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Trypanosomatids have a cytoskeleton arrangement that is simpler than what is found in most eukaryotic cells. However, it is precisely
organized and constituted by stable microtubules. Such microtubules compose the mitotic spindle during mitosis, the basal body, the
flagellar axoneme and the subpellicular microtubules, which are connected to each other and also to the plasma membrane forming