
Experimental Parasitology 127 (2011) 249–259
Contents lists available at ScienceDirect

Experimental Parasitology

journal homepage: www.elsevier .com/locate /yexpr
Trypanosoma cruzi: Multiple actin isovariants are observed along different
developmental stages

Ana María Cevallos a,⇑, Yayoi X. Segura-Kato a, Horacio Merchant-Larios b, Rebeca Manning-Cela d,
Luis Alberto Hernández-Osorio d,e, Claudia Márquez-Dueñas d, Javier R. Ambrosio c,
Olivia Reynoso-Ducoing c, Roberto Hernández a

a Departamento de Biología Molecular y Biotecnología, Universidad Nacional Autónoma de México, Apartado Postal 70-228, México, DF, Mexico
b Departamento de Biología Celular y Fisiología del Instituto de Investigaciones Biomédicas, Universidad Nacional Autónoma de México, Apartado Postal 70-228, México, DF, Mexico
c Departamento de Microbiología y Parasitología de la Facultad de Medicina, Universidad Nacional Autónoma de México, Apartado Postal 4510, México, DF, Mexico
d Departamento de Biomedicina Molecular, Centro de Investigación y de Estudios Avanzados del IPN, Apartado Postal 14–740, 07000 México, DF, Mexico
e Facultad de Medicina y Cirugía, Universidad Autónoma Benito Juárez de Oaxaca, Oaxaca, Mexico

a r t i c l e i n f o a b s t r a c t
Article history:
Received 15 February 2010
Received in revised form 12 July 2010
Accepted 3 August 2010
Available online 9 August 2010

Keywords:
Trypomastigote
Epimastigote
Amastigote
Kinetoplastid
Trypanosomatid
Actin isoforms
Actin-like protein
Actin-related protein
0014-4894/$ - see front matter � 2010 Elsevier Inc. A
doi:10.1016/j.exppara.2010.08.003

⇑ Corresponding author. Fax: +52 5 5622 9212.
E-mail address: amcevallos@biomedicas.unam.mx
The expression and biological role of actin during the Trypanosoma cruzi life cycle remains largely
unknown. Polyclonal antibodies against a recombinant T. cruzi actin protein were used to confirm its
expression in epimastigotes, trypomastigotes, and amastigotes. Although the overall levels of expression
were similar, clear differences in the subcellular distribution of actin among the developmental stages
were identified. The existence of five actin variants in each developmental stage with distinct patterns
of expression were uncovered by immunoblotting of protein extracts separated 2D-SDS gels. The isoelec-
tric points of the actin variants in epimastigotes ranged from 4.45 to 4.9, whereas they ranged from 4.9 to
5.24 in trypomastigotes and amastigotes. To determine if the actin variants found could represent previ-
ously unidentified actins, we performed a genomic survey of the T. cruzi GeneDB database and found 12
independent loci encoding for a diverse group of actins and actin-like proteins that are conserved among
trypanosomatids.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Trypanosoma cruzi, the causative agent of Chagas’ disease, is a
digenetic parasite that develops via a complex life cycle involving
insect vectors and mammalian stages. This organism displays dis-
tinct morphological and functional life forms, and it alternates be-
tween replicative stages (epimastigotes in the vector midgut and
amastigotes in vertebrate cells) and non-dividing but infective
forms (metacyclic trypomastigotes in the hindgut and faeces of
the vector, and bloodstream trypomastigotes in the mammalian
host). To complete their life cycle, the parasites undergo profound
morphological and physiological changes, which are triggered by
modifications in the microenvironment that occur in the insect
digestive tract and within the vertebrate host cells. The differences
in cell shape reflect changes in the organisation of the cytoskeleton
and ultrastructure of the parasite (Elias et al., 2007).

Microtubules and actin microfilaments are the two major com-
ponents of the eukaryotic cell cytoskeleton. Actin is a highly con-
ll rights reserved.
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served protein that plays an essential role in the structure and
dynamics of most eukaryotic cells. Eukaryotic cells use over100
accessory proteins to maintain a pool of actin monomers, initiate
polymerisation, restrict the length of actin filaments, regulate the
assembly and turnover of actin filaments, and cross-link filaments
into networks or bundles (Pollard and Cooper, 2009). In trypanoso-
matids, the cytoskeleton is atypical in that the major component is
a subpellicular corset of microtubules (Kohl and Gull, 1998). The
presence of actin has been demonstrated in all trypanosomatid
species studied; however, it does not appear to polymerise into
highly structured cytoskeletal microfilaments. Furthermore, try-
panosomatid motility does not depend on actin and they do not
exhibit the ruffles or pseudopodia seen in amoebae and metazoa
or the myosin-based gliding motility of the Apicomplexa. Acto-
myosin may not even be necessary for cytokinesis in these organ-
isms (Berriman et al., 2005). So far, the only demonstrated
functional role of actin in these organisms is in endocytosis
(Bogitsh et al., 1995; Garcia-Salcedo et al., 2004). Two genomic sur-
veys have identified putative proteins capable of regulating the
dynamics of the actin cytoskeleton in trypanosomatids (Berriman
et al., 2005; De Melo et al., 2008). Although potential homologues
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of two myosin families and proteins involved in monomeric actin
binding and actin filament nucleation were present, no homo-
logues of proteins involved in the severing, bundling, and cross-
linking of microfilaments were identified. Moreover, the dynactin
complex was not found, suggesting a major loss in the ability for
cross-talk between the actin and tubulin filament networks (Berri-
man et al., 2005). The presence of a multigenic family of actin-
encoding genes was not addressed in either of these studies.

