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" The cyclin TcCYC2 from Trypanosoma
cruzi was characterized.

" TcCYC2 gene complemented G1-
cyclin activity in yeast.

" Recombinant TcCYC2-HA expression
shortened the cell cycle of T. cruzi
epimastigotes.

" TcCYC2-HA expression altered
duplication time and morphology of
T. cruzi.

" TcCYC2-HA was expressed mainly in
the cytoplasm of T. cruzi.
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a b s t r a c t

In eukaryotes, an oscillating network of protein kinase activities drives the order and timing of the cell
cycle progression. Complexes formed by cyclins associated to cyclin-dependent kinases (CDKs) are the
central components of this network. Cyclins act as the activating subunits and their abundance is regu-
lated by different mechanisms in order to promote or prevent kinase activity. Protein synthesis, proteaso-
mal degradation and/or differential subcellular compartmentalization modulate cyclin expression levels
along the cell cycle. We describe in this work the characterization of Trypanosoma cruzi Cyclin 2 (TcCYC2),
which contributes to a better understanding of the cell cycle regulation in this protozoan parasite. We
found TcCYC2 exhibited cyclin function in a yeast complementation assay and over-expression of hem-
agglutinin tagged TcCYC2-HA rendered shorter duplication times and smaller cell sizes in the epimasti-
gote form of the parasite. Analysis of synchronized cultures showed that over-expression of TcCYC2-HA
altered the timing epimastigotes pass through G2/M boundary or cytokinesis. Taken together, our results
showed that TcCYC2 is a functional cyclin whose over-expression modifies the dynamics of the cell cycle
as well as the morphology of epimastigote forms of T. cruzi, suggesting it plays an important role in the
cell cycle regulation machinery.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Trypanosoma cruzi and the related kinetoplastids Trypanosoma
brucei and Leishmania spp. are pathogenic protozoan parasites
which have early branched in the eukaryotic lineage (Body et al.,
2010; Simpson et al., 2006). These parasites have complexes life
cycles that allow the passage from invertebrate to vertebrate hosts
ll rights reserved.
and vice versa, causing disease. In humans, T. cruzi, T. brucei and
Leishmania spp. cause Chagas disease, Human African Trypanoso-
miasis and Leishmaniasis, respectively. To assure survival, these
parasites alternate between dividing and non-dividing forms. This
is exerted by a tight cell cycle regulation which allows continuous
adaptation to multiply in the two different hosts (Fenn and
Matthews, 2007; Tyler and Engman, 2001).

In eukaryotes, the cell cycle is a process in which a plethora of
interconnected events occur in unidirectional manner to ensure
the generation of two new daughter cells. These sequential steps
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Table 1
Oligonucleotides used in this study.

Oligo Sense Sequence 50 ? 30

CYC21 Forward GCG GAATTC ATG AGT CGT GCG CGT GC
CYC22 Reverse GCG GTCGAC CTG TGG GGT GTC CCG CT
CYC23 Forward GCGGGATCCATGAGTCGTGCGCGTGC
CYC24 Reverse CGGTCGACTCACTGTGGGGTGTCC
CYC25 Reverse AAC GTC GTA GGG GTA CTG TGG GGT GTC
CYC26 Reverse TCGAGTCAAGCGTAATCCGGAACGTCGTAGGGGTA
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are driven by the kinase activity of different cyclin–CDK com-
plexes, which are active at different stages along the cell cycle
(Bloom and Cross, 2007; Weingartner et al., 2003). Phosphoryla-
tion of key targets by cyclin–CDK complexes triggers several down-
stream events necessary for proper cell cycle progression. Cyclins
are synthesized or recruited when they are required to activate
particular CDKs, and then degraded or relocated when this activity
needs to be abolished (Parry et al., 2003). Although the preference
of particular cyclins for specific CDKs is still under revision (Cou-
dreuse and Nurse, 2010; Hochegger et al., 2008), it is known that
specificity is required for the correct cell cycle phase progression
(Bloom and Cross, 2007). In budding yeast, distinct cyclin isoforms
activate a single CDK (Cdc28) at different phases of the cell cycle.
While specific G1-type cyclins are involved in initial bud formation
and spindle pole duplication, S-type cyclins promotes DNA replica-
tion. By contrast, mitotic cyclins establish mitotic spindle orienta-
tion allowing chromosome segregation (Mendenhall and Hodge,
1998).

