pable of deacetylating �-tubulin (15). Also, two tubulin acetyl-
transferases have been described. The ELP3 subunit of the Elon-
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gator complex is known to modify microtubules of the cortical
neurons (16), and �TAT-1 has recently been proposed as the ma-
jor �-tubulin K40 acetyltransferase in mammals and nematodes
(17). The T. cruzi genome contains two sequences homologous to
ELP3. In T. brucei, ELPa (TbELPa) and TbELPb have been re-
ported (18). Also, a putative sequence homologous to �TAT-1 is
present in trypanosomatids but has not yet been characterized.

Bromodomains are conserved protein modules capable of
binding acetylated lysines and are found in proteins associated
with chromatin and in nearly every nuclear histone acetyltrans-
ferase. They have an atypical left-handed four-helix bundle struc-
ture (helices �A, �B, �C, and �Z) connected by two loops (loop ZA
and loop BC) that constitute the surface-accessible hydrophobic
pocket, where the acetyl-lysine binding site is located (19). Bro-
modomains can interact with other proteins in an acetylation-
dependent manner and form multisubunit complexes (20). The
bromodomain is considered a nuclear domain, but a small num-
ber of bromodomain-containing proteins have a dual nuclear-
cytosolic localization (21–23).

Genes coding for putative bromodomain-containing factors
(BDFs) were found in the TriTryp genomes (T. brucei, T. cruzi,
and Leishmania spp.) (24). We previously characterized T. cruzi
BDF2 (TcBDF2), which binds histone H4 (25). Here, we describe
bromodomain factor 3 from T. cruzi (TcBDF3), the first exclu-
sively nonnuclear bromodomain-containing protein reported so
far. TcBDF3 is expressed in all life cycle stages and interacts with
acetylated �-tubulin, the major component of the flagellar and
subpellicular microtubules. In both metacyclic and bloodstream
trypomastigotes, TcBDF3 was found to be concentrated in the
flagellum and in the flagellar pocket region. Even though the pre-
cise function of TcBDF3 remains unrevealed, the results presented
here suggest the participation of this bromodomain factor in cy-
toskeleton dynamics.

MATERIALS AND METHODS
Ethics statement. All experiments were approved by the Institutional An-
imal Care and Use Committee of the School of Biochemical and Pharma-
ceutical Sciences (National University of Rosario, Rosario, Argentina) and
were conducted according to the specifications of the U.S. National Insti-
tutes of Health guidelines for the care and use of laboratory animals.

Cell culture. The Vero cell line was routinely cultivated in Dulbecco’s
modified Eagle’s medium (DMEM) (Gibco) supplemented with 10%
heat-inactivated fetal calf serum (FCS), 0.15% (wt/vol) NaHCO3, 100 U
ml�1 penicillin, and 100 mg ml�1 streptomycin at 37°C in a humid atmo-
sphere containing 5% CO2.

Parasites. Epimastigotes of T. cruzi strain Dm28c were cultured in
liver infusion-tryptose (LIT) medium (26) supplemented with 10% FCS
at 28°C. The parasites were kept in exponential growth phase by subcul-
turing every 3 days. Intracellular forms and trypomastigotes were ob-
tained by infecting Vero cells with trypomastigotes, as previously de-
scribed (27, 28).

To obtain metacyclic trypomastigotes, epimastigotes were differenti-
ated in vitro following the procedure described by Contreras and cowork-
ers (1) under chemically defined conditions using triatomine artificial
urine medium (TAU; 190 mM NaCl, 17 mM KCl, 2 mM MgCl, 2 mM
CaCl2, 8 mM phosphate buffer, pH 6.0, 0.035% sodium bicarbonate).
Culture supernatants were collected after 24, 48, and 72 h of incubation in
TAU3AAG medium (TAU supplemented with 20 mM L-proline, 50 mM
L-glutamate, 2 mM L-aspartate, and 10 mM glucose).

Plasmid construction and expression of TcBDF3. The TcBDF3 gene
was amplified by PCR using BDF3Fw (5=AAGGATCCATGGGCTCTAC
GGGTCGG) and BDF3Rv (5=AACTCGAGCCTCGTCCTCCACCGCC)

oligonucleotides. The TcBDF3�C fragment was amplified using BDF3Fw
and BDF3�CRv (5=AACTCGAGTGCTCTTCCGCAAGACGCTCC)
oligonucleotides. The restriction sites BamHI and XhoI (underlined)
were inserted in the oligonucleotides. Proofreading DNA polymerase was
used, and DNA purified from cultured T. cruzi epimastigotes served as the
template.

The PCR products were inserted into the pCR 2.1TOPO vector (In-
vitrogen) and sequenced. TcBDF3 and TcBDF3�C coding regions were
inserted into a pENTR3C vector (Gateway System Invitrogen) and then
transferred by recombination to pDEST17 (Gateway System Invitrogen)
and pTcCFPN (29), using LR clonase II enzyme mix (Invitrogen), to gen-
erate histidine tag and cyan fluorescent protein (CFP) fusions. pDEST17-
TcBDF3 was transformed into Escherichia coli BL21 pLysS, and the recom-
binant protein (fused to a His tag) was obtained by induction with 0.5 mM
isopropyl-�-D-thiogalactopyranoside (IPTG) for 3 h at 37°C. The protein
was purified by affinity chromatography using an Ni-nitrilotriacetic acid
(NTA) agarose resin (Qiagen), following the manufacturer’s instructions.
The secondary structure of recombinant TcBDF3 was measured by circu-
lar dicroism.