Our research group is interested in studying the function of ac-
tin in T. cruzi during its life cycle. As an initial approach, we used an
Acanthamoeba castellanii actin gene as a probe to isolate and clone
three copies of an actin gene; two copies were present on one allele
and only one copy was present on the other allele (Cevallos et al.,
2003). These three gene copies encode for identical proteins. In this
study, we investigated the expression of actin in three develop-
mental stages of the parasite with the aid of a polyclonal serum
raised against a recombinant version of the T. cruzi actin protein.
The presence of actin variants was demonstrated by immunoblot-
ting of parasite extracts separated by 2D-SDS gels. An in silico
search for putative actin variants identified a diverse family of
actin and actin-like proteins in this parasite.
2. Materials and methods

2.1. Cells and parasites

NIH 3T3 fibroblasts were maintained in Dulbecco’s minimal
essential media (DMEM) supplemented with 10% foetal bovine ser-
um (FBS), 1% glutamine, and 5 lg/ml of penicillin–streptomycin, at
37 �C in a humidified atmosphere containing 5% CO2. Epimastig-
otes from the T. cruzi strain CL-Brener were grown at 28 �C in liver
infusion tryptose medium (LIT) supplemented with 10% foetal calf
serum and 0.1 mg/ml haemin (Camargo, 1964).

Fifty percent-confluent fibroblasts were infected with 2 � 106

CL-Brener mid-log-phase epimastigotes/ml resuspended in high-
glucose DMEM (15 ml) supplemented with 2% foetal bovine sera
(FBS) to get a parasite-host cell ratio of 10:1. The NIH 3T3 mono-
layers were washed every two days with high-glucose DMEM
medium until non-adherent parasites were removed, and then
fresh high-glucose DMEM plus 2% FBS was added. Trypomastigotes
and cell-derived amastigotes were isolated from the supernatant of
infected NIH 3T3 fibroblasts. The amastigotes were separated from
trypomastigotes using the amastigote-specific antibody 2C2B6,
which is specific for the Ssp-4 surface antigen of amastigotes (An-
drews et al., 1987). It has been shown that these amastigote prep-
arations do not contain more than 5% trypomastigotes and that the
trypomastigote preparations do not have more than 5% amastig-
otes (Manning-Cela et al., 2001). For some experiments, NIH 3T3
fibroblasts were grown on coverslips, infected with trypomastig-
otes, and fixed at one week post-infection. Protein extracts from
Leishmania mexicana, Toxoplasma gondii, and Trichomonas vaginalis
were kindly donated by Dr. Rosalía Lira, Dr. Rafael Saavedra, and
Dr. Imelda López-Villaseñor, respectively.
2.2. Expression and purification of a recombinant GST-actin fusion
protein

The entire actin-coding region was subcloned from a previously
isolated genomic clone containing two copies of the gene (Cevallos
et al., 2003) (Genbank accession number AF494294). The open
reading frame was amplified by PCR using the following primers:
GTGGGATCCCCATGTCTGACGAAGAACAG and GTGGGATCCCTAAAA
GCATTTGTTGTGC. The amplification product was then cloned in
frame into the BamHI site of the bacterial expression vector
pGEX-3X (Promega, Madison, Wisconsin), sequenced, and then ex-
pressed it in Escherichia coli strain BL21 (DE3) as a GST-actin fusion
protein.

A 1:50 bacterial dilution (from an overnight culture grown at
37 �C in Luria–Bertani media containing 100 lg/ml of ampicillin)
was grown until the OD600 reached 0.5. The cultures were then in-
duced for 3 h by the addition of isopropylthio-b-galactoside to a fi-
nal concentration of 0.1 mM. The bacteria were pelleted at
4500 � g at 4 �C for 20 min, resuspended in a lysozyme-containing
buffer (100 lg/ml lysozyme in 20 mM Tris–HCl, pH 7.5, 1 mM eth-
ylenediaminetetraacetic acid), and incubated for 30 min at room
temperature (RT). Protease inhibitors (aprotinin and leupeptin, at
a final concentration of 10 lg/ml each) and sodium N-lauroyl sar-
cosinate (final concentration of 1.5%) were added, and the suspen-
sion was incubated for 2 h at RT before completing the cell lysis by
sonication. A soluble fraction was obtained by centrifugation at
12,000g for 10 min at 4 �C. Phosphate buffered saline, pH 7.2
(PBS, 10X) and Triton X-100 were added to the soluble fraction
to a final concentration of 1X and 1%, respectively. The lysate
was then loaded into a glutathione Sepharose 4B column, and
the recombinant protein was eluted according to the manufac-
turer’s instructions (Amersham Biosciences, London, UK). Since
several contaminant proteins remained in the eluted fraction, a
second purification was carried out. The proteins eluted from the
column were separated by 10% sodium dodecyl sulphate–poly-
acrylamide gel electrophoresis (SDS–PAGE), stained with Coomas-
sie blue, and the band corresponding to the recombinant fusion
protein was cut from the gel and electroeluted. The electroeluted
protein was dialysed overnight at 4 �C in 10 mM Tris–HCl, pH 8,
100 mM NaCl, and 10% glycerol. The protein was then concentrated
by ultra filtration in Centricon 30 filter units (Millipore Corpora-
tion, Bedford, USA) and stored at �20 �C until use.

2.3. Production of rabbit anti-T. cruzi actin polyclonal antibodies

Purified recombinant actin (200 lg) in 1 ml of Freund’s complete
adjuvant was administered subcutaneously to a New Zealand White
rabbit. Two booster doses (130 lg of protein in 1 ml of incomplete
Freund’s adjuvant per booster dose, subcutaneously) were adminis-
tered at 4- or 5-week intervals. Pre-immune blood was collected
from the marginal ear vein. Fifteen days after the last antigen boost,
blood was obtained by terminal cardiac puncture. The blood was al-
lowed to clot for 30 min and centrifuged at 5000g for 20 min, and the
serum was then collected. Serum aliquots were kept at�70 �C until
use. The immunisation protocol and housing conditions were ap-
proved by the local Bioethics Committee for Animal Research.