In trypanosomatids, the mechanisms that regulate cell cycle are
still partially understood. Several cyclins, cyclin related kinases
(CRKs) and other proteins involved in the cell cycle control have
been characterized (Hammarton et al., 2007). Ten cyclins (CYC2–
CYC11) were identified in T. brucei (Hammarton, 2007), being nine
of them well characterized (Gourguechon et al., 2007; Gourgue-
chon and Wang, 2009; Li and Wang, 2003; van Hellemond et al.,
2000). Furthermore, downregulation of the PHO-like CYC2 and
the mitotic-type CYC6 was shown to induce cell cycle arrest (Ham-
marton et al., 2003, 2004; Li and Wang, 2003). A divergent mitotic
cyclin from Leishmania genus, with no orthologous genes in T. cruzi
or T. brucei, has been also characterized (Banerjee et al., 2006).
From these studies, it can be predicted that some mechanisms that
govern the cell cycle machinery in these protozoa follow a similar
pattern when compared to higher eukaryotes, taking cyclins and
CRKs major roles in cell cycle progression. However, several differ-
ences are present in the cell cycle regulation of these pathogens. A
clear dissociation exists between cytokinesis and mitosis regula-
tion in T. brucei (Kumar and Wang, 2006; Ploubidou et al., 1999;
Tu et al., 2006), where cell division can be successfully completed
even in absence of nuclear duplication and segregation (Hammar-
ton et al., 2003; Tu and Wang, 2004). In addition, several rounds of
DNA replication and organelle duplication can be performed in a
single cell without cellular division (Jetton et al., 2009; Kumar
and Wang, 2006; Lillico et al., 2003; Ngo et al., 1998). On the other
hand, some cyclin-CRK complexes show differences in response to
regulatory signals that modulate kinase activity. CyclinA-CRK3 in
Leishmania mexicana is active even in the absence of phosphoryla-
tion on residue Thr178 (Gomes et al., 2010), while this phosphor-
ylation is required to activate some human CDKs (Kaldis, 1999).
Also, canonical CDK inhibitors are absent from the genomes of try-
panosomatids (Hammarton, 2007).

Previously, we reported the identification of three coding se-
quences from a cDNA library of T. cruzi, which were able to associ-
ate to TcCRK1 or TcCRK3, two protein-related kinases capable of
binding human cyclins (Gómez et al., 1998). Using the TcCRK1 iso-
form as bait in a yeast two-hybrid system, the identified putative T.
cruzi cyclins were named TcCYC2, TcCYC4 and TcCYC5 (published in
Gómez et al., 2001, as TzCYC4, TzCYC5 and TzCYC6 and then re-
named in agreement with their T. brucei and Leishmania homo-
logues). We determined that TcCYC2 did not interact with
TcCRK3, suggesting a preferential kinase binding (Gómez et al.,
2001), while the T. brucei homologue TbCYC2 it does with TbCRK3
(Gourguechon et al., 2007). TbCYC2 was also found to be essential
for proper progression through G1 phase of the cell cycle (Ham-
marton et al., 2004; Li and Wang, 2003).

In the present report, we further characterized TcCYC2 in T. cru-
zi. We show here that TcCYC2 exhibited cyclin function by rescuing
the cell cycle arrested phenotype in a G1-defficient Saccharomyces
cerevisiae mutant. We also analyzed the phenotype of epimastigote
parasites that over-express different TcCYC2 tagged proteins. We
found TcCYC2-HA over-expression modified parasite morphology,
as well as shortened the cell cycle.
2. Methods

2.1. Bioinformatic analysis of T. cruzi cyclin sequences

Protein coding sequences of putative cyclins in T. cruzi CL Brener
genome were extracted from The Kinetoplastid Genome Resource
(http://www.tritrypdb.org). Analysis of DNA and protein similarity
were performed at the NCBI Blast server (Altschul et al., 1990), and
sequences were aligned using the NTI Vector 10 Advance software
(Informax Inc. Bethesda, MD, USA). Phylogenic analysis was per-
formed at http://www.phylogeny.fr (Dereeper et al., 2008), on
the base of a MUSCLE alignment (Edgar, 2004).
2.2. Parasite cultures

T. cruzi epimastigote forms from CL Brener clone and TcI lineage
were used. Both strains were typified by spliced-leader gene poly-
morphisms (Burgos et al., 2010), and classified according to the
recommended DTU designation (Discrete Typing Units) as TcVI
and TcI, respectively (Zingales et al., 2009). Epimastigote cultures
from both strains were grown at 28 �C in liver infusion tryptose
medium (LIT) supplemented with 10% Fetal Bovine Serum (FBS,
Natocor, Argentina) plus 10 U/ml penicillin and 10 mg/l
streptomycin.
2.3. DNA sequencing and gene expression analysis of TcCYC2

TcCYC2 coding sequence was amplified from CL Brener and TcI T.
cruzi strains by PCR as follow: 200 ll of exponentially growing epi-
mastigote cultures were pelleted, washed once with PBS and resus-
pended in 10 ll of nuclease free water (New England Biolabs).
Parasites were lysed by two freeze–thaw cycles, centrifuged at
10,000g and 1 ll of supernatant was used in standard PCR reaction
using primers CYC21 and CYC22 (Table 1), and Pfu DNA polymer-
ase (Fermentas). PCR products were purified and sequenced for
further analysis.

