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Trypanosoma cruzi, the etiologic agent of Chagas disease, is a protozoan parasite with a life cycle that alternates
between replicative and non-replicative forms, but the components and mechanisms that regulate its cell cycle
are poorly described. In higher eukaryotes, cyclins are proteins that activate cyclin-dependent kinases (CDKs),
by associating with them along the different stages of the cell cycle. These cyclin–CDK complexes exert their
role as major modulators of the cell cycle by phosphorylating specific substrates. For the correct progression of
the cell cycle, the mechanisms that regulate the activity of cyclins and their associated CDKs are diverse and
must be controlled precisely. Different types of cyclins are involved in specific phases of the eukaryotic cell
cycle, preferentially activating certain CDKs. In this work, we characterized TcCYC6, a putative coding sequence
of T. cruzi which encodes a protein with homology to mitotic cyclins. The overexpression of this sequence,
fused to a tag of nine amino acids from influenza virus hemagglutinin (TcCYC6-HA), showed to be detrimental
for the proliferation of epimastigotes in axenic culture and affected the cell cycle progression. In silico analysis
revealed anN-terminal segment similar to the consensus sequence of the destruction box, a hallmark for the deg-
radation of severalmitotic cyclins.We experimentally determined that the TcCYC6-HA turnover decreased in the
presence of proteasome inhibitors, suggesting that TcCYC6 degradation occurs via ubiquitin–proteasome path-
way. The results obtained in this study provide first evidence that TcCYC6 expression and degradation are finely
regulated in T. cruzi.

© 2015 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Trypanosoma cruzi is the etiological agent of Chagas's disease, an en-
demic illness affectingmainly the region of Latin America, with approx-
imately 6 million people infected [1]. Due to migration, parasite
transmission in non-endemic countries has become an important
health issue in the last years [2,3]. This pathogen has a complex life
cycle that allows the passage from invertebrate to vertebrate hosts
and vice versa, causing cardiac, digestive, neurological or mixed disor-
ders in humans [4]. For survival, T. cruzi alternates between dividing
and non-dividing forms. This is exerted by tight differentiation and
cell cycle regulation mechanisms, which allow continuous adaptation
to multiply in the two different hosts [5].
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In eukaryotes, complexes formed by cyclins associated to cyclin-
dependent kinases (cyclin–CDKs) are the main regulators of the cell
cycle, assuring that the events of this process occur properly and unidi-
rectional, resulting in the generation of two new daughter cells [6]. Dif-
ferent cyclin–CDK complexes phosphorylate specific key targets,
triggering several downstream events [7]. In Saccharomyces cerevisiae,
distinct cyclins are involved in several metabolic pathways [8,9].
Among those related to the cell cycle, various cyclin isoforms act at dif-
ferent phases of the cell cycle: G1-type cyclins are involved in initial bud
formation and spindle pole duplication, S-type cyclins promote DNA
replication and mitotic cyclins establish mitotic spindle orientation,
allowing chromosome segregation [10]. Thus, cyclin specificity is re-
quired for proper cell cycle progression and this is achieved by different
mechanisms [9]. For example, some cyclins are synthesized when they
are required to activate CDKs, and then relocated or degraded when
this activity needs to be diminished [11,12]. In mammalian cells, cyclin
B associates and activates CDK1 to conform the mitosis-promoting fac-
tor, which phosphorylates substrates that are critical for entry into mi-
tosis. By contrast, the destruction of cyclin B along with other factors
promotes the exit from mitosis [13]. Several mitotic cyclins present a
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characteristic nine-amino-acid sequence known as destruction box (D-
box), frequently located at the N-terminal site of the protein. This
sequence targets the cyclin for rapid proteolysis via the anaphase-
promoting complex, after its modification by the covalent addition of
one or more ubiquitin molecules [14].