Polyclonal antibodies. Rabbit and mouse polyclonal antisera against
TcBDF3 were obtained by subcutaneously inoculating recombinant
TcBDF3 three times, first using complete Freund’s adjuvant and subse-
quently with incomplete adjuvant. Specific antibodies were purified from
the antisera obtained by chromatography through an Ni-NTA agarose
column containing cross-linked TcBDF3-His. Antibodies were eluted
with 100 mM triethylamine, pH 11; neutralized to pH 7; and stored at 4°C
or at �20°C with 50% glycerol. The specificity of the purified antibodies
was tested by Western blot assays.

Protein extracts. Exponentially growing epimastigotes were washed
twice with cold phosphate-buffered saline (PBS), and the pellets were
resuspended in lysis buffer (20 mM HEPES, 8 M urea) and incubated for
30 min at room temperature with gentle agitation. Insoluble debris was
eliminated by centrifugation. The same procedure was applied to amasti-
gote and trypomastigote cellular pellets. To obtain nuclear extracts, expo-
nentially growing epimastigotes were washed with PBS and lysed in hy-
potonic buffer A (10 mM HEPES, pH 8, 50 mM NaCl, 1 mM EDTA, 5 mM
MgCl2, 1% [vol/vol] Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride
[PMSF], aprotinin, 0.25% Triton X-100), 5% (vol/vol) glycerol was
added, and the pellet was collected by centrifugation. The pellets were
washed with buffer B (10 mM HEPES, pH 8, 140 mM NaCl, 1 mM EDTA,
5 mM MgCl2, 5% [vol/vol] glycerol, 1 mM PMSF, 10 �g ml�1 aprotinin)
and incubated for 10 min on ice. Nuclei were collected by centrifugation
and resuspended in buffer C (10 mM HEPES, pH 8, 400 mM NaCl, 0.1
mM EDTA, 0.5 mM dithiothreitol [DTT], 5% [vol/vol] glycerol, 1 mM
PMSF, 10 �g ml�1 aprotinin), incubated for 1 h on ice, and sonicated.
This extraction was repeated three times, and the supernatants were pre-
cipitated with 20% trichloroacetic acid (TCA) overnight at 4°C.

T. cruzi cytoskeleton-enriched extracts were prepared as previously
described by Schneider and coworkers (11). Briefly, cells were harvested,
washed twice with PBS, and incubated with EB buffer (50 mM HEPES, 5
mM EGTA, 1 mM MgSO4, 0.1 mM EDTA, 2 mM MgCl2, 0.1% Triton
X-100, and protease inhibitor cocktail set I [Calbiochem]) on ice for 30
min. The lysate was centrifuged at 10,000 � g for 15 min, and the super-
natant, which contained soluble proteins, was named Sn1. The remaining
pellet was incubated with EB buffer supplemented with 1 M NaCl on ice
for 5 min, sonicated, and centrifuged at 20,000 � g for 15 min. The su-
pernatant obtained contained soluble flagellar and cytoskeletal proteins
(Sn2). The remaining pellet contained insoluble flagellar and cytoskeletal
proteins. The supernatants were precipitated with 20% TCA overnight
at 4°C.

For immunoprecipitation assays, cells were incubated with 1 mM di-
thiobis(succinimidylpropionate) (DSP) (Thermo Scientific) for 2 h on
ice. This reagent was used to cross-link protein complexes within the cell.
After incubation, the reaction was stopped with 20 mM Tris, pH 7.5.
Then, the cells were harvested and incubated with EB buffer supple-
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mented with 1 M NaCl on ice for 30 min. The lysate was centrifuged at
10,000 � g for 15 min, and the supernatant obtained was used to perform
coimmunoprecipitation experiments.

Western blotting and slot blotting. Protein extracts (30 to 50 �g per
well) were separated by SDS-PAGE and transferred to nitrocellulose
membranes. The transferred proteins were visualized with Ponceau S. The
membranes were treated with 10% nonfat milk in PBS for 2 h and then
incubated with specific antibodies diluted in PBS for 3 h. The antibodies
used were polyclonal rabbit and mouse anti-TcBDF3, monoclonal mouse
anti-acetylated �-tubulin antibody clone 6-11B-1 (Sigma-Aldrich),
monoclonal mouse anti-trypanosome �-tubulin clone TAT-1 (a gift from
K. Gull, University of Oxford, Oxford, England, United Kingdom),
mouse anti-paraflagellar rod protein 2 (a gift from Ariel Silber, University
of São Pablo, São Pablo, Brazil), mouse anti-T. cruzi histone H4 (a gift
from Sergio Shenkman, Universidade Federal de São Paulo, São Paulo,
Brazil), rabbit anti-T. cruzi high-mobility group B (TcHMGB) (30), and
anti-T. cruzi bromodomain factor 2 (TcBDF2) (25). Bound antibodies
were detected using peroxidase-labeled anti-mouse or anti-rabbit IgGs
(GE Healthcare) and ECL Prime (GE Healthcare) according to the man-
ufacturer’s protocol.