Total RNA was isolated from T. cruzi TcI epimastigotes using To-
tal RNA Extraction (Real Biotech Corporation), according to manu-
facturer’s instructions. Purified RNA was then visualized by agarose
gel electrophoresis and quantified using NanoDrop™ (Thermo Sci-
entific, USA). cDNA synthesis was performed using 1 lg of RNA
with M-MLV reverse transcriptase (Promega, USA) and oligo-dT
as primer in a 20 ll reaction. 1 ll of 1:10 dilution of the RT-reac-
tion and primers CYC21 and CYC22 (Table 1) were used for the
PCR-step. Negative controls (to discard contaminant DNA) were
performed with RNA samples without reverse transcription. PCR
products were loaded onto agarose gel, bands excised and then
purified for sequencing and analysis.

http://www.tritrypdb.org
http://www.phylogeny.fr
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2.4. Cloning of TcCYC2 and yeast complementation assay

The TcCYC2 gene was amplified from TcI T. crzui DNA by PCR
using CYC23 and CY24 primers, which introduced BamHI and XhoI
restriction sites, respectively (Table 1). The PCR product was cloned
in pZeRO 2.1 vector (Invitrogen), sequenced and then sub-cloned in
yeast vector pRS416 (kindly provided by Dr. Jeremy Mottram, Uni-
versity of Glasgow, UK), in which expression is under MET25 pro-
moter (URA3, (Mumberg et al., 1994). For complementation assays,
a DL1 S. cerevisiae strain was used (MATa ade1 his2 leu2–3, 112
trp1a ura3, GAL1::cln2) in which the three G1 cyclin genes CLN1,
CLN2, and CLN3 are inactivated (Lew et al., 1991). This mutant also
carries the expression of CLN2 gene under GAL1 promoter, which is
repressed by glucose and induced by galactose, allowing DL1 strain
to grow on galactose-based medium but arresting cells in G1 in a
glucose-based medium. Yeast cells were grown overnight in YEPG
medium (2% w/v peptone, 1% w/v yeast extract, 2% w/v galactose),
at 30 �C and then transformed with pRS416-TcCYC2 by electropor-
ation. As positive and negative controls, T. brucei cyclin 2 cloned in
pRS416 (pGRS416-TbCYC2) and the empty vector were used,
respectively. Transformants were selected by growing cells in
selective medium (ura� gal+) at 30 �C for 48 h. Complementation
assays were then performed after streaking transformed yeasts in
medium containing glucose for 48–72 h.
2.5. Parasite transfections

TcCYC2 sequence was isolated from pZERO-TcCYC2 vector and
tagged at its C-terminal with the hemagglutinin epitope HA
(YPYDVPDYA), using forward primer CYC21 and reverse primers
CYC25 and CYC26 in two consecutive rounds of PCR. The resulting
TcCYC2-HA fragment was sequenced and cloned in the expression
vector pTREX (Vazquez and Levin, 1999). TcCYC2 was also isolated
from pZERO-TcCYC2 by PCR using primers CYC21 and CYC22 and
then cloned in pTREX-Omni vector (kindly given by Dr. León Bou-
vier, Instituto Lanari, Argentina). This vector holds the green fluo-
rescence protein sequence (GFP) in frame with the HA-tag (GFP-
HA), resulting in TcCYC2-GFP-HA. Empty and recombinant vectors
(pTREX, pTREX-TcCYC2-HA and pTREX-Omni-TcCYC2), were trans-
fected separately in TcI T. cruzi epimastigotes as follows: 1 � 107

parasites were collected for each transfection, washed twice in
phosphate buffered saline (PBS) and resuspended in 350 ll of elec-
troporation buffer (PBS 1�, 0.1 mM CaCl2, 0.5 mM MgCl2, 272 mM
sucrose, pH 7.2). This suspension was transferred into a 2 mm gap
electroporation cuvette (BioRad) and incubated on ice with 10 lg
of each plasmid DNA, for 15 min. One pulse of 400 V, 500 lF was
applied using a GenePulser electroporator (BioRad) followed by
incubation on ice for 5 min. Subsequently, the cells were trans-
ferred to a flask containing 5 ml of LIT media with 10% FBS. Selec-
tion was initiated after 24 h by addition of 250 lg/ml geneticin
(G418, Novagen). The drug concentration was increased to
500 lg/ml 72 h later. Control cells died after 3 weeks, and experi-
ments were performed after 8 weeks under continuous selection
of G418.
2.6. Western blot analysis

To detect recombinant protein expression in T. cruzi transfected
parasites, 1 � 107 epimastigotes were harvested by centrifugation,
resuspended in 5� SDS–PAGE loading buffer and parasite total pro-
teins resolved by SDS–PAGE. Gels were transferred to nitrocellu-
lose membranes and detected using anti-HA mouse monoclonal
antibody (clone 16B12, Covance) and horseradish peroxidase-con-
jugated goat anti-mouse IgG (Calbiochem). Both antibodies were
used at dilution 1:1000 in 3% bovine serum albumin in PBS
(BSA–PBS) and detected with ECL™ chemiluminescence kit (GE
Healthcare), according to the manufacturer’s instructions.