In T. cruzi, the mechanisms that regulate cell cycle are scarcely un-
derstood. Searches in the integrated TriTryp database [15] have shown
that there are ten sequences carrying a typical cyclin box domain in
the CL Brener T. cruzi genome [16,17]. Six of these sequences are closer
to the PHO/PREG family of cyclins (TcCYC2, TcCYC4, TcCYC5, TcCYC7,
TcCYC10 and TcCYC11), three of which have been functionally charac-
terized by our group [17,18]. TcCYC9 is similar to T-like cyclins, which
are involved in transcriptional control in eukaryotes [19], whereas the
remaining three (TcCYC3, TcCYC6 and TcCYC8) show clear similarity
with mitotic-type cyclins from other organisms. In this work, we char-
acterized TcCYC6, one of thesemitotic sequences, and analyzed the phe-
notype of T. cruzi parasites that overexpress this protein fused to a nine
amino acid tag from influenza virus hemagglutinin (TcCYC6-HA).

2. Material andmethods

2.1. Sequence analysis

DNA sequences coding for putative cyclin 6 in the T. cruzi CL Brener
genome were selected from the Kinetoplastid Genome Resource [15].
DNA and protein similarity were analyzed at the NCBI Blast server [20]
and aligned using the NTI Vector 10 Advance software (Informax Inc.,
Bethesda). The GPS-ARM package software [21] was used for D-box
motif identification.

2.2. Parasite cultures

T. cruzi epimastigote forms from the CL Brener clone and Tc. I
Adriana [22,23] were used. Epimastigote cultures were grown at 28 °C
in liver infusion tryptose medium (LIT) supplemented with 10% fetal
bovine serum (FBS, Natocor), plus 10 U/ml penicillin and 10 mg/l
streptomycin.

2.3. Transcription analysis of TcCYC6

Total RNA was isolated from T. cruzi epimastigotes using the Total
RNA Extraction kit (Real Biotech Corporation), according to the
manufacturer's instructions. cDNA was synthesized using 1 μg of RNA
as template, M-MLV reverse transcriptase (Promega) and oligo-dT as
primer in a 20 μl reaction. For the PCR step, 1 μl of a 1:10 dilution from
the RT-reaction and primers CYC6_1 and CYC6_2 (Table 1) were used.
Negative controls (to discard contaminant DNA) were performed with
RNA samples without reverse transcription. PCR products were loaded
onto 1% agarose gels and then purified for sequencing (Macrogen Inc.).

2.4. Tagging of the TcCYC6 sequence and cloning into the pTcINDEX vector

The TcCYC6 coding region was amplified from genomic DNA by PCR
using Pfu polymerase (New England Biolabs). A 1× hemagglutinin (HA)
tag from human influenza virus was added to the C-terminal sequence
by two rounds of consecutive PCRs using oligonucleotides CYC6_3,
Table 1
Oligonucleotides used in this study. Underlined letters in CYC6_3 and CYC6_5 in-
dicate restriction sites for NotI and BamHI, respectively.

Oligo Sequence 5′ → 3′

CYC6_1 GCATGAACTCCACAACACTGCGTGA
CYC6_2 GCTCAAGCGTAATCCGGAACGTCGT
CYC6_3 GCGGCCGCATGAACTCCACAACA
CYC6_4 AACGTCGTAGGGGTAGTCGACGT
CYC6_5 CGGATCCTCAAGCGTAATCCGGAACGT
CYC6_4 and CYC6_5 (Table 1). The resulting TcCYC6-HA fusion sequence
was cloned into the pZErO™-2 vector and amplified after transforma-
tion into the Escherichia coli DH5α strain (Invitrogen). TcCYC6HA was
then subcloned into the NotI–BamHI sites of pTcINDEX vector [24].

2.5. Parasite transfections and protein expression

For inducible expression, the construct pTcINDEX-TcCYC6-HA was
transfected into an epimastigote cell line containing the plasmid
pLew13 [25], which expresses T7 RNA polymerase and tetracycline re-
pressor genes. A standard electroporationmethodwas used [23] and se-
lection was allowed by growing parasites in the presence of 200 μg/ml
Hygromycin B and 200 μg/ml Geneticin G418 (InvivoGen) for two
months. Overexpressionwas inducedwith the addition of 5 μg/ml tetra-
cycline (Sigma Aldrich). For controls, a culture overexpressing the en-
hanced green fluorescent protein (eGFP) under the same inducible
system (kindly provided by Dr. J.J. Cazzulo, IIB-INTECH, Universidad
Nacional de San Martín, Argentina) was used.