Slot blotting was performed by immobilizing 10 �g of synthetic pep-
tides—�-tubulin (PDGAMPSDKTIGVEDDA; Genscript), �-tubulin
acetylated (ac) on lysine 40 (PDGAMPSDKacTIGVEDDA; Genscript),
and histone H4 acetylated on lysine 14 (AKGKKSGEAKGTQKacRQ;
[31])— onto nitrocellulose membranes. The membranes were incubated
with recombinant His-tagged TcBDF3 or TcBDF2 for 3 h (0.5 �g/ml), and
bound proteins were visualized using anti-histidine antibodies (GE
Healthcare) and detected as described above.

Subcellular localization of TcBDF3 by digitonin extraction. Para-
sites in exponential phase were collected, washed, and resuspended in
buffer A (20 mM Tris-HCl, pH 7.2, with 225 mM sucrose, 20 mM KCl, 10
mM KH2PO4, 5 mM MgCl2, 1 mM Na2EDTA, and 1 mM DTT) at a
protein concentration of 1 mg ml�1 and supplemented with digitonin (0
to 1 mg; final volume, 1 ml for each digitonin concentration). The resus-
pended parasites were incubated at 28°C for 20 min before being centri-
fuged at 14,000 � g for 2 min at 4°C. The enzymatic activities of alpha-
hydroxyacid dehydrogenase (�HAdH) (cytosolic marker) and malate
dehydrogenase (MdH) (glycosomal and mitochondrial marker) were de-
termined in the supernatant (S) and occasionally in the cell pellet (P) in
the presence of 0.1% (vol/vol) Triton X-100 and 150 mM NaCl. To mea-
sure the enzymatic activity of �HAdH, the extracts were incubated with 4
�l of 0.5 mM NADH, 7 �l of 1 mM phenylpyruvate, 2 �l 20% (vol/vol)
Tritón X-100, and 40 �l of the protein extract in 10 mM Tris-HCl, pH 8.
The percentage of activity was determined spectrophotometrically by mea-
suring the oxidation of NADH at 339 nm (NADH ε339 � 6,220 M�1 cm�1)
at 340 nm. To measure the enzymatic activity of MdH, the extracts were
incubated with 5 �l of 0.5 mM NADH, 10 �l of 1 mM oxalacetate, 2 �l 20%
(vol/vol) Tritón X-100, and 20 �l of the protein extract in 10 mM Tris-HCl,
pH 8. The percentage of activity was determined spectrophotometrically by
measuring the oxidation of NADH at 339 nm (NADH ε339 � 6,220 M�1

cm�1) at 340 nm.
Equal volumes of selected S and P fractions were subjected to SDS-

PAGE, blotted onto nitrocellulose membranes, and probed with specific
antibodies. The antibodies used were anti-tyrosine amino transferase
(TcTAT), anti-glycosomal malate dehydrogenase (TcMdHglyc), and anti-
mitochondrial malate dehydrogenase (TcMdHmit) antibodies (all gifts
from Cristina Nowicki, Universidad de Buenos Aires, Buenos Aires, Ar-
gentina) and anti-paraflagellar rod 2 (TcPAR2) and mouse monoclonal
anti-trypanosome �-tubulin clone TAT-1 (�-tubulin) antibodies.

Ultrastructural immunocytochemistry. Parasites were fixed in 0.3%
glutaraldehyde, 4% formaldehyde, and 1% picric acid diluted in 0.1 M
cacodylate buffer at pH 7.2 and then dehydrated at 20°C using a graded
acetone series and progressively infiltrated with Unicryl Resin (Poly-
sciences, Inc.) at lower temperatures. The polymerization of the resin was
carried out in BEEM capsules (Ted Pella, Inc.) at 20°C for 5 days under UV

light. Ultrathin sections were obtained in a Leica ultramicrotome (Reich-
ert Ultracuts), and the grids containing the sections were incubated with
50 mM NH4Cl for 30 min. The grids were then incubated with blocking
solution (3.5% bovine serum albumin [BSA], 0.5% teleostean gelatin,
0.02% Tween 20 diluted in PBS, pH 8.0) for 30 min and finally with goat
serum diluted (1:200) in blocking solution. Grids containing ultrathin
sections were incubated for 1 h with anti-TcBDF3 antibodies diluted in
blocking solution (1:1) and washed with PBS. The grids were then incu-
bated with gold-labeled goat anti-rabbit IgG diluted 1:200 for 45 min,
washed with blocking solution, and stained with uranyl acetate and lead
citrate for further observation using a Zeiss 900 transmission electron
microscope. In control assays, sections were not incubated with the pri-
mary antiserum.

Immunocytolocalization. Trypomastigotes and exponentially grow-
ing epimastigotes were centrifuged, washed twice with PBS, settled on
polylysine-coated coverslips, and fixed with 4% paraformaldehyde in PBS
at room temperature for 20 min. The fixed parasites were washed with
PBS and permeabilized with 0.2% Triton X-100 in PBS for 10 min. After
washing with PBS, the parasites were incubated with the appropriate pri-
mary antibody diluted in 1% BSA in PBS for 3 h at room temperature. In
colocalization experiments, the two antibodies were incubated together.
Nonbound antibodies were washed with 0.01% Tween 20 in PBS, and
then the slides were incubated with fluorescence-conjugated anti-rabbit
(fluorescein; Jackson Immuno Research) or anti-mouse (rhodamine; Cal-
biochem) IgG antibodies and 2 �g ml�1 DAPI (4=,6-diamidino-2-phe-
nylindole) for 1 h. Alternatively, DNA was stained with propidium iodide
(Invitrogen) according to the manufacturer’s instructions. The slides
were washed with 0.01% Tween 20 in PBS and finally mounted with
VectaShield (Vector Laboratories). To analyze intracellular amastigotes,
Vero cell monolayers were grown on coverslips and infected with T. cruzi
trypomastigotes as described above. Three days postinfection, the cultures
were washed with PBS and fixed with 4% paraformaldehyde in PBS at
room temperature for 20 min. The same procedure described above was
followed for immunodetection. Images were acquired with a confocal
Nikon Eclipse TE-2000-E2 microscope using Nikon EZ-C1 software or an
epifluorescence Nikon Eclipse Ni-U microscope. Adobe Photoshop CS
and ImageJ software (32) were used to pseudocolor and process all im-
ages.