2.4. Separation of protein lysates from epimastigotes into soluble and
insoluble fractions

Epimastigotes at the exponential phase of growth were harvested
as previously described, washed, and then lysed in PBS containing 1%
(v/v) Triton X-100 and protease inhibitors (aprotinin and leupeptin
at a final concentration of 10 lg/ml each) for 15 min at 4 �C. The ly-
sates were then centrifuged at 12,000g for 20 min at 4 �C, and the
clear supernatants were collected as soluble fractions. The insoluble
pellets were washed once with the above buffer and then centri-
fuged again at 12,000g for 20 min at 4 �C. The final pellets were resus-
pended in the same volume that was initially used to lyse the cells.
Equal volumes of both the soluble and insoluble fractions were ana-
lysed for actin and tubulin by immunoblotting.

2.5. Sample solubilisation and protein concentration for 2-D gel
electrophoresis

A protocol that has been successfully used to characterise the
actin isoforms of Taenia solium cysticerci was modified as follows
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(Ambrosio et al., 2003): parasites from the three developmental
stages were washed twice with PBS and resuspended in a solubili-
sation solution (40 mM KCl, 1 mM MgCl2, and 6.7 mM phosphate
buffer, pH 7.4) containing a cocktail of protease inhibitors (Com-
plete, Roche) at a concentration of 108 parasites/ml and then stored
�70 �C until processing. The proteins were later precipitated in the
presence of 10% trichloroacetic acid, and 20 mM 1,4-bis(sulfa-
nyl)butane-2,3-diol (dithiothreitol) in cold acetone. The proteins
were dissolved in 125 ll of rehydration solution (2% buffer for
immobilized pH gradient gels 4–7, 7 M urea, 2 M thiourea, 4% 3-
[(3-Cholamidopropyl)dimethylammonio] propanesulfonic acid,
60 mM dithiothreitol, and 0.002% bromophenol blue), and the pro-
tein concentration present in the samples was determined with the
DC Protein Assay Kit II (Bio-Rad).

2.6. Isoelectric focusing

Sixty micrograms of protein were loaded onto 7-cm immobiline
DryStrips, pH 4–7 (GE Healthcare) and incubated for 16 h at RT.
Focusing was then performed using a Protean IEF cell unit (Bio-
Rad) that was adjusted to 20 �C in several steps: (1) 250 V,
20 min, linear slope; (2) 4000 V, 120 min, linear slope; and (3)
4000 V, 10,000 V/hour, rapid slope.

2.7. 2-D electrophoresis

After isoelectrofocusing, the strips were incubated for 15 min at
RT under continuous stirring in the presence of a sodium dodecyl
sulphate (SDS) equilibration buffer (50 mM Tris-Base, pH 8.8, 6 M
urea, 30% glycerol, 2% SDS, and 0.002% bromophenol blue) supple-
mented with 1% dithiothreitol. Later, the equilibrated strips were
transferred to an SDS equilibration buffer supplemented with
2.5% iodoacetamide. The strips were recovered and melted with
0.5% agarose in preparative commercial precast minigels (NuPage
4–12% Bis-Tris Minigel, Invitrogen). Electrophoretic separations
(2-D gels) were carried out according to the manufacturer’s speci-
fications using an XCell SureLock chamber for 40 min at 200 V at
4 �C in the presence of a commercial running buffer (NuPage
MES SDS Running Buffer, Invitrogen) and a 0.25% NuPAGE antiox-
idant. Proteins were stained with Sypro Ruby (Molecular Probes).

2.8. Immunoblotting

Total parasite lysates were separated by 10% SDS–PAGE and
transferred to a 0.5-lm nitrocellulose membrane according to
standard protocols. Any unbound sites on the nitrocellulose mem-
brane were blocked with PBS containing 5% normal goat sera (NGS)
overnight at 4 �C with gentle shaking. The membrane was then
incubated for 1 h at RT with shaking with a 1:8000 dilution of
the anti-T. cruzi actin polyclonal serum (anti-Tc-actin serum) in
0.1% Tween-20 in PBS (PBS-T) with 2% NGS. At the end of the incu-
bation period, the membrane was washed three times with PBS-T
(30 min per wash) and then incubated for 1 h with horseradish
peroxidase-labelled goat anti-rabbit IgG (ImmunoPure, Pierce) di-
luted in PBS-T with 2% NGS (1:50,000 v/v). The membrane was
washed three times with PBS-T (3 min per wash), incubated in
SuperSignal West Pico Chemiluminescent Substrate (Pierce), and
then exposed to film and developed. To characterise the recombi-
nant protein, antibodies against the C-terminal peptide of rabbit
actin (C11 peptide, Ser-Gly-Pro-Ser-Ile-Val-His-Arg-Lys-Cys-Phe;
Sigma–Aldrich, A2066) were used (1:100 dilution). In some stud-
ies, monoclonal antibodies against a-tubulin were used at a dilu-
tion of 1:30,000 (Amersham Life Science, N356).

For samples separated by 2D-electrophoresis, the proteins were
transferred at 30 V for 1 h onto methanol-activated polyvinylidene
difluoride Immobilon-P membranes (PVDF; Millipore) using a trans-
fer buffer containing 0.25% NuPAGE antioxidant (Invitrogen). For the
detection of actin, the membranes were incubated for 1 h at RT with
the anti-Tc-actin serum that was previously diluted 1:6000 in 0.25%
bovine serum albumin in PBS-T. The membranes were washed three
times before adding the horseradish peroxidase-goat anti-rabbit IgG
conjugate antibody (Zymed) diluted in 0.25% BSA in PBS-T (1:40,000
v/v). The membranes were incubated for 30 min and then washed for
24 h at RT with alternating changes of PBS-T and 0.1% Tween-20 in
Tris-buffered saline. Finally, the enzymatic reaction was developed
using the chemiluminescent substrate listed above.