2.6. Preparation of protein extracts and western blot analysis

For preparation of total protein parasite extracts, 1 × 107

epimastigotes were harvested by centrifugation at 1000 ×g and
disrupted with the addition of 5× SDS-PAGE loading buffer (5× SB).
Clarified lysates and insoluble fractions from parasites were prepared
as follows: 1 × 107 pelleted epimastigotes were resuspended in ice-
cold PBS, disrupted by sonication (four pulses of 20 s each) and centri-
fuged at 20,000 ×g for 20 min. The fractions obtained (cytoplasmic su-
pernatant and membranous pellet) were mixed separately with 5× SB
in order to reach the same final volume for each sample. The different
protein extracts were loaded onto 12% SDS-PAGE polyacrylamide gels
and subjected to electrophoresis. Gels were transferred to nitrocellulose
membranes and proteins detected using mouse monoclonal anti-HA
(clone 16B12, Covance), mouse anti-β tubulin (Life Technologies), rab-
bit polyclonal anti-GFP or rabbit polyclonal anti-TcCyp19 antibodies
(the last two kindly provided by Dr. Jaqueline Búa, ANLIS/Malbrán Insti-
tutes, Argentina). Horseradish peroxidase-conjugated goat anti-mouse
or goat anti-rabbit IgGs (Calbiochem) were used as secondary antibod-
ies. All antibodies were used at 1:1000 dilutions in 3% bovine serum al-
bumin in PBS (BSA–PBS) and detected with ECL™ chemiluminescence
kit (GE Healthcare), according to the manufacturer's instructions.

2.7. Immunofluorescence microscopy

T. cruzi epimastigotes overexpressing TcCYC6-HA were spun down
by centrifugation at 1000 ×g for 10 min, 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 performed
for 1 h at room temperature. Slides were mounted in ProLong Gold
antifade reagent (Molecular Probes), containing 10 μg/mL of 4′,6′-
diamino-2-phenylindole (DAPI). Cells were observed in an Olympus
IX-71 inverted fluorescence microscope. Serial images of 0.2 μm (Z-in-
crement) were acquired with a Hamamatsu R2 camera driven by
CellˆR software (Olympus) and then processed by blind deconvolution
using Autoquant X 2.1 software (Media Cybernetics).

2.8. Parasite growth curves

1 × 105 parasites/ml from T. cruzi cultures containing the pTcINDEX-
TcCYC6-HA or pTcINDEX-eGFP constructionswere grown in LITmedium
in the presence or absence of tetracycline (5 μg/ml). Cultures were
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incubated at 28 °C over time and 10 μl samples of each condition (with
or without tetracycline for TcCYC6-HA and eGFP-overexpressing cul-
tures) were taken at 24-h intervals. The number of parasites was deter-
mined using a Neubauer chamber under an opticalmicroscope. Samples
were taken in triplicate and only motile cells were considered for
counting. Statistical analysis was performed with two-factor ANOVA
using Prism 5.00 software (GraphPad). Differenceswere considered sig-
nificant at p b 0.05. Aliquots for each sample condition were also daily
taken during 12 days for flow cytometry analysis as described in
Section 2.10.

2.9. Parasite synchronization

T. cruzi epimastigotes containing the pTcINDEX-TcCYC6-HA con-
structionwere induced or notwith tetracycline for 48 h previous to syn-
chronization with the addition of hydroxyurea, HU (Sigma Aldrich), as
previously described [26]. Briefly, 1 × 106 parasites/mlwere transferred
to LIT media containing 20 mMHU and incubated at 28 °C for 24 h. Cell
cycle was released by HU removal by washing the parasites three times
with cold PBS and suspending them in fresh LIT medium with or with-
out the addition of tetracycline (5 μg/ml). Samples were taken hourly
at different time points spanning at least one complete round of the
cell cycle and analyzed by flow cytometry as described below.

2.10. Flow cytometry analysis

Samples from Sections 2.8 to 2.9 were processed as follows: 6 × 106

cells were washed in PBS and fixed with 500 μL of 70% ethanol in PBS at
4 °C overnight. Fixed parasites were washedwith PBS and incubated for
30 min at 37 °C with 500 μL of propidium iodide (PI) staining solution
(2 mM EDTA, 10 mg/mL DNAse-free RNaseA and 20 mg/mL PI in PBS).
Samples were analyzed in a flow cytometer (FACSAria, BD Biosciences)
using the FACSDiva software. A total of 20,000 events were collected for
each sample. Fluorescence intensity, which is proportional to the DNA
content present in parasite populations,was plotted against cell number
for each point tomonitor the progression of cell cycle, usingWinMDI 2.9
software. Experiments were carried out in independent triplicates.