The isolated cytoskeletons and flagellar complexes were obtained for
immunocytolocalization as previously described by Sasse and Gull (33)
and prepared for immunofluorescence assay as described above.

Transfection of parasites. Epimastigotes were grown at 28°C in LIT
medium supplemented with 10% FCS to a density of approximately 3 �
107 cells ml�1. Parasites were then harvested by centrifugation at 4,000 �
g for 5 min at room temperature, washed once with PBS, and resuspended
in 0.35 ml of transfection buffer, pH 7.5 (0.5 mM MgCl2, 0.1 mM CaCl2 in
PBS), to a density of 1 � 108 cells ml�1. The cells were then transferred to
a 0.2-cm-gap cuvette (Bio-Rad), and 15 to 100 �g of DNA was added in a
final volume of 40 �l. The mixture was placed on ice for 15 min and then
subjected to a pulse of 450 V and 500 �F using a GenePulser II (Bio-Rad,
Hercules, CA, USA). After electroporation, the cells were transferred into
5 ml of LIT medium containing 10% FCS and maintained at room tem-
perature for 15 min. Then, the cells were incubated at 28°C. After 24 h, the
antibiotic G418 (Genbiotech) was added to an initial concentration of 125
�g ml�1, and 72 to 96 h after electroporation, the cultures were diluted 1:5
and the antibiotic concentration was doubled. Stable resistant cells were
obtained approximately 30 days after transfection.

Coimmunoprecipitation. Epimastigotes were grown up to 107 para-
sites ml�1, and 1010 parasites were used per coimmunoprecipitation ex-
periment. The antibodies anti-TcBDF3 and total IgGs purified from non-
immunized rabbits were immobilized to magnetic beads (Dynabeads;
Invitrogen) following the manufacturer’s instructions. The antibody-
coupled beads were incubated with the protein extracts for 3 h at 4°C with
gentle shaking. Then, the beads were washed three times with MME buffer
(50 mM HEPES, 5 mM EGTA, 1 mM MgSO4, 0.1 mM EDTA, 2 mM
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MgCl2) and two times with last wash buffer (30 mM Tris, pH 7.5, 0.02%
Tween 20). The protein complexes were eluted with 0.5 M HN4OH and
neutralized. The eluted proteins were separated by SDS-PAGE and then
transferred to nitrocellulose membranes for Western blot analysis.

Molecular exclusion chromatography. Molecular exclusion chroma-
tography was carried out using a Superdex 75 column (GE Healthcare)
equilibrated with 10 mM sodium phosphate buffer, pH 8, at the recom-
mended flow rate of 0.25 ml/min, and the absorbance at 280 nm was
continuously monitored using an ÄKTA fast protein liquid chromatog-
raphy (FPLC) system (GE Healthcare). The standard curve was con-
structed using lysozyme (14.7 kDa), glutathione S-transferase (GST) (27
kDa for the monomeric form and 54 kDa for the dimeric form), and
bovine serum albumin (67 kDa). All buffers and samples were filtered
(0.45 �m) before use.

RESULTS AND DISCUSSION
T. cruzi BDF3. The TcBDF3 coding sequence has two almost
identical variant haplotypes in the T. cruzi genome (TcCLB.
510719.70 and TcCLB.509747.110 [http://tritrypdb.org/tritrypdb])
that encode a 223-amino-acid polypeptide. This coding sequence
contains a bromodomain (pfam PF00439) in its N-terminal por-
tion from R37 to L141 (see Fig. S1A in the supplemental material).
TcBDF3 has a predicted molecular mass of 24.7 kDa and an iso-
electric point of 5.2. The C-terminal portion of the sequence
shows no similarity to any domain present in databases. However,
it is enriched in acidic amino acids (30% glutamic acid plus aspar-
tic acid), basic amino acids (37% lysine plus arginine), and serine

(14%) (see Fig. S1A in the supplemental material). These highly
charged low-complexity sequences are generally involved in pro-
tein-protein interactions.

Orthologous genes are present in other trypanosomatids; the
T. brucei (Tb927.11.10070) and Leishmania major (LmjF.36.3360)
proteins have sequence identities of 63% and 42% and similarities
of 75.9% and 54.9%, respectively, to TcBDF3. The similarity be-
tween the four T. cruzi BDFs and bromodomains from other or-
ganisms is low, with sequence identities always below 20%. How-
ever, the amino acids involved in binding the acetyl-lysine are
conserved or conservatively substituted, supporting the hypothe-
sis that TcBDF3 has a functional bromodomain (see Fig. S1B in
the supplemental material). The secondary structure of the
TcBDF3 bromodomain region was modeled with the Phyre2
server (34), retrieving the characteristic four-�-helix pattern of
these domains (see Fig. S1C in the supplemental material). When
analyzed by molecular exclusion chromatography, most of the
recombinant TcBDF3 was found to be a dimer in solution (see Fig.
S1D in the supplemental material).