2.7. Immunofluorescence microscopy

Exponential growing cultures of TcI T. cruzi epimastigotes trans-
fected with pTREX, pTREX-TcCYC2-HA or pTREX-Omni-TcCYC2
were spun down, washed once in PBS and allowed to attach on
poly-L-lysine coated slides. Cells were fixed in 4% paraformaldehyde
in PBS for 10 min, permeabilized with 0.1% Triton X-100 in PBS and
washed twice with PBS. After blocking slides in 2% BSA–PBS, fixed
parasites were incubated with anti-HA antibody, washed three
times with PBS and then incubated with goat anti-mouse Alexa
Fluor 594 antibody (Molecular Probes). Each antibody was diluted
1:1000 with 1% BSA-PBS and incubations were made for 1 h at room
temperature. Slides were mounted in ProLong Gold antifade re-
agent (Molecular Proves), containing 10 lg/ml of 40,60-diamino-2-
phenylindole (DAPI). Cells were observed in an Olympus IX-71 in-
verted fluorescence microscope. Serial images of 0.2 l (Z-incre-
ment) were acquired with a Hamamatsu R2 camera driven by
Cell̂R software (Olympus) and then processed by blind deconvolu-
tion using Autoquant X 2.1 software (Media Cybernetics).

2.8. Hydroxyurea-induced synchronization and flow cytometry
analysis

Transgenic TcI T. cruzi epimastigotes (transfected with plasmids
pTREX, pTREX-TcCYC2-HA or pTREX-Omni-TcCYC2) were synchro-
nized with hydroxyurea (HU) as previously described (Galanti
et al., 1994). Briefly, 4 � 106 parasites/ml in exponential growth
were transferred to LIT media containing 10% FBS and 20 mM HU,
and incubated 24 h at 28 �C. HU was removed by centrifugation
(1000g for 10 min), followed by three washes with cold PBS and
the parasites were resuspended in fresh LIT lacking HU. Samples
were taken at every hour spanning at least one complete round of
the cell cycle and analyzed by flow cytometry as follows: 6 � 106

parasites from each sample point were washed in PBS and fixed with
500 ll of 70% ethanol in PBS at 4 �C overnight. Fixed parasites were
washed with PBS and incubated for 30 min at 37 �C with 500 ll of
staining solution containing 2 mM EDTA, 10 lg/ml of DNAse-free
RNase A and 20 lg/ml propidium iodide (Invitrogen) in PBS. Samples
were analyzed in a flow cytometer (FACSCalibur, BD Biosciences)
using the CellQuest software. The fluorescence intensity, which is
proportional to DNA content of the parasites, was plotted against cell
count for each point to monitor the progression of cell cycle. Exper-
iments were independent quadruplicates.

To compare the cell size at G1, S and G2/M phases of the cell cy-
cle between different T. cruzi transfectants, non-synchronized
epimastigotes were fixed, stained with propidium iodide as above
and then analyzed by flow cytometry. Each of the three peaks rep-
resenting the different phases of the cell cycle were gated and plot-
ted together as number of counts in function to forward scatter
(FSC) for each population, as described in (Hammarton et al.,
2004). It was assumed in this assay that the light scattered from
a cell population at small angles is proportional to cellular size.

2.9. Population doubling time for T. cruzi strains

To calculate doubling times, TcI T. cruzi epimastigotes (transfec-
ted with plasmids pTREX, pTREX-TcCYC2-HA or pTREX-Omni-
TcCYC2) were grown in the same batch of LIT supplemented with
10% FBS. Four independent and identical dilutions of each transfec-
ted cultures were prepared and parasite counted every 24 h for a
2 weeks period using a Neubauer chamber. Points at the early
exponential phase of growth were used to calculate the population
doubling time of each culture using the algorithm provided by



Fig. 1. Panel A: multiple sequence alignment of Trypanosoma cruzi TcCYC2 cyclin box domain (TcCLB.511727.199) and those from other organisms: TbCYC2 (Trypanosoma
brucei CYC2, Tb11.01.5660), LmjCYC2 (Leishmania major CYC2-like cyclin, LmjF.32.0820), PpPHO (Pichia pastoris PHO80/85 cyclin, CCA40233.1), ZmPREG (Zea mays PREG-like
cyclin protein, ACG36976.1), PmPCL5 (Perkinsus marinus putative G1/S-specific cyclin PCL5, XP_002788088). Amino acids are colored as follows: white for different residues,
black for identical residues, gray for similar and conserved residues. Panel B: phylogenetic tree for the T. cruzi putative cyclins. Sequences included are as follow: TcCYC2 and
the remaining set of T. cruzi cyclin sequences (TcCYC3 to TcCYC11: TcCLB.506711.30, TcCLB.508385.30, TcCLB.504021.10, TcCLB.511025.120, TcCLB.506945.270,
TcCLB.509507.49, TcCLB.511727.260, TcCLB.511903.300, TcCLB.503551.20), human cyclin A (HsCYCA, AAM54042.1), maize PREG-like cyclin (ZmPREGCYC; ACG36976.1),
yeast PHO-like cyclin from Pichia pastoris (PpPHOCYC; CCA40233.1) and cyclin T from Arabidopsis thaliana (AtCYCT, NP_193695.2). Background colors indicate mitotic (light
green), and non-mitotic (violet) clusters. Branch support values are shown as percentages, %. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