2.11. Analysis of TcCYC6-HA turnover by proteasome inhibition assays

T. cruzi cultures containing the pTcINDEX-TcCYC6-HA vectorwere in-
duced by the addition of tetracycline (5 μg/ml) for 24 h. Subsequently,
parasites were washed three times with phosphate buffer to remove
the antibiotic. Cells were resuspended in the original volume of fresh
LIT medium, divided into two bottles and incubated in the presence or
absence of 100 μMMG132 (Z-Leu-Leu-Leu-al peptide) (Sigma Aldrich).
For each condition, samples of 1ml culture were taken at 24-h intervals
after tetracycline removal, washed with PBS and prepared for western
blot analysis by the addition of 5× SB.

3. Results

3.1. TcCYC6 belongs to the mitotic cyclin group and is transcribed in T. cruzi
epimastigotes

Searches in the integrated TriTryp database [15] showed that TcCYC6
is annotated as two sequences (TcCLB.511025.120 and
TcCLB.507089.260) in the T. cruzi genome. These represent each single
copy in the two homologous chromosomes, sharing 99% of positive
matches. The coding sequence presents a cyclin box domain similar to
mitotic regulator proteins from other trypanosomatids, plants and
yeast (Fig. 1A). TcCYC6 showed the highest similarity with cyclin 6
from Trypanosoma brucei and the putative cyclin 6 from Leishmania
brasiliensis (66% and 75%, respectively). It also showed similarity with
cyclin B from Angomonas deanei and cyclins from distant species such
as Daucus carota (carrot) and Physcomitrella patens (moss), as well as
with human cyclin B1.

RT-PCR performed with mature RNAs allowed the isolation of a
1100 bp-band that was identified by sequencing as the coding region
for TcCYC6, confirming that this gene is actively transcribed in T. cruzi
epimastigotes (Fig. 1B).

3.2. Recombinant TcCYC6-HA localizes along the cell body of T. cruzi

The inducible TcCYC6-HA overexpression in T. cruzi was confirmed
bywestern blot using the anti-HA antibody. A single band at the expect-
edmolecular weight was detected only when tetracyclinewas added to
the parasite culture (Fig. 2A). Western blots containing separately the
insoluble and soluble fractions of T. cruzi extracts showed TcCYC6-HA
mainly associated to the particulate fraction of the parasite cells
(Fig. 2B). The same protein fractions were also analyzed with an anti-
TcCyp19 antibody which detects the soluble protein cyclophilin 19
from T. cruzi [27], confirming proper disruption and separation of the
two cellular fractions. To investigate TcCYC6-HA distribution within
the parasite cell, epimastigotes overexpressing TcCYC6-HA were sub-
jected to immunofluorescence microscopy. Transgenic parasites were
induced with tetracycline, fixed on microscope slides and stained. We
found that exogenous TcCYC6-HA is localized along the cell body
(Fig. 2C), without modifications at the different phases of the cell cycle
(data not shown).

3.3. Overexpression of TcCYC6-HA is detrimental to epimastigotes

To analyze the phenotype of TcCYC6-HA overexpressing parasites,
growth curves were performed in the presence or absence of tetracy-
cline to induce protein expression. Samples were taken until day 12 to
assess cell proliferation by counting on a Neubauer chamber. The over-
expression of TcCYC6-HA inhibited the growth of T. cruzi epimastigotes
in comparison to the same culture grown in the absence of tetracycline
(Fig. 3A). On day 12, the concentration of TcCYC6-HA overexpressing
parasites decreased by 60%. A culture overexpressing eGFP under induc-
tion of tetracycline was used as control to discard any deleterious effect
of the tetracycline addition or the induction of high protein levels on
parasites. In this case, induced andnon-induced cultures showed almost
identical growth curves (Fig. 3A). The expressions of TcCYC6-HA and
eGFP were confirmed by western blot analysis (Fig. 3A, lower panels).