A Chemi-doc XRS System (Bio-Rad) was used to acquire images
of the immunoblot membranes. The acquired images were pro-
cessed using the manufacturer’s Quantity One 1-D Analysis Soft-
ware, V. 4.6 (Bio-Rad) and PDQuest Advanced 2-D Analysis
Software, V. 7.4 (Bio-Rad). Immunoblots were printed and scanned
at a resolution of 2400 ppi. The images were processed in Adobe
Photoshop CS for contrast before incorporation into the final figure.

2.9. Immunofluorescence microscopy

Parasites isolated at different developmental stages were
washed two times for 5 min each with PBS, resuspended in
4% (w/v) paraformaldehyde in PBS, and allowed to adhere to the
substrate during fixation for 30 min at RT. To analyse intracellular
amastigotes, infected NIH 3T3 fibroblasts grown on coverslips
were fixed with 4% paraformaldehyde (w/v) in PBS at 25 �C for
10 min and then washed as described above. Both types of fixed
cells were permeabilised with 0.1% (v/v) Triton X-100 for 30 min
and then blocked with 2% (w/v) bovine serum albumin in PBS for
2 h. The blocked cells were first incubated with primary antibodies
(1:250 dilution) overnight at 4 �C and then labelled with goat anti-
rabbit IgG Fluorescein-5-isothiocyanate (FITC)-tagged antibodies
(1:200 dilution) for 30 min at RT in the dark. The preparations were
mounted for fluorescence in Vectashield medium containing propi-
dium iodide (Vector) to stain nucleic acids. The negative control
samples were incubated with pre-immune rabbit serum instead
of primary anti-serum. The samples were observed using a confo-
cal microscope (LSM 5 Pascal, Zeiss) equipped with Argon-Krypton
and Helium–Neon lasers and filters BP 450–490 and BP 546/12.

2.10. Sequence analysis and phylogenetic trees

The deduced aminoacid sequences of the actin and actin-like
proteins of T. cruzi were aligned using the Clustal W2 algorithm
at the European Bioinformatics Institute Web Site (Larkin et al.,
2007). Validation of these sequences as belonging to the actin fam-
ily of proteins was perfomed at the Conserved Domain Database at
the The National Center for Biotechnology Information (Marchler-
Bauer et al., 2009). Phylogenetic inference of aminoacid sequences
set was performed under the optimal criterion of Maximum Parsi-
mony and Neighbour Joining using PAUP* 4.0b10 (Swofford, 2002).
For Maximum Parsimony trees, heuristic tree building algorithm
with 100 search replicates was used to obtain the most parsimoni-
ous tree, random addition taxa sampling, tree-bisection-reconnec-
tion branch-swapping. Characters were treated as unordered, gaps
as missing data. Euglena gracilis actin (accession No. AAC99646)
was used as outgroup to root the tree.
3. Results

3.1. Anti-actin polyclonal antibodies recognise a �44-kDa protein in T.
cruzi epimastigotes

We cloned, expressed, and purified a T. cruzi recombinant actin
as a 68-kDa GST-fusion protein in E. coli (Fig. 1A). Polyclonal



Fig. 1. Characterization of the recombinant T. cruzi actin. (A) Expression of T. cruzi
actin in E. coli. The protein lysates were analysed by SDS–PAGE, and the gels were
stained with Coomassie blue. Lane 1, uninduced cell lysates; lane 2, induced cell
lysates; lane 3, eluate from glutathione Sepharose 4B column. (B) Immunoblots
using commercial polyclonal antibodies against the C-terminal peptide of rabbit
actin. Lane 1, induced E. coli protein lysate; lane 2, eluate from Sepharose B column;
lane 3, NIH 3T3 fibroblasts lysate; lane 4, T. cruzi epimastigote cell lysate.

Fig. 2. Actin recognition by anti-T. cruzi actin antibodies. (A) Protein lysates (40 lg)
from T. cruzi epimastigotes (1), L. mexicana procyclics (2), T. gondii sporozoites (3),
and T. vaginalis tropohozoites (4) were probed with the anti-T. cruzi actin serum
which recognised proteins with a size consistent with actin that were not
recognised by the pre-immune serum. (B) Solubility of actin and tubulin of T. cruzi
epimastigotes. Whole cell lysates (W) were fractionated into soluble (S) and
insoluble (I) fractions and then probed by immunoblot using anti-Tc-actin serum
and anti-a tubulin monoclonal antibodies. (C) Actin expression in three develop-
mental stages of T. cruzi. Immunoblot of protein extracts from cells (5 � 106

parasites/lane; �40 lg of protein) of different developmental stages with the anti-
Tc-actin serum and with anti-a tubulin monoclonal antibodies (as loading control).
E: epimastigotes, T: trypomastigotes and A: amastigotes.
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antibodies against a conserved C-terminal peptide of rabbit actin
recognised the recombinant protein, as well as actin present in
the protein lysates from mammalian cells and from T. cruzi epim-
astigotes (Fig. 1B), demonstrating that actin epitopes were present
in the recombinant protein. However, the recognition of T. cruzi ac-
tin by the commercial antibody was poor; therefore, a polyclonal
serum against the homologous T. cruzi actin protein was produced.

The purified GST-actin fusion protein was used for rabbit immu-
nisation to obtain a polyclonal actin antibody. The anti-Tc-actin
serum recognised a protein of approximately 44 kDa in epimasti-
gote extracts (Fig. 2A). Commercial antibodies against the GST frag-
ment of the protein did not recognise any T. cruzi protein by either
immunoblot or immunofluorescence (data not shown). The anti-
body recognition of actin was not species-specific, as proteins of
similar size were also detected in lysates from L. mexicana procy-
clics, T. gondii sporozoites, and T. vaginalis trophozoites (Fig. 2A).
The sizes of the recognised proteins corresponded to the expected
size of actin from each organism (Brugerolle et al., 1996; Dobro-
wolski et al., 1997; Sahasrabuddhe et al., 2004).