TcBDF3 is a cytoplasmic protein. To study the expression of
TcBDF3 in T. cruzi, antibodies raised against recombinant protein
were purified by affinity chromatography. Western blot analysis
with rabbit and mouse antibodies showed a single band of the
expected molecular weight in total lysates of T. cruzi epimastigotes
(see Fig. S2A in the supplemental material). To test the specificity

FIG 1 TcBDF3 is a cytoplasmic bromodomain-containing protein in epimastigotes. (A) Nuclear (N) and nonnuclear (NN) protein extracts (30 �g per well) were
subjected to Western blot analysis using rabbit anti-TcBDF3 antibodies, anti-TcTAT (cytosolic), anti-TcHMGB (nuclear), anti-TcBDF2 (nuclear), and anti-T.
cruzi H4 histone (TcH4) (nuclear). On the left is the Coomassie-stained gel. (B) Enzymatic activity of �HAdH and MdH in epimastigotes treated with increasing
concentrations of digitonin. Activities were measured and normalized to the protein concentration in the extracts. The arrows below the graph indicate the
digitonin concentrations at which cytosolic (C), glycosomal (G), and mitochondrial (M) proteins are released. (C) Equal volumes of selected soluble (S) and
insoluble (P) fractions obtained at different digitonin amounts (0 to 0.7 mg) were subjected to Western blot analysis using anti-TcBDF3 antibodies (TcBDF3) and
known markers for different organelles. The antibodies used were anti-TcTAT (cytosolic), anti-TcMdHglyc (glycosomal), anti-TcMdHmit (mitochondrial),
anti-TcPAR2 (flagellar), and anti-�-tubulin (�-tubulin) (cytoskeletal). TL, total lysate.
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of the anti-TcBDF3 antibodies, they were competed with recom-
binant TcBDF3 and then used in Western blot (see Fig. S2B in the
supplemental material) and immunofluorescence (see Fig. S2C in
the supplemental material) assays.

TcBDF3 subcellular localization was predicted using pSORTII
(http://psort.hgc.jp/form2.html) and Wolf pSORT (http:
//wolfpsort.org/). Surprisingly, the highest score was assigned to a
nonnuclear localization. Also, the TFPP server (a tool for recog-
nizing flagellar proteins in T. brucei) (35) predicted a flagellar
localization for TcBDF3 and its orthologue in T. brucei
(Tb927.11.10070). Although Tb927.11.10070 has not been iden-
tified in the flagellar proteome of T. brucei (36–38), it is worth
mentioning that, due to technical limitations, many flagellar pro-
teins fail to be detected or cannot be assigned to the flagellum with
certainty by proteomic studies.

Next, we evaluated the expression of TcBDF3 in nuclear and
nonnuclear epimastigote extracts by Western blot analysis. The
TcBDF3-specific immunoreactive band was observed only in
the nonnuclear fraction. TcTAT (39) is a cytosolic protein, and
TcHMGB (30), TcBDF2 (25), and histone H4 (40) are all nu-
clear proteins (Fig. 1A). We decided to confirm the nonnuclear
localization of this protein through several approaches.

First, we performed Western blot analysis in subcellular frac-
tions of epimastigotes obtained by digitonin extraction (39). By
this approach, plasma membranes with high sterol content are
specifically permeabilized at a low concentration of digitonin,
whereas higher concentrations are required to permeabilize gly-
cosomal and mitochondrial membranes (41). By measuring the
activity of �HAdH (a cytosolic protein), we determined in which
fractions the cytosolic content was released (starting at 0.04 mg of
digitonin). MdH presents a glycosomal and a mitochondrial iso-
form. By measuring the activity of this enzyme, we determined
when the glycosomal content (starting at 0.2 mg of digitonin) and
the mitochondrial content (starting at 0.4 mg of digitonin) were
released (Fig. 1B). The extraction pattern of TcBDF3 was moni-
tored by Western blot analysis of selected soluble and insoluble
fractions (Fig. 1C, 0 to 0.7 mg of digitonin). In agreement with our
previous results, TcBDF3 was released at low digitonin concentra-
tions. However, TcBDF3 was not completely extracted in the sol-
uble fraction, and an immunoreactive band was observed in all the
insoluble fractions, showing a pattern similar to that of PAR2 (a
flagellar protein) and �-tubulin. These results suggest that
TcBDF3 is a cytoplasmic protein that could also be associated with
insoluble proteins in the membrane or cytoskeleton of T. cruzi.

Second, TcBDF3 was immunolocalized in thin sections of epi-
mastigotes by transmission electron microscopy (TEM). TcBDF3
was not observed over DNA-containing structures, such as the
nucleus or kinetoplast (Fig. 2A to C). TcBDF3 was immunolocal-
ized at the flagellum (Fig. 2B, D, and F, white arrows), especially in
its inner part, which is attached to the cell body. Labeling was also
observed dispersed in the cytoplasm and close to the flagellar
pocket (Fig. 2A to D, black arrows). In control assays with no
primary antibody, no immunogold particles were detected (data
not shown).