To analyze whether the cell cycle of the parasite could explain the
growth arrest, we measured the DNA content of non-induced and
TcCYC6-HA overexpressing parasites by flow cytometry (Fig. 3B).
Fixed samples of cultures growing in the presence or absence of tetracy-
cline were taken until day 12, stained with IP and subjected to flow cy-
tometry. The analysis showed that both cultures exhibited the typical
histogram for an asynchronous cell population,with amajor peak corre-
sponding to parasites in G0/G1 phases (2C: 1 nucleus, 1 kinetoplast),
and a smaller one representing cells at G2-mitosis boundary (4C: 2 nu-
clei, 2 kinetoplasts). However, a sub-G1 peak (1C) was distinguishable
in TcCYC6-HA overexpressing histograms from day 3, reaching 3.9% of
the total population at day 12. This indicates the presence of an apopto-
tic and/or necrotic population as a result of cell cycle defects or cell
death events.

To further study the effect of TcCYC6-HA overexpression on each
phase of the parasite cell cycle, transgenic epimastigotes were synchro-
nized using HU and the cycle progression was analyzed at every hour.
Fig. 3C shows theflow cytometry histograms at different times upon re-
lease of HU, for parasites which overexpress or not TcCYC6-HA. At the
point when HU was washed out (0 h), both populations, induced and
non-induced, exhibited a major peak in G1 phase, in agreement with
the HU treatment, which arrests the culture at this phase of the cycle
[26]. After 8 h post-HU release, most non-induced parasites reached
the S phase and then progressed through the cell cycle synchronically
until to peak at the G2/M boundary (14 h). Since 18 h, the G1 peak



Fig. 1. Sequence analysis and transcription of TcCYC6. (A) Multiple sequence alignment of the TcCYC6 cyclin domain and those from other organisms: TbCYC6 (Trypanosoma brucei CYC6,
Tb927.11.16720), LbCYC6 (putative CYC6, Leishmania brasiliensis, LbrM.32.3610), AdCYCA (cyclin A from Angomonas deanei, EPY37545.1), DcCYCB (cyclin B1–2 from carrot,Daucus carota,
BAE72070.1), PpCYCB (cyclin B1 from Physcomitrella patens, BAK64051.1) and HsCYCB1 (human cyclin B1, Homo sapiens, EAW51306.1). Amino acid backgrounds are colored as follows:
white for non-similar residues, black for identical residues, gray for conserved residues and light gray for similar residues. (B) Isolation of TcCYC6 mRNA coding sequence. Agarose gel
loaded with the RT-PCR reaction product used for subsequent sequencing (CYC6). Control reaction without reverse transcriptase (C−). kb: molecular marker size in kilobases.
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Fig. 2. Overexpression and localization of recombinant TcCYC6-HA. (A) Western blot
analysis of whole-cell extract from epimastigote cultures grown in the absence (−TET)
or presence (+TET) of tetracycline. Protein induction was confirmed with the detection
of a band signal at the expected size (44 kDa). (B) Protein extracts of T. cruzi were
separated into insoluble pellet (P) and soluble lysate (S) fractions and then incubated
with anti-HA or anti-TcCyp19 antibodies in a western blot to detect TcCYC6-HA and
TcCyp19 proteins, respectively. TcCYC6-HA was found mainly in the insoluble fraction of
protein parasite extracts. TcCyp19 was used as cell disruption control. (C) Localization of
tagged TcCYC6 in T. cruzi. An anti-HA antibody was used to detect the expression and
localization of TcCYC6HA in tetracycline-induced epimastigote cultures (+TET). BF,
bright field; HA, anti-HA antibody staining; DAPI, staining of the nuclei and kinetoplast.
Scale bar is indicated in the bright field, 5 μm.
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reappeared in non-induced parasites, indicating the start of the next
cycle. In contrast, parasites overexpressing TcCYC6-HA did not reach
major S or G2-phase single peaks as it was observed in control cells,
maintaining a higher population of cells in G1 throughout the entire
cycle. As it is showed in the insets of Fig. 3C, the lowest percentage of
cells in G1-phase was 24% in parasites overexpressing TcCYC6-HA, ver-
sus 2% found in the non-induced population. Note also that the percent-
age of the S-phase peak in TcCYC6-HA-overexpressing cells was lower
than the value observed for non-induced parasites (58% versus 90%, re-
spectively). This result suggests that the entrance into S phase (or the
G1/S transition) is impaired when TcCYC6-HA is overexpressed in
T. cruzi epimastigotes.