540 M. Potenza et al. / Experimental Parasitology 132 (2012) 537–545
http://www.doubling-time.com/compute.php, which uses an expo-
nential curve fitting method with least squares (http://www.math-
world.wolfram.com/LeastSquaresFittingExponential). Mean values
and standard deviation were calculated using SigmaPlot 12.0 soft-
ware (Jandel Scientific, San Rafael, CA).
3. Results

3.1. TcCYC2 belongs to the non-mitotic cyclin group and is transcribed
in T. cruzi TcI lineage

Searches in the integrated TriTryp database (http://www.trit-
rypdb.org) showed that TcCYC2 is annotated as a unique sequence
(TcCLB.511727.199) in the CL Brener T. cruzi genome. Its coding se-
quence presents a cyclin box domain similar to plants (Zea mays
and Arabidopsis thaliana) and yeast (Pichia pastoris) PREG/PHO-like
proteins (Fig. 1A), which are regulators involved in phosphate up-
take in some organisms (Huang et al., 2007; Kang and Metzenberg,
1993). TcCYC2 showed the highest identity with Cyclin2 from T.
brucei, CYC2-like cyclin from Leishmania major and the putative
G1/S-specific cyclin PCL5 from the protozoan Perkinsus marinus
(52%, 47% and 34% of identity, respectively). The phylogenetic rela-
tionship between TcCYC2, the remaining cyclin sequences coded in
the T. cruzi genome and some used in the multiple alignment is
shown in Fig. 1, panel B. This phylogeny supports the existence
of two main groups; mitotic and non-mitotic cyclins, in which
TcCYC2 is clustered with the PREG/PHO-like proteins and TbCYC2
(G1-type cyclin) from T. brucei.

Then, we confirmed TcCYC2 is actively transcribed in T. cruzi TcI
lineage by RT-PCR and sequencing analysis. A single amino acid
change was observed in the theoretical translated messenger as
compared to the CL Brener annotated protein coding sequence
(184 Serine by Alanine), although this residue change falls out of
the predicted cyclin box domain.
3.2. TcCYC2 complements a yeast G1-cyclin deficient strain

To determine whether the TcCYC2 gene from TcI T. cruzi lineage
encodes a functional cyclin, the S. cerevisiae DL1 strain was trans-
formed with pRS416-TcCYC2 recombinant vector. As a positive
control, we used the T. brucei CYC2 (pRS416-TbCYC2), which was
previously used for efficiently replacing of the G1 cyclin deficiency
present in DL1 strain (van Hellemond et al., 2000). After selection
on uracil lacking but glucose containing plates, only colonies trans-
formed with pRS416 carrying either TcCYC2 or TbCYC2 genes grew
properly, whereas the colonies transfected with the empty vector
did it poorly (Fig. 2). It demonstrated that TcCYC2 gene from T. cruzi
(as it was also showed for TbCYC2) is able to complement the cy-
clin deficiency and therefore it encodes a functional cyclin protein.

http://www.doubling-time.com/compute.php
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Fig. 2. Complementation assay of TcCYC2. Functional complementation of a S.
cerevisiae deficient G1 cyclin strain with TcCYC2 from T. cruzi. Several clones of DL1
S. cerevisiae strain transformed with TcCYC2 were found to overcome G1 arrest of
mutant S. cerevisiae, indicating functional complementation. Inset letters: (A)
TcCYC2-pRS416; (B) TbCYC2-pRS416; (C) empty vector pRS416.
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3.3. TcCYC2 localizes in the cytoplasm of T. cruzi and does not vary
along the cell cycle

To investigate the sub-cellular localization of TcCYC2 along the
cell cycle of TcI T. cruzi epimastigotes, we transfected parasites
with two different constitutive expression vectors containing the
TcCYC2 gene fused to the HA or GFP-HA tags. After selection of
transgenic parasites with geneticin, we analyzed protein expres-
sion by western blot and performed immunofluorescence micros-
copy using the monoclonal anti-HA antibody (Fig. 3). We found
that exogenous TcCYC2-HA or TcCYC2-GFP-HA are mainly localized
in the cytoplasm (panels A and B in Fig. 3), and this is maintained
along the different phases of the cell cycle.
3.4. TcCYC2-HA over-expression in T. cruzi alters duplication time and
morphology

In order to infer the specific function of TcCYC2, we analyze the
effect of the over-expression of this protein in T. cruzi epimastig-
otes from TcI lineage. We measured the duplication time of para-
sites carrying the pTREX, pTREX-TcCYC2-HA or pTREX-Omni-
TcCYC2 vectors. The doubling times for these cultures were calcu-
lated at the early exponential growth phase (Table 2). Epimastig-
otes overexpressing TcCYC2-HA protein showed a shorter
duplication time (16.9 ± 1.4 h), compared to both control (pTREX)
and expressing TcCYC2-GFP-HA (pTREX-Omni-TcCYC2) cultures
(22.3 ± 2.9 h and 24.6 ± 2.7 h, respectively).