Next, TcBDF3 expression during the T. cruzi life cycle was ad-
dressed using epimastigote, trypomastigote, and amastigote total
protein extracts. A single band of the expected molecular weight
was observed for all developmental stages (Fig. 3A). The subcellu-
lar localization of TcBDF3 was assessed by immunofluorescence
microscopy in different stages (Fig. 3B). In epimastigotes, TcBDF3

was present in the cytoplasm, the flagellum, and the flagellar
pocket region, similar to the pattern obtained by TEM. In amas-
tigotes, we observed an expression pattern similar to that in epi-
mastigotes. However, the flagellar pocket region was more deeply
marked and the plasma membrane appeared to be labeled. Sur-
prisingly, in infective trypomastigotes, the TcBDF3 expression
pattern changed and was localized exclusively in the flagellum.

This change in TcBDF3 localization during the epimastigote-
trypomastigote transition was also analyzed using N-terminal fu-
sions to CFP. A full-length form of TcBDF3 (pTcCFPN-TcBDF3)
and a truncated form containing the first 131 amino acids
(pTcCFPN-TcBDF3�C) were overexpressed in epimastigotes.
Both fusion proteins were detected in the whole cell body of
epimastigotes in a pattern similar to that observed for TcBDF3
by immunocytolocalization (see Fig. S3 in the supplemental
material). When transfected parasites were differentiated in
vitro to trypomastigotes, CFPN-TcBDF3 was found concen-
trated at the flagellum, as was wild-type TcBDF3 (see Fig. S3A
in the supplemental material). However, truncated CFPN-
TcBDF3�C remained dispersed in the cell body (see Fig. S3B in
the supplemental material). Expression of CFPN-TcBDF3 and
CFPN-TcBDF3�C was corroborated by Western blot analysis
with anti-TcBDF3 antibodies (see Fig. S3C in the supplemental
material). These results suggest that the C-terminal portion of
TcBDF3 could be important for the flagellar localization of
TcBDF3 in trypomastigotes.

The presence of a bromodomain-containing protein outside
the nucleus has been described in other models, but always with a

FIG 2 TcBDF3 is localized at the cytoplasm, the flagellum, and the flagellar
pocket of epimastigotes. (A to C and E) Immunoelectron microscopy of
TcBDF3 in T. cruzi epimastigotes using purified rabbit anti-TcBDF3 antibod-
ies. The nucleus (N), kinetoplast (K), flagellar pocket (FP), and flagellum (F)
are indicated. Gold particles are indicated with black and white arrows. The
white arrows indicate flagellar labeling. (D) Enlarged image of the boxed area
in panel C. (F) Enlarged image of the boxed area in panel E. Bars � 1 �m.
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dual cytoplasmic-nuclear localization and restricted to some spe-
cific mammalian cells (21–23). The existence of a bromodomain
factor in the flagellum, as described here, suggests a completely
new role for these protein modules. Given that in the last few years
several authors, using high-resolution mass spectrometry, identi-
fied thousands of acetylated proteins involved in a wide variety of
cellular processes in different organisms (42–45), it is not unreal-
istic to think that bromodomains could be playing regulatory roles
outside the nuclear compartment. In 2000, Kouzarides proposed
that acetylation might rival phosphorylation as a regulator of cell
function and that the bromodomain may be analogous to the
phosphotyrosine-recognizing SH2 domain (46). The presence of
TcBDF3 outside the nucleus opens new perspectives for a possible
role of lysine acetylation as a regulatory switch in complex cellular
processes, as proposed by many authors (47–50).

To study in further detail the differential localization of
TcBDF3, in vitro metacyclic trypomastigotes were obtained using
TAU3AAG medium. During the differentiation process between
epimastigotes and trypomastigotes, intermediate stages were dis-
tinguished and classified based on the positions of the kinetoplast,

the nucleus, and the flagellum, as described by Ferreira and co-
workers (51) (a schematic representation is shown in Fig. 4, right).
The immunocytolocalization of TcBDF3 and acetylated �-tubulin
was analyzed in the intermediate differentiation stages (1a, b, and
c). As is shown in Fig. 4, TcBDF3 concentrates in the flagellum
during metacyclogenesis. As previously reported (10), acetylated
�-tubulin was detected in the whole cell body in the intermediate
stages, with no significant changes. However, we observed a par-
tial colocalization of TcBDF3 and acetylated �-tubulin in the fla-
gella of the intermediate stages (Fig. 4), which strongly suggested
that TcBDF3 was associated with the flagellar microtubule struc-
ture.

TcBDF3 binds to acetylated �-tubulin. The above-mentioned
results, as well as the known ability of bromodomain-containing
proteins to bind acetylated proteins, led us to think that TcBDF3
could bind acetylated proteins in the cytoskeleton and flagellum of
T. cruzi.

As mentioned above, microtubules are components of the sub-
pellicular corset, the axoneme, the flagellar pocket, and the flagel-
lum attachment zone in trypanosomatids (52). Multiple tubulin

FIG 3 TcBDF3 is expressed throughout the T. cruzi life cycle in vitro. (A) Western blot analysis using purified rabbit anti-TcBDF3 antibodies (a-TcBDF3) and
mouse anti-�-tubulin (a-�-tubulin) as a loading control. A, amastigote total protein extracts; E, epimastigote total protein extracts; T, trypomastigote total
protein extracts (30 �g per well). (B) Immunofluorescence assay using purified anti-TcBDF3 and parasites at different stages of the T. cruzi life cycle. A, free
amastigote; Ac, amastigotes inside a Vero cell; E, epimastigote; T, trypomastigote from infected Vero cells; Tm, metacyclic trypomastigote obtained in vitro.
Anti-rabbit IgG conjugated to fluorescein was used as a secondary antibody. Nuclei and kinetoplasts were labeled with DAPI. Bars � 2 �m.
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isotypes are present in microtubules, due to a series of posttrans-
lational modifications. Among all isoforms of �-tubulin associ-
ated with the T. cruzi subpellicular and axonemal microtubules,
the acetylated form seems to be predominant (10). Isolated sub-
pellicular microtubules and flagellar complexes were obtained
from epimastigotes and trypomastigotes in order to verify the
presence of TcBDF3 in these cellular components. TcBDF3, as well
as acetylated �-tubulin and PAR2 (�-PFR) (paraflagellar rod 2
protein) were detected by immunofluorescence (Fig. 5). In epi-
mastigotes, TcBDF3 was present in discrete regions of the cyto-
skeleton with a stronger signal in the flagellar pocket region (Fig.
5A, top). Also, it was observed in the flagellum, where it partially
colocalized with acetylated �-tubulin (Fig. 5A, bottom). The pro-
tocol performed to obtain isolated flagella, as Sasse and Gull stated
in 1988, did not always lead to complete solubilization, and a
group of subpellicular MTs attached to basal bodies and forming
the flagellar pocket appeared to be resistant to treatment (33). In
the enlarged images of the isolated flagella, we observed the pres-
ence of TcBDF3 and acetylated �-tubulin in these resistant struc-
tures (Fig. 5A, green and red arrowheads), which further corrob-
orated the results obtained by TEM. These results suggest that
TcBDF3 localization correlates with acetylated �-tubulin, al-
though the opposite is not necessarily true. In trypomastigotes,
TcBDF3 was present only in the flagellum, as was previously de-
termined using intact parasites, where it colocalized partially with
acetylated �-tubulin (Fig. 5A). Localizations of TcBDF3 and PAR2
were compared in detail to determine if TcBDF3 was present in the

FIG 4 TcBDF3 changes its location during in vitro metacyclogenesis. Immu-
nofluorescence assays used purified rabbit anti-TcBDF3 (�-TcBDF3) and
mouse monoclonal anti-acetylated �-tubulin (�-AcTub) antibodies in inter-
mediate stages 1a, 1b, and 1c, as defined by Ferreira et al. (51). On the right are
schematic diagrams of the positions of the flagellum (F), nucleus (N), and
kinetoplast (K) in the three selected intermediate differentiation stages. Anti-
rabbit IgG conjugated to fluorescein (green) and anti-mouse IgG conjugated
to rhodamine (red) were used as secondary antibodies. Nuclei and kinetoplasts
were labeled with DAPI (blue).

FIG 5 TcBDF3 is detected in the cytoskeletons and flagella of epimastigotes (E) and only in the flagella of metacyclic trypomastigotes (T). Immunofluorescence
assays used purified rabbit anti-TcBDF3 (�-TcBDF3) and mouse monoclonal anti-acetylated �-tubulin (�-AcTub) (A) and mouse anti-PAR2 (�-PFR) (B)
antibodies on isolated cytoskeletons and flagella of epimastigotes and metacyclic trypomastigotes. Anti-rabbit IgG conjugated to fluorescein (green) and
anti-mouse IgG conjugated to rhodamine (red) were used as secondary antibodies. The last right lanes are enlarged images of the detergent-resistant structures
that correspond to MTs attached to basal bodies and forming the flagellar pocket. The green arrowheads indicate TcBDF3 localization, and the red arrowheads
indicate acetylated �-tubulin (A) and PAR2 (B) localization in these structures.
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paraflagellar rod. The paraflagellar rod is present from the point
where the flagellum exits the flagellar pocket and runs alongside
the axoneme right to the distal tip. We observed that in the flagella
of epimastigotes and trypomastigotes, the two proteins did not
colocalize but seemed to run side by side, supporting the hypoth-
esis that TcBDF3 is present in the flagellar axoneme of T. cruzi but
not in the paraflagellar rod (Fig. 5B). The presence of TcBDF3, but
not of PAR2, in the flagellar pocket region is clearly observed in
the enlarged images of the isolated flagella (Fig. 5B, green and red
arrowheads).

Next, Western blot assays with anti-TcBDF3 and anti-acety-
lated �-tubulin were performed using protein extracts enriched in
cytoskeletal and flagellar proteins (Fig. 6A). Three enriched frac-
tions that corresponded to soluble proteins (Sn1), soluble cyto-
skeletal and flagellar proteins (Sn2), and insoluble cytoskeletal
and flagellar proteins were obtained by differential extraction with
detergent, as described by Schneider and coworkers (11). TcBDF3
and acetylated �-tubulin seemed to be fractionated together from
soluble protein pools and from insoluble flagellar and cytoskeletal
protein complexes. These results suggested that the interaction
between these proteins is restricted to some specific cellular com-
partments.

Immunoprecipitation assays were performed to study the in-
teraction of TcBDF3 with acetylated �-tubulin (Fig. 6B). We used
anti-TcBDF3 antibodies coupled to magnetic beads. Both TcBDF3
and acetylated �-tubulin were detected by Western blot analysis in

the immunoprecipitated complexes. These results demonstrated
that the two proteins interact in vivo. We did not detect any im-
munoreactive band using magnetic beads coupled to purified IgG
(negative control).

To test TcBDF3 binding specificity for acetylated �-tubulin, we
blotted acetylated and nonacetylated �-tubulin (Ac �-tubulin and
�-tubulin) and histone H4 acetylated in lysine 14 (H4K14Ac)
peptides onto a nitrocellulose membrane. Then, the membrane
was incubated with recombinant TcBDF3 and TcBDF2 (fused to a
histidine tag), and the bound proteins were visualized by Western
blot analysis with anti-histidine antibodies (Fig. 6C). There was no
cross-reactivity between bromodomain factors: recombinant
TcBDF2 recognized only the H4K14Ac peptide (25), and TcBDF3
recognized only the acetylated �-tubulin peptide. This suggests
that each BDF can recognize and bind to one (or a limited number
of) specific acetylated lysine residues.

Although tubulin acetylation is a widespread modification
present in all eukaryotic cells, its precise function in cytoskeleton
dynamics has not yet been completely elucidated. Recent reports
suggested a function for this PTM in axoneme-related cell struc-
tures. The acetylation of �-tubulin at K40 by the specific enzyme
MEC-17 was associated with ciliogenesis and efficient mecha-
nosensation in Caenorhabditis elegans (17, 53). Trypanosomes are
evolutionarily early-branched species that have some unique
characteristics. The participation of a bromodomain-containing
protein complex during metacyclogenesis could also be a unique

FIG 6 TcBDF3 interacts with acetylated �-tubulin. (A) Coomassie-stained SDS-PAGE and Western blot analyses of epimastigote protein extracts enriched in
cytoskeletal and flagellar proteins. Sn1, soluble protein extracts; Sn2, soluble cytoskeletal and flagellar protein extracts; P, insoluble cytoskeletal and flagellar
protein extracts (50 �g per well). Rabbit anti-TcBDF3 antibodies (�-TcBDF3) and mouse anti-acetylated �-tubulin antibodies (�-AcTub) were used. (B)
Coimmunoprecipitation assay using purified anti-TcBDF3 antibodies covalently coupled to magnetic beads (TcBDF3 beads). Magnetic beads coupled to IgGs
(purified from antisera of nonimmunized rabbits) were used as a negative control (Control beads). On the left is a silver-stained SDS-PAGE gel of total
cytoskeletal extracts and the elutions obtained after the immunoprecipitation experiment. On the right is a Western blot analysis of the eluted proteins after
coimmunoprecipitation using purified rabbit anti-TcBDF3 antibodies (�-TcBDF3) and mouse monoclonal anti-acetylated �-tubulin antibodies (�-AcTub). (C)
Slot far-Western blot assay. Acetylated tubulin (TubK40Ac), nonacetylated tubulin (Tub), and acetylated histone H4 (H4K14Ac) peptides were blotted onto a
nitrocellulose membrane and incubated with His-tagged recombinant TcBDF3 (BDF3-His) or TcBDF2 (BDF2-His). Bound recombinant proteins were detected
with anti-histidine antibodies (�-His). Signals were quantified by densitometry and normalized using the interaction with acetylated �-tubulin peptide as a
reference (assigned the arbitrary value of 1). The bars and error bars indicate means 	 standard deviations (SD) from the results of three independent
experiments.
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feature of these particular eukaryotic cells. It has been proposed
that cilia and flagella emerged early in eukaryotic evolution and
that in primitive eukaryotes, microtubule PTMs existed as a cili-
um- and flagellum-specific phenomenon, which was later adapted
to other microtubule structures (6).

The results presented here show that TcBDB3 binds to acety-
lated �-tubulin both ex vivo and in vivo. This interaction seems to
be associated with changes in the amount of TcBDF3 in the flagel-
lum during metacyclogenesis. Although the exact meaning of this
observation cannot be understood yet, it is important to mention
that TcBDF3 is the first described bromodomain-containing pro-
tein that recognizes a modification in tubulin and, hence, the first
candidate to be able to read �-tubulin PTM. At least two basic
models can be proposed for its mode of action. Analogously to
those already proposed for histone-binding bromodomains, a
TcBDF3-containg complex could be carrying enzymatic activity
to the flagellum to modify tubulin or any other cytoskeletal com-
ponent. Another hypothesis is that TcBDF3 might carry acetylated
�-tubulin from the cell body to the flagellum. However, we cannot
rule out the possibility that TcBDF3 simply binds to the acetylated
lysine residue to protect it from the actions of modifying enzymes.

A bromodomain-containing protein complex involved in the
remodeling of the cytoskeleton in T. cruzi may also be a new che-
motherapeutic target for Chagas’ disease. Recently, two inhibitors
that target bromodomains from the BET family have shown selec-
tive activity in a squamous cell carcinoma model (54). Many other
inhibitors of the bromodomain–acetyl-lysine interaction were de-
veloped later, putting bromodomains alongside KATs (lysine
acetyltransferases) and KDACs (lysine deacetylases) as interesting
targets for diseases caused by aberrant acetylation of lysine resi-
dues (55). The presence of an exclusively cytoplasmic bromodo-
main like TcBDF3 could be another feature of trypanosomatids
absent in mammalian host cells and hence could be considered a
potential target for the development of new drugs against
trypanosomiasis.
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