In some parasitic protozoa, such as T. gondii and L. donovani, the
predominant form of actin is soluble (Dobrowolski et al., 1997;
Sahasrabuddhe et al., 2004). In contrast, a previous study of actins
in trypanosomatids suggested that in Herpetomonas samuelpessoai
promastigotes and T. cruzi metacyclic trypomastigotes, actin is
present in the insoluble fraction (Mortara, 1989). More recently,
De Melo et al. (2008) detected actin only in the detergent-ex-
tracted soluble fraction, indicating that it was either in the mono-
meric form or in short filaments that had been dissociated from the
microtubule cytoskeleton. To confirm these data, we performed
fractionation studies using protein lysates of T. cruzi epimastigotes.
Actin was readily detected in both the whole cell lysates and in the
soluble fraction, but was present only in trace amounts in the
insoluble fraction (Fig. 2B). As expected, the majority of a-tubulin
was found in the insoluble fraction (Fig. 2B).
3.2. Actin is differentially expressed in three developmental stages of T.
cruzi

Different life cycle forms of T. cruzi were subjected to immuno-
blot analysis using the anti-Tc-actin serum. These antibodies
recognised the same 44-kDa band in trypomastigotes and amastig-
otes that was previously detected for epimastigotes, demonstrat-
ing the presence of actin in all developmental stages of the
parasite (Fig. 2C).

The subcellular localization of actin in these developmental
stages was investigated by indirect immunofluorescent antibody
staining of fixed cells. The pre-immune serum did not recognise
T. cruzi epitopes in any of the developmental stages (Supplemental
Fig. 1). We studied exponential and stationary phase epimastigotes
because we had previously demonstrated that their actin mRNAs
are stabilised during the stationary phase of growth (Cevallos
et al., 2005). In both exponential and stationary phase epimastig-
otes, faint actin labelling was detected throughout the cell, consis-
tent with the results of two previous studies that used
heterologous antibodies (de Souza et al., 1983; Mortara, 1989).
High levels of actin staining were also observed at the base of
the flagellum near the presumed location of the flagellar pocket,
and patches of staining were frequently seen along the flagellum
(Fig. 3). These patches varied in number from cell to cell, but they
were commonly present at the end of the flagellum, particularly in
stationary phase epimastigotes. Magnification of the image
showed that actin is concentrated at the edges of the flagellum,
leaving a clearer zone inside (Fig. 3J–K).

In trypomastigotes, there appeared to be a low level of uni-
formly distributed actin labelling throughout the cell (Fig. 4 A
and C). In cell-derived amastigotes obtained from the supernatant
of infected cells, the actin localization was notably heterogeneous,
with signals ranging from weak to intense and in some cases with-
out apparent expression (Fig. 4 D and F). A detailed examination of
actin distribution in the parasite demonstrated that actin tended to
be present near the parasite edges, either diffusely (weakly or in-
tensely) or as defined spots (1–3 per cell) (Fig. 4 G–J). The pattern
of actin expression in intracellular amastigotes was more homoge-
neous when compared to cell-derived parasites (Fig. 5), but they
still displayed the same pattern, with an apparent increase in actin



Fig. 3. Subcellular distribution of actin in epimastigotes. Confocal microscopy images of exponential phase (A–F) and stationary phase (G–K) epimastigotes. Figures (A), (D),
and (G) correspond to actin expression detected with a FITC secondary antibody. The actin concentrations at the base of the flagellum are indicated by an arrow and actin
patches are indicated by open arrowheads. Figures (B), (E), and (H) show the staining of nucleic acids with propidium iodide. The nucleus (n) and the kinetoplast (k) are
marked. Figures (C), (F), and (I–K) show the merged images. In figures (J–K), enlarged figures are shown to demonstrate the pattern of actin distribution along the flagellum.
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accumulation towards the parasite edges and the presence of de-
fined spots (Fig. 5 M, O–S). Interestingly, some intermediate devel-
opmental stages could be observed, identified by their rounded
cellular shape, the presence of a flagellum, and the relative position
of the nucleus and kinetoplast (Hernandez-Osorio et al., 2010). In
these parasites, actin expression was evident along the entire cell
body and in the flagellum, where patches could also be observed
(Fig. 5 J, L and N).Recognition of host actin by the anti-Tc-actin ser-
um was consistently poor (Fig 5 A–C).

3.3. There are multiple T. cruzi actin isovariants with stage-specific
patterns of expression

The presence of actin isoforms in each developmental stage was
investigated by immunoblotting of solubilised protein extracts sep-
arated by 2D-gel electrophoresis. Two gels, run in parallel, were
either stained with Sypro Ruby or transferred to PVDF membranes
that were then used to detect the presence of actin isoforms (Fig. 6).
Analysis of the two-dimensional electrophoresis map of solu-
ble proteins demonstrated the expression of several common pro-
teins and the stage-specific expression of others, consistent with
previously reported expression profiles (Paba et al., 2004). Inter-
estingly, five actin signals from each stage were observed by
immunoblot. Stage-specific signals with a narrow range of iso-
electric points (pI) were observed in master images generated
with PDQuest software using data derived from several processed
membranes (Fig. 6). In epimastigotes, the pIs of the actin proteins
ranged from 4.45 to 4.9, whereas in trypomastigotes and amastig-
otes, the pIs ranged from 4.9 to 5.24. There were also differences
in the expression patterns; trypomastigotes expressed higher lev-
els of the more basic proteins, whereas amastigotes expressed
higher levels of the more acidic actin proteins (Fig. 6). Subtle dif-
ferences may exist between the trypomastigote and amastigote
actin proteins, since the calculated pIs were only identical for
two of the five detected signals (T4 and A4 had a pI of 5.15; T5
and A5 had a pI of 5.24).



Fig. 4. Subcellular distribution of actin in trypomastigotes and amastigotes. Confocal microscopy images of trypomastigotes (A–C) and cell-derived amastigotes (D–J). Panels
(A), (D), and (G–J) show actin expression detected with a FITC secondary antibody, demonstrating the diffuse distribution of actin in trypomastigotes (A) and the
heterogeneous expression in amastigotes (D). Figures (B) and (E) show the staining of nucleic acids with propidium iodide. The nucleus (n) and kinetoplast (k) are marked.
Figures (C) and (F) show the merged images. Arrows identify two parasites with no apparent actin expression. Amplification images demonstrating differences in actin
distribution within individual amastigotes (G–J).
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3.4. The T. cruzi genome encodes for numerous actin, actin-like and
actin-related proteins

To determine whether the detected actin variants correspond to
the expression of previously unidentified actin genes, a search of the
T. cruzi genome project database was performed. Twelve loci anno-
tated as actins, actin-like proteins, or actin-related proteins were
identified (loci 1–12 in Table 1). This database includes the whole
diploid genome of the hybrid T. cruzi strain CL-Brener. The majority
of its loci are now identified as belonging to either the Esmeraldo or
non-Esmeraldo haplotype (El-Sayed et al., 2005). The similarity of
these new T. cruzi actins with the actin that we have previously re-
ported (locus 1) ranges from 40–71%. The majority of these genes
are present in T. brucei and L. major; however, we could not identify
orthologues of two of the actin genes in either T. brucei or L. major
(loci 2 and 3), or the orthologue of another actin gene in T. brucei
(locus 4). As previously reported, genes for the actin nucleating
proteins ARP-2 and ARP-3 are present (Ben Amar et al., 1988; De
Melo et al., 2008). A member of the ARP-6 family is also present,
and the L. major orthologue of this gene codes for a protein that is ex-
pressed in the nucleus of the parasite, as would be expected for a
ARP-6 protein known to be involved in chromatin remodelling (Raza
et al., 2007). All sequences were identified as actins with at least six
algorithms (cd00012, smart00268, pfam00022, COG5277, PTZ00004,
and PTZ00281). These analyses validate the annotation of all these
genes as coding for members of the actin family of proteins.

A Clustal W alignment was performed to identify conserved
motifs. The amino acid residues identified by the pfam00022
algorithm as putative ligand sites for ATP, profilin and gelsolin
were not highly conserved in sequence but the majority of them
were located in the same position (Supplemental Fig. 2). In general,
there was little sequence conservation and changes were dispersed
along the entire protein. In fact, only nine residues were identical
in all the proteins studied, and only three of them are putative
actin-ligand sites. However, many of the identified identical or
conserved residues have been found to be important for actin
function in other models (An and Mogami, 1996; Noguchi et al.,
2010; Wertman et al., 1992). Interestingly, seven of the identical
residues were glycines. It has been suggested that glycine residues
provide flexibility to the actin molecule and that substitutions of
critical glycine residues for other amino acids inhibit proper
conformational changes and alter function (Noguchi et al., 2010).
The Neighbour Joining tree obtained from these sequences and
their orthologues in T. brucei, and L. major shows that each actin
and actin-like protein is clustered irrespective of the species of
protist, i.e., each protein is found in all these species (Fig. 7).
However, when considering the different types of actin and ac-
tin-like proteins, they are not clustered together. Actins 2–4 are
more similar to actin-like proteins than to actin 1. The same
results are found when a Maximum Parsimony tree is generated
(Supplemental Fig. 3). This tree shows that actins 2–4 are more
closely related to actin-like proteins than to actin 1.
4. Discussion

In this study, we provide evidence from experimental and geno-
mic in silico analysis for a diverse family of actins in T. cruzi. In
addition, we demonstrate that the expression of actin variants
changes during the development of this parasite. Previous



Fig. 5. Confocal microscopy of images from fibroblasts. Panels (A), (D), (G), (J) and (O–S) correspond to actin expression detected with a FITC secondary antibody; panels (B),
(E), (H), and (K) correspond to the staining of nucleic acids with propidium iodide; and panels (C), (F), (I), and (L–N) correspond to merged images. Non-infected cells probed
with our anti-Tc actin serum, demonstrating a weak recognition of mammalian actin (figures A–C). Infected cells probed with the pre-immune serum display a weak
background (figures D–F). Infected cells probed with the anti-Tc actin serum; intense T. cruzi actin labelling is evident, with increased expression towards the parasite surface
(figures G–N). An amplification of (I), in which the actin distribution in amastigotes can be appreciated in more detail (figure M). An amplification of the lower region of panel
(L), where intermediate parasitic forms with an elongated flagellum are marked with arrowheads (figure M). Amplification images O–S demonstrate in more detail the
differences in actin expression within intracellular amastigotes infecting other fibroblasts.
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attempts to visualize microfilaments in trypanosomatids using
phalloidin proved unsuccessful as their actins do not appear to
bind it (Kapoor et al., 2008). The use of anti-sera raised against
the actins of T. brucei and L. donovani has proved invaluable for
the study of actin in these organisms (Garcia-Salcedo et al., 2004;
Sahasrabuddhe et al., 2004). However, neither of these studies
investigated the presence of actin variants. In T. cruzi, two previous
studies using heterologous antibodies demonstrated the expres-
sion of actin in the epimastigote stage (de Souza et al., 1983; Mort-
ara, 1989). In both reports, actin was found to be expressed
throughout the cell body, but only one report clearly shows actin
localization along the flagella (de Souza et al., 1983). In a recent
study, immunofluorescence assays using a specific polyclonal anti-
body against a peptide from T. cruzi actin revealed punctate struc-
tures that were visible throughout the parasite body of
epimastigotes, amastigotes, and trypomastigotes, with no observa-
ble differences among these parasite stages (De Melo et al., 2008).
We have developed a polyclonal antibody against a recombinant
actin from T. cruzi that recognises better the actins of protozoa than
mammalian actins. Using this antibody, we demonstrated that
overall actin expression is similar for all parasitic stages studied.
However, we identified distinct differences in both its subcellular



Fig. 6. Actin isoform expression in the three developmental stages. Protein extracts of solubilised proteins were separated by 2DE, transferred to PVDF membranes, and
probed with the anti-Tc-actin serum. Precision Plus Protein Western standards (Bio-Rad) were used. The amplified insert shows the actin isoforms detected with anti-Tc-actin
serum (images are not aligned according to their pIs). The interval delimited by the dotted-lines corresponds to the pI range where the actin spots were localized. The lower
box depicts the estimated pI values determined for each actin spot and their distribution according with the developmental stages of the parasite.
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distribution and in the type of actins expressed. The differences in
the subcellular distribution of actin between our studies and those
of de Melo et al. (2008) may be due to differences in the method-
ology employed, particularly in the development of the anti-actin
sera. We employed a polyclonal antibody against the whole pro-
tein, while the previous study used an anti-serum raised against
a small peptide corresponding to amino acids 50–63 of the actin
protein previously reported by our group (Cevallos et al., 2003;
De Melo et al., 2008). This peptide is situated in subdomain 2 of
the protein (Sheterline et al., 1998), a region that is involved in po-
tential actin-actin interactions, and therefore the reported anti-ser-
um may not recognise epitopes that are unavailable in polymerised
actin.

Actins are considered to be well conserved among eukaryotes.
In virtually all eukaryotes, actins are encoded by a multigene fam-
ily, with the only identified exception being yeast (Gallwitz and
Seidel, 1980; Ng and Abelson, 1980). Differences between the ami-
no acid sequences of actin variants in multicellular organisms are
considered to be small, and the most dissimilar actins of plants
and animals still share more than 85% sequence identity (Sheter-
line et al., 1998). However, the actins of protists have proved to
be far less conserved, not only with respect to conventional actins
of multicellular organisms, but also between actin variants in the
same organism. For example, the percentage of identity between
the diverse actin genes of Paramecium tetraurelia is as low as 28%
(Sehring et al., 2007).

Differences in the subcellular distribution of actin variants or
isoforms and the modulation of their expression during develop-
ment have been well documented in plants and in animals (Khait-
lina, 2001). In protists, examples of differences in the subcellular
localization of actins due to the use of different actin variants have
been reported. For example, P. tetraurelia expresses different sets of
actins in specific cell compartments such as the cilia, cell cortex,
and Golgi (Sehring et al., 2007). In T. brucei, an atypical actin
(TryARP) that is only expressed in the flagellum has been charac-
terised (Ersfeld and Gull, 2001); the orthologue of this actin in
T. cruzi is encoded by locus 7 (Table 1). Changes in the pattern of
actin expression during development have also been reported. In



Table 1
Actin and actin-like proteins of T. cruzi.

Locus T. cruzi locus tag Annotation Protein ID Identity (I)
Similarity
(+)

T. brucei
Orthologue
(protein ID)

L. major
Orthologue
(protein ID)

MWa pIa #
aa

Haplotype Chrb

1c Tc00.1047053510571.30 Actin, putative AAP97326 I = 100%
+ = 100%

Tb9.211.0620
(EAN76875)
Tb9.211.0630
(EAN76876)

LmjF04.1230
(CAC22667)

42.0 5.5 376 non-E 8
Tc00.1047053510571.39 Actin, putative AAP97327 42.0 5.5 376 non-E
Tc00.1047053510127.79 Actin, putative AAP97329 42.0 5.5 376 Esmeraldo

2 Tc00.1047053507969.50 Actin 2, putative EAN87645 I = 51%
+ = 71%

Not present Not present 43.6 4.9 392 non-E 35
Tc00.1047053507129.10 Actin 2, putative EAN84193 43.6 4.9 392 Esmeraldo

3 Tc00.1047053510945.30 Actin, putative (actin 3)d EAN86458 I = 39%
+ = 59%

Not present Not present 42.8 5.3 390 E � non-E 26

4 Tc00.1047053511463.4 actin, putative (actin 4)d � I = 32%
+ = 48%

Not present LmjF35.0790
(AAZ14306)

non-E 38
Tc00.1047053503841.40 Actin, putative (actin 4)d EAN85934 45.9 6.7 426 Esmeraldo

5 Tc00.1047053506445.10 Actin-like protein 1,
putative

� I = 30%
+ = 47%

Tb09.160.3960
(EAN76609)

LmjF15.1330
(CAJ03361)

non-E 7

Tc00.1047053508277.330 Actin-like protein 1,
putative

EAN98440 46.7 6.0 422 Esmeraldo

6 Tc00.1047053508257.50 Actin-like protein 2,
putative

EAN97086 I = 22%
+ = 42%

Tb927.4.980
(AAX80912)

LmjF34.3760
(CAJ08098)

41.1 5.4 372 non-E 34

Tc00.1047053506405.30 Actin-like protein 2,
putative

EAN90886 41.1 5.4 372 Esmeraldo

7e Tc00.1047053511857.50 Actin-like protein 3,
putative

EAN87907 I = 33%
+ = 52%

Tb11.02.1380
(EAN79355)

LmjF13.0950
(CAJ02872)

47.5 5.5 428 non-E 14

Tc00.1047053506733.50 Actin-like protein 3,
putative

EAN92324 47.6 5.5 428 Esmeraldo

8 Tc00.1047053509747.70 Actin-like protein 4,
putative

EAN90479 I = 34%
+ = 53%

Tb11.01.1870
(EAN79963)

LmjF36.3310
(CAJ09294)

42.1 5.6 381 non-E 16

Tc00.1047053510719.110 Actin-like protein 4,
putative

EAN97339 42.2 5.7 381 Esmeraldo

9 Tc00.1047053508153.600 Actin-like protein 5,
putative

EAO00237 I = 26%
+ = 41%

Tb927.3.3020
(AAX79472)

LmjF29.2740
(AAZ09731)

35.3 6.0 327 Non-E 36

Tc00.1047053506695.10 Actin-like protein 5,
putative

EAN84931 35.3 6.0 327 Esmeraldo

10 Tc00.1047053508899.110 Actin-related protein 2,
putative

EAN93797 I = 36%
+ = 57%

Tb927.10.15800
(EAN78938)

LmjF19.1200
(CAJ07211)

45.2 6.2 403 non-E 40

Tc00.1047053511361.40 Actin-related protein 2,
putative

EAN87119 45.1 6.3 403 Esmeraldo

11 Tc00.1047053503913.20 Actin-related protein 3,
putative

EAN83141 I = 34%
+ = 53%

Tb09.160.3850
(EAN76600)

LmjF15.1360
(CAJ03366)

47.5 5.5 416 non-E 7

Tc00.1047053508277.260 Actin-related protein 3,
putative

EAN98434 47.5 5.5 416 Esmeraldo

12f Tc00.1047053510121.30 Member of ARP6 family EAN94613 I = 22%
+ = 40%

Tb10.70.5830
(EAN77627)

LmjF21.0230
(CAJ03824)

54.9 6.9 500 non-E 5
Tc00.1047053508951.29 Member of ARP6 family EAN87149 54.8 7.2 500 Esmeraldo

a MW and pI are theoretical; values were derived from the T. cruzi deduced amino acid sequence of the annotated genes.
b Chr = chromosome number.
c This actin locus contains two copies of the gene on one allele and one copy on the second allele (Cevallos et al., 2003).
d These actins were annotated in the genome only as actins. In this paper we labelled as actin 3 and actin 4.
e The T. brucei orthologue also known as TryARP has been characterised as a flagellar actin-related protein (Ersfeld and Gull, 2001).
f It has been shown that the Leishmania protein is expressed in the nucleolus as it would be expected for a member of the ARP6 family of proteins (Raza et al., 2007).
� The sequences corresponding to these genes are incomplete.
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Plasmodium falciparum, an actin variant (pf-actin II) is only ex-
pressed in the sexual stages of the parasite (Wesseling et al.,
1989). Actin isoforms that differ due to post-translational modifi-
cations have also been described. For example, in Dictyostelium dis-
coideum, the pattern of actin isoform expression varies during
development, with high levels of the phosporylated variant in
spores (Kishi et al., 1998).

The occurence of a diverse family of actin and actin-like pro-
teins in T. cruzi was unexpected. The Maximum Parsimony tree
suggests that most of these proteins were present in the ancestral
lineages of Leishmania and Trypanosoma, before the diversification
of both genera. Actin 2 and 3 appeared only in T. cruzi whereas ac-
tin 4 was probably present in the three lineages (and their ances-
tors) and was secondary lost in T. brucei.

With the exception of actins at loci 2 and 3, all of the theoretical
actin pIs (including the actin used to produce the anti-serum) are
more basic than the experimentally determined pIs of the actin
spots found in this study. This lack of correlation is not unexpected
as differences of up to one pI unit may occur when comparing the
theoretical and experimental pIs (Barrett et al., 2005). Based on
their theoretical weight and pIs, the identified variants could be
encoded at loci 1–3, 6, or 8. However, there is little sequence con-
servation between actin 1 used to produce the anti-Tc actin serum
and these other actin and actin-like proteins. A certain degree of
cross-reactivity may occur with actin 2 that has a 51% identity to
actin 1 (Table 1). The 2D gel approach is particularly powerful for
identification of protein isoforms that result from charged post-
translational modifications, such as phosphorylation and sulfation
(which add charge), or acetylation (which neutralize charge),
among others (Friedman et al., 2009). These types of modifications
cannot be inferred from the genome sequence data, are frequently
reversible and their expression depend on the internal and external
conditions of the cell. Among the known modifications of actin that
may explain the changes in pI found in our study are acetylations
and phosphorylations. The N-terminus of actins is generally pro-
cessed by the removal of one or two amino acids followed by the
irreversible addition of an acetyl group to the a-amino group of
an acidic residue (Sheterline et al., 1998). The e-acetylation of
internal lysines of actin has also been identified (Choudhary
et al., 2009; Kim et al., 2006). Actin phosphorylations of serines,



Fig. 7. Neighbour joining tree of trypanosomatid actins, actin-related and actin-like proteins. E. gracilis actin was used as outgroup to root the tree. Abbreviations: A = actin;
AcL = actin-like protein; ARP = actin-related protein; Tc = T. cruzi; NE = non-Esmeraldo haplotype; E = Esmeraldo haplotype; Tb = T. brucei; and Lm = L. major. A1 has more
than one copy in T. cruzi and T. brucei the corresponding copy number is in brackets.
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threonines or tyrosines have been well documented (Gu et al.,
2003; Kishi et al., 1998; Shirai et al., 2006). Other post-translational
modifications found in actins include methylation, oxidation, S-nit-
rosylation, carbonylation and glutathionylation (Banan et al., 2000;
Lu et al., 2009; Milzani et al., 1997; Nyman et al., 2002; Pizarro and
Ogut, 2009). All these modifications are thought to play a role in
the regulation of actin dynamics. It is likely that the changes of iso-
lectric point pattern among the parasite developmental stages
identified in this study are related to the cumulative effect of mul-
tiple post-translational modifications in the net charge of actin.
These findings suggest that actin has different physiological roles
throughout the life cycle of T. cruzi.

In conclusion, in this study we have provided experimental and
in silico evidence for the presence of actin isovariants in T. cruzi. We
observed clear differences in the pattern of expression of actins
recognised by our antibody in each parasite stage. It remains to
be determined whether the differences in the variant types ex-
pressed in each stage are due to the cross-reactivity of our serum
with other actins of similar size and pI, or whether these differ-
ences are due to post-translational modifications known to affect
actin. The presence of different actin variants may provide try-
panosome cells with a molecular system to regulate potential dif-
ferent functions of actin in the absence of a complex repertoire of
actin-binding proteins. Further studies are required to address the
nature and function of these variants.
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