To further study the impact of TcCYC2-HA and TcCYC2-GFP-HA
over-expression in terms of cell morphology, the size of parasites
was analyzed by forward scatter (FSC), a parameter that is related
to particle volume when a cell population is studied (Fig. 4). Cul-
ture samples at exponential growth were analyzed and the cell vol-
ume compared among the different transgenic parasites at G1, S or
G2/M phases (Fig. 4). We found that the relative volume of TcCYC2-
HA over-expressing epimastigotes was smaller than control and
TcCYC2-GFP-HA over-expressing cells, at any phase of the cell cycle
(panels B–D in Fig. 4). On the contrary, the TcCYC2-GFP-HA cell
population presented almost identical volumes as the control par-
asites (carrying pTREX empty vector).
3.5. Over-expression of TcCYC2-HA protein in epimastigotes modifies
the length of the cell cycle

In order to analyze which phase of the cell cycle could be af-
fected by the over-expression of TcCYC2-HA, we studied the behav-
ior of synchronized cultures through time. Transgenic T. cruzi
cultures were chemically synchronized with the addition of HU
to arrest the cells at G1 phase. After washings to remove HU from
the growth media, cells were let to start a new round through the
cell cycle, which for TcI lineage it takes around 22 h. Culture sam-
ples were taken at every hour and the DNA content was analyzed
over time (Fig. 5). We found that synchronized epimastigotes
peaked at S and G2/M phases around the same time (6 and 14 h,
respectively) for the three transgenic TcI cultures studied, but dif-
ferences appeared at time parasites pass through G2/M boundary
and finished cytokinesis. The percentage of cells finishing cytokine-
sis increased earlier for TcCYC2-HA over-expressing parasites and
as a consequence, a higher number of cells at G1 phase could be
counted (Fig. 5, inner tables in histograms at times 15 and 16 h).
For TcCYC2-HA over-expressing epimastigotes, more than 60% of
the culture reached the next G1 phase, meanwhile for the control
or over-expressing TcCYC2-GFP-HA cultures these percentages
were around 26–38%.
4. Discussion

In the present investigation, we performed a functional analysis
of TcCYC2 cyclin protein. We verified the transcription of TcCYC2
gene by RT-PCR in our working T. cruzi TcI lineage. The presence
of this gene was recently identified by the shotgun sequencing of
the T. cruzi Silvio X10/1 genome, a representative strain belonging
to TcI lineage (Franzen et al., 2011). In addition, we confirmed that
TcCYC2 sequence is a functional cyclin as it was able to restore the
growth arrest in DL1 S. cerevisiae mutant strain, allowing yeast to
progress through the cell cycle. This result does not necessary
means that TcCYC2 is specific for G1 phase, because this S. cerevisiae
strain could be rescued either by non-mitotic or mitotic cyclins, as it
was showed for G1 and mitotic cyclins CYC2, CYC3 and CYC6 from T.
brucei (van Hellemond et al., 2000; Hammarton et al., 2003), as well
as by mitotic cyclins from mammalians and plants (Day et al., 1996;
Lew et al., 1991). One characteristic of trypanosomatid cyclins is
that their genomes do not code for those archetypal G1 cyclins
found in other eukaryotes, and the same can be found in some plant
genomes (Wang et al., 2004). In such cases, a re-distribution of cyc-
lins roles along the different phases of the cell cycle is observed
(Gourguechon et al., 2007) and therefore, restriction of TcCYC2
activity other than G1/S checkpoint should be not discarded. Inter-
estingly, TcCYC2 cyclin box presents high similarity with those
PREG and PHO-like cyclins from yeast and plants. Results obtained
with the T. brucei CYC2 homologue showed that this protein did not
present the PHO-like function by yeast complementation assays
(Gourguechon et al., 2007), suggesting that it is not involved in
the phosphate metabolism of the parasite. Although specific exper-
iments must be performed for TcCYC2 from T. cruzi, this isoform
may exhibit similar characteristics.

To better characterize the TcCYC2 in the context of the parasite,
we constitutively over-expressed this protein tagged to HA epitope
in TcI T. cruzi epimastigotes. We found TcCYC2-HA is located
throughout the cytoplasm of parasites with no nuclear signal at
any phase of the cell cycle. It has been shown that some cyclins iso-
forms regulate their activity by relocation to distinct sub-cellular
compartments in a cell cycle dependent manner (Miller and Cross,



Fig. 3. Localization of TcCYC2 in T. cruzi. An anti-HA antibody was used to detect the expression and localization of tagged TcCYC2. Panels A and B: parasites over-expressing
TcCYC2-HA or TcCYC2-GFP-HA, respectively. Panel C: parasites transfected with the empty pTREX vector. BF, bright field; HA, anti-HA antibody staining; DAPI, 40 ,60-diamino-
2-phenylindole staining of the nuclei and kinetoplast. Scale bar is indicated in the bright field panel, 7 lm. WB, western blot analysis of whole-cell extract from each
epimastigote cultures. Lanes 1 and 2: parasites over-expressing TcCYC2-HA (24 kDa) and TcCYC2-GFP-HA (53 kDa), respectively. Lane 3: control parasites transfected with
pTREX only. The band signals appeared at expected sizes.

Table 2
Population doubling times of T. cruzi transfected epimastigotes. Doubling times (DT)
were calculated (n = 4) for each population. Control: parasites transfected with empty
pTREX; TcCYC2-HA or TcCYC2-GFP-HA: parasites over-expressing TcCYC2-HA or
TcCYC2-GFP-HA fusion proteins, respectively.

Strain DT (h)a

Control 22.3 ± 2.9
TcCYC2-HA 16.9 ± 1.4
TcCYC2-GFP-HA 24.6 ± 2.7

a Mean ± standard deviation.
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2001; Pines and Hunter, 1991), but these mechanisms do not seem
to occur in our transgenic cultures which could be attributed to a
failure in the routing of this over-expressed, tagged protein or sim-
ply to the absence of this mechanism for TcCYC2.

On the other hand, we studied the phenotype of TcCYC2-HA
over-expressing cells synchronizing epimastigotes with hydroxy-
urea. The typical behavior of a synchronized T. cruzi culture follows
a general rule and is reproducible within the same strain (Galanti
et al., 1994; Santori et al., 2002). In our case, synchronized epim-
astigotes pass through all phases of the cell cycle starting from G1
upon HU release. The S phase usually peaks after 6 h; meanwhile
the G2/M boundary can be seen around 14 h. After 22 h, most cells
have undergone cytokinesis entering again into a new G1 phase to
start another round of DNA duplication and subsequent cell divi-



Fig. 4. Cell size analysis of T. cruzi epimastigotes over-expressing TcCYC2 fusion proteins. Forward scatter were used to compare cell volume between strains over-expressing
TcCYC2-HA, TcCYC2-GFP-HA or carrying pTREX empty at each phase of the cell cycle. Panel A: schematic representation for each gated zone. Double-headed arrows indicate
the phase of the cell cycle that was taken for further analysis. Panel B: forward scatter plotted against counts (cell number). Dotted curve area under the line represents the
volume of epimastigote cells over-expressing TcCYC2-HA. Lined and white curve areas represent parasites transfected with pTREX vector only or over-expressing TcCYC2-
GFP-HA fusion protein, respectively. Panels C and D: analysis of cell volume for the three different transgenic cultures at S and G2/M phases, respectively.
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sion. We found that upon release of the HU blockade, both control
and over-expressing TcCYC2-HA epimastigotes undergo the typical
lag period until the cultures reach S phase and G2/M boundary at
practically same times. However, TcCYC2-HA over-expressing cells
pass through mitosis or cytokinesis in a much shorter time than
control parasites, even though the three strains successfully under-
go cell division. This was evidenced by the fact that after 15 h, there
was an increased number of cells in G1 for over-expressing TcCYC2-
HA as compared to control parasites. Furthermore, we found that
the doubling time of over-expressing TcCYC2-HA epimastigotes
was shorter in comparison to control parasites in asynchronous cul-
tures. Both phenotypes, shorter cell cycle and doubling time, were
abolished with the addition of a GFP protein to the C-terminal site
of TcCYC2. This could be due to a steric hindrance produced by
insertion of the GFP, which could alter the proper TcCYC2 structural
conformation and therefore avoiding protein–protein interactions
between this cyclin and its binding partners. There are some reports
describing impairment of protein function by addition of GFP or an-
other fluorescent molecule to the C-terminal domain (Han et al.,
2005; Ossenbuhl et al., 2006; Thomas and Maule, 2000; Verweij
et al., 2011), but to corroborate this in our system, more experi-
ments are required. Despite this observation, it is important to take
into account that site-directed mutagenesis is particularly poorly
informative in cyclins, where it has been showed that the overall
cell structure is necessary for the function and localization rather
than few key residues (Bendris et al., 2011).

It is necessary to point out that besides inhibiting the enzyme
ribonucleotide reductase (Berglund and Sjöberg, 1979), HU can
also cause DNA damage by ion-dependent base oxidation, which
was showed in an in vitro assay (Sakano et al., 2001). In addition,
HU induces double strand breaks in cells starting mitosis. It is
interesting that T. brucei, rather than being arrested at G1 phase
(Mutomba and Wang, 1996), could be induced to synchrony in S
phase using low concentrations of HU (Chowdhury et al., 2008;
Forsythe et al., 2009), suggesting that different check points oper-
ate in both organisms. In eukaryotes, some complexes formed by
cyclins-CDKs need to be deactivated if DNA damage occur, in order
to stop the progression of the cell cycle until the DNA is repaired
(Gillis et al., 2009; Guo et al., 2000; Pontano and Diehl, 2009). If
HU treatment also causes DNA damage in epimastigote cells, it
would be a possibility that G2/M DNA damage checkpoint is af-
fected or bypassed by the over-expression of TcCCY2-HA. This
could promote progression of cell cycle even if DNA repair is not
complete, contrary to the case of cells with physiological levels
of TcCYC2. The latest case opens an interesting question to further
investigate the involvement of TcCYC2 in DNA damage and repair.

In addition, we found that epimastigotes over-expressing
TcCYC2-HA were smaller in size compared to control parasites, at
each phase of the cell cycle in asynchronous cultures. The smaller
size was not found when fusing the GFP protein in TcCYC2-GFP-HA
over-expressing epimastigotes, indicating that this later protein
could be inactive. Correlations between cell size and cyclin expres-
sion have been found in other organisms. In Drosophila, it was
demonstrated that over-expression of cyclin E isoform truncated
the G1 phase and decreased the cell size (Datar et al., 2000). More-
over, overproduction of cyclin G produces small cells whereas
shortage produces large cells (Faradji et al., 2011). Interestingly,
it was demonstrated in T. brucei that TbCYC2 gene is necessary to
proper morphology of procyclic forms (Gourguechon et al., 2007;
Hammarton et al., 2004). It remains to be answered whether the
TcCYC2 is directly regulating cell size, or it is involved in the
cross-talk between cell size and cell cycle checkpoints.

Taken together, our results suggest that TcCYC2-HA over-
expression alters the parasite size and cell cycle. It is worth men-



Fig. 5. Flow cytometry analysis of HU-synchronized T. cruzi epimastigotes over-expressing TcCYC2 proteins. T. cruzi cells transfected with different plasmid constructions
were arrested at G1 phase and analyzed by FACS. The figure shows a representative experiment with samples taken at time 0 h (G1 phase peak), 6 h (S phase peak), and 14–
16 h (boundary G2/M and cells entering to G1 phase after cytokinesis). Control: parasites transfected with pTREX only. TcCYC2-HA and TcCYC2-GFP-HA: parasites over-
expressing these corresponding fusion proteins. Histograms represent the DNA content (fluorescence) of each sample culture at different times. The histogram inset show the
percentage of counts gated in G1, S or G2/M phases. Remaining counts were excluded for the analysis because it represents duplets or apoptotic cells.
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tioning that this phenotype could be due to the presence of a pro-
tein which physiological levels of expression is lower, as the proteo-
mic evidence seems to demonstrate. Using this approach, there is
still no published data mentioning the detection of TcCYC2 (or
any other cyclin) in T. cruzi (Atwood et al., 2005; Ayub et al.,
2009; Cordero et al., 2009; Ferella et al., 2008; Kikuchi et al.,
2010; Paba et al., 2004a,b; Sant’Anna et al., 2009; Sodré et al.,
2009; Ulrich et al., 2011). These findings support the idea that cyc-
lins are present in the cell at very low levels, probably due to its ra-
pid turnover. As the over-expressed TcCYC2-HA affects the cell
cycle, it is possible that the endogenous TcCYC2 is found in few
sub-cellular organelles and/or at very short periods throughout
the cycle, only when, or where, it is required to perform a particular
process, such as activate/deactivate CDKs and other proteins
(Hochegger et al., 2008). In other organisms, cyclins are proteins
which their expression is tightly regulated by several mechanisms
(Bloom and Cross, 2007; Tarn and Lai, 2011). In some cancer cells,
uncontrolled proliferation is correlated with failure on mechanisms
that control cyclin expression or degradation, resulting in high lev-
els of cyclin activity (Akli et al., 2007; Minella et al., 2005; Musgrove
et al., 2011). In T. brucei, down regulation of CYC2 by RNAi (which
has 52% of identity with TcCyc2 from T. cruzi), arrests the parasite
at the G1 phase of the cell cycle (Hammarton et al., 2004; Li and
Wang, 2003). In addition, double RNAi experiments in which both,
CRK (CRK1, CRK2 or CRK3) and CYC2 (named by these authors Cy-
clin E1) were depleted, allowed to have an idea of the multiples
roles of this protein in T. brucei cell cycle. In this regard, the RNAi
for CYC2 + CRK1 results in a more pronounced growth arrest at
G1 than the RNAi for each of them separately. Surprisingly, the dou-
ble knock out for CYC2 + CRK3 caused an arrest in the G2/M bound-
ary of the cell cycle, in a more efficient manner than RNAi for CRK3
only. The authors proposed then that CYC2 has different roles in the
cell cycle control and could form different complexes with CRKs,
promoting the passage through G1/S and G2/M transitions (Gour-
guechon et al., 2007). In this regard and taking into account our re-
sults, the cyclin TcCYC2 would play a role in the cell cycle of the
parasite, not restricted to G1/S boundary. We are now engaged in
the study of mechanisms that produce the phenotype observed in
this work as a result of the over-expression of TcCYC2 in T. cruzi.
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