3.4. Degradation of overexpressed TcCYC6-HA in epimastigotes

Searches for conservedmotifs revealed the presence of two putative
D-boxes at residues 3 and 44 in TcCYC6, whose sequences are
STTLREVSN and RSSLRDFGS, respectively (Fig. 4A). These domains
showed different levels of identity with, and are at similar position as,
the D-boxes present in TbCYC6 from T. brucei and in human mitotic
cyclins B1 and A2 (Fig. 4B).

To investigate the turnover of TcCYC6-HA in vivo, T. cruzi cultures
were grown in the presence of tetracycline for 24 h to induce expression
and then the antibiotic was removed to preventmore protein synthesis.
After tetracycline removal, parasites were treated or not with the
Fig. 3. Analysis of TcCYC6-HA overexpressing parasites. (A) Growth curves of parasites overex
cultures in the presence or absence of tetracycline (+TET or −TET, respectively). The numb
time (Days), for both cultures overexpressing TcCYC6-HA or eGFP (control curves). One ast
ANOVA. Below each curve, a western blot analysis is shown for the detection of overexpress
Numbers 1 to 12: days of cell counting. (B) Flow cytometry analysis of T. cruzi epimastigotes
representative experiment with samples taken 1, 3, 5, 8 and 12 days after TcCYC6-HA induc
presence (+TET) or absence (−TET) of tetracycline over an entire cell cycle. The figure show
24 h post-HU release. For B and C, histogram insets show the percentages of population in sub
proteasome inhibitor MG132 and the presence of tagged TcCYC6 was
determined by western blot using the anti-HA antibody (Fig. 4C,
upper panels). In the presence of the inhibitor, TcCYC6-HAwas detected
in all samples analyzed at similar amounts. By contrast, in the absence of
MG132 the intensity of the protein band was weaker after 3 days and
undetectable in samples taken 8 days after tetracycline removal, indi-
cating rapid turnover. As T. cruzi stops growing in the presence of pro-
teasome inhibitors [28,29], constant volumes of samples and not
constant number of cells were collected to correct the decrease in
TcCYC6-HA concentration due to the dilution of the protein caused by
cell proliferation. The same western blots revealed with an anti-
tubulin antibody showed the presence of a greater number of cells in
the untreated culture, confirming that the decrease of TcCYC6-HA in
this culture is due to proteasoma turnover and not to dilution caused
by cell proliferation (Fig. 4C, lower panels).

4. Discussion

In this report, we studied the effect of the overexpression of a se-
quence coding for a putative mitotic cyclin on T. cruzi epimastigotes.
Cell counting showed that parasite growth decreased after induction
of HA-tagged TcCYC6. Control cultures overexpressing eGFP were in-
cluded to discard side effects due to tetracycline or non-physiological
protein levels on parasite proliferation. In this regard, cultures express-
ing eGFP showed the same growth curve as controls, confirming the
detrimental effect of TcCYC6-HA overexpression on T. cruzi.

Searches in databases and alignment analysis showed that TcCYC6 is
closely related to the mitotic cyclin 6 from T. brucei, TbCYC6. RNA
interference-mediated silencing of this gene produced a mitotic block
in both the bloodstream and procyclic forms of T. brucei [30,31], but
no phenotypic analysis is available on the overexpression of TbCYC6.
Here, the cell cycle profile of asynchronous TcCYC6-HA-overexpressing
parasites showed no changes in comparisonwith non-induced cultures,
regarding to the relative proportions of cultures in each G0/G1, S or G2/
M phases or a cell cycle arrest. However, the phenotype of both popula-
tion of parasites synchronized with hydroxyurea revealed that the G1/S
transition was affected by the overexpression of TcCYC6-HA. We found
that in induced cells, there was a proportion of the population unable to
exit fromG1and enter into the S-phase. Thiswas evidenced by the pres-
ence of higher percentages of cells in G1 throughout the entirely cell
cycle for TcCYC6-HA-overexpressing parasites compared to non-
induced cells. Even within a clonal population, it has been reported
that protein overexpression levels can vary in cells when using the
pTcINDEX system [24]. This may be the case for TcCYC6-HA-overex-
pressing parasites: the G1/S transition could be seriously compromised
in those cells expressing high levels of TcCYC6-HA; meanwhile the rest
of the culture, expressing lower quantities of the fusion protein, would
exhibit a phenotype more resembling to non-induced parasites. In
fact, a cell cycle with a less efficient G1/S transition could contribute to
the appearance of the slight sub-G1 peak observed in asynchronous
TcCYC6-HA-induced parasites (Fig. 3B). One explanation for the cell
cycle defects at the G1/S transition exerted by the overexpression of a
mitotic-type cyclinmight be due to sequestration and inactivation of es-
sential CDKs necessary to the successful entrance into the S phase. On
the other hand, localization of TcCYC6-HA by immunofluorescence mi-
croscopy showed this protein throughout the parasite cell body, but
western blot analysis of T. cruzi protein extracts showed that TcCYC6-
HA was expressed at high levels, mainly associated with the insoluble
pressing TcCYC6-HA or eGFP proteins. The figure shows the proliferation of epimastigote
er of cells was determined by counting on a microscope and plotted against incubation
erisk (*) indicates p b 0.05 and three asterisks (***), p b 0.001 evaluated by two-factor
ed proteins, TcCYC6-HA and eGFP, using anti-HA and anti-GFP antibodies, respectively.
in the presence (+TET) or absence (−TET) of tetracycline over time. Histograms from a
tion are shown. (C) Flow cytometry analysis of HU-synchronized epimastigotes in the
s a representative experiment with histograms for samples taken at 0, 8, 14, 18, 20 and
-G1, G0/G1, G1, S or G2/M phases.



201M.A. Di Renzo et al. / Parasitology International 65 (2016) 196–204
fraction. Thus, the inability to produce a rapid TcCYC6-HA clearance by
the parasite could also contribute to cellular death. It is also worth not-
ing that we failed to obtain the recombinant TcCYC6-HA from an
expression system based in E. coli, probably due to growth arrest after
induction of protein expression (data not shown). Altogether, these
data suggest that high amounts of this putative cyclin inside the cell,



Fig. 4.D-box prediction and turnover of TcCYC6-HA. (A) Alignment of putative D-boxes at positions 3 (TcCYC6.a) and 44 (TcCYC6.b) on TcCYC6with those from T. brucei CYC6 and human
cyclins B1 and A2 (accession numbers Tb927.11.16720, EAW51306.1 and EAX05246.1, respectively). Black and gray amino acid backgrounds indicate identical and conserved residues,
respectively. (B) Schematic representation and localization of D-boxes from TcCYC6 and its orthologues. Numbers above boxes indicate amino acid positions. Black and light gray
boxes represent D-box and cyclin box domains, respectively. N′ and C′ refer to N- and C-termini of protein sequences. (C) Turnover of TcCYC6-HA. Samples of protein extracts from
epimastigote cultures grown in the presence or absence of MG132 were analyzed by western blot. Anti-HA antibodies were used for the detection of TcCYC6-HA (upper panels) and
anti-tubulin antibodies were used as protein loading control (lower panels). Numbers 0 to 10: samples taken at days after tetracycline removal.
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far higher than its physiological levels, produce toxic effects to the cell
and also alter the cell cycle at G1/S transition.

As the experiments shown here were performed on the base of re-
combinant TcCYC6-HA, it is valid to ask whether the endogenous gene
becomes in fact translated and therefore whether it is present as a pro-
tein inside the parasite. First, we analyzed whether this gene is tran-
scribed, assessing the presence of mRNA coding for the TcCYC6
sequence. Results from RT-PCRs and sequencing confirmed that this
gene is present as a mature transcript in T. cruzi epimastigotes. Howev-
er, polyclonal antibodies raised against the N-terminus of TcCYC6 failed
to detect the protein in western blots of T. cruzi extracts (data not
shown), although kinase activity could be observed in the
immunoprecipitated protein complex (Supplementary material 1).
This could indicate that, if expressed, TcCYC6 is present in the parasite
but at very short specific points along the cell cycle or at quantities too
low to be detected by western blot or any indirect method. To our
knowledge, the presence of this protein is still undetectable by the pro-
teomic initiatives [32–50]. These findings support the idea that TcCYC6
functions as a regulatory protein, with a tightly regulated expression.
This could be the reason why overexpressing TcCYC6 protein over the
physiological levels was detrimental to parasite growth. It is important
to consider that the observed effects of TcCYC6-HA overexpression on
T. cruzi could also be unspecific. This may occur due to coaggregation
of TcCYC6-HAwith unrelated proteins, although experimentation to ex-
plore this hypothesis requires proteome-wide analysis.

The HA epitope has been previously successfully used to tag se-
quences in trypanosomatid parasites [51,52] including T. cruzi, using
constitutive [17,53] or inducible [23] expression systems. This back-
ground suggests that the deleterious effect on epimastigotes is due to
the TcCYC6 sequence itself, rather than to the HA tag.

The presence of a short sequence called D-box is a hallmark for
cyclins involved in mitotic controls. In eukaryotic cells, mitotic cyclins
can be modified with the addition of one or multiple subunits of
ubiquitin, in a process called poly-ubiquitination [14]. This modification
triggers the degradation of ubiquitinated proteins by the proteasome, a
complex ofmultiprotein cylindrical structures composed of several pro-
teases, reviewed by [54]. In the cell cycle, cyclin degradation is a crucial
event in exitingmetaphase and entering the next cell cycle [55,56]. This
mechanism of ubiquitin proteasome pathway for regulation of cyclin
concentration within the cell is also present in trypanosomatids such
as T. brucei [57]. Here, we showed that TcCYC6 has two nine amino
acid domains at its N-terminal sequence, similar to a destruction box
(D-box). Thesemotifs present divergence from the consensus sequence
found in other organisms [58], although one of them is 78% identical to
its ortholog in T. brucei, themitotic cyclin 6 [30,31]. To assess the impor-
tance of the putative D-boxmotifs on the TcCYC6-HA turnover, we ana-
lyzed the level of this protein in the presence or absence of a
proteasome inhibitor (MG132) after a pulse of tetracycline addition.
Western blots of parasite extracts detected TcCYC6-HA in samples col-
lected at 2 and 3 days after tetracycline removal in the absence of
MG132, meanwhile it was present in those taken up to 10 days in the
presence of the inhibitor, suggesting rapid degradation of this protein
in vivo. In this experiment, parasite extracts from cultures overexpress-
ing eGFP were unsuitable as degradation control due to basal protein
expression, even in the absence of tetracycline (Fig. 3A). Leaky expres-
sion of fluorescent proteins in un-induced parasites has been found pre-
viously [59], specially with those non-toxic proteins. However, the
result presented here is a first approach to assess the role of proteasome
in the degradation of TcCYC6 and mutational analysis on its putative D-
boxes is under way to confirm this hypothesis.

The cyclin function of TbCYC6 from T. brucei was assayed by
Hammarton et al. [30]. In this regard, it was showed that the cyclin
box domain of TbCYC6 restored the growth arrest in a complementation
assay using the DL1 S. cerevisiae strain. This mutant yeast harbors a cy-
clin G1 deficiency [60] but has been used to identify and characterize
both G1/S [61] and G2/M cyclins [62]. This means that the growth arrest
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of S. cerevisiaeDL1 can be rescued by different types of cyclins.We stud-
ied the cyclin function of TcCYC6-HA using the same complementation
assay, but this sequence was unable to rescue the lethal phenotype of
DL1 strain (data not shown). The belonging of TcCYC6 to the mitotic-
type cyclins could not be the reasonwhy it failed to complement the cy-
clin function and rescue the growth arrest. Instead, experiments using
only the cyclin domain should be performed to confirm or discard the
cyclin function.

In summary, our results provide evidence that TcCYC6 is transcribed
in T. cruzi epimastigotes but also that its overexpression affects the cell
cycle of the parasite. The pathways and function of this proteinwith ho-
mology to mitotic cyclins exerted on T. cruzi are not yet elucidated and
deserve more research. The data presented here suggest that TcCYC6 is
subjected to a strong gene expression regulation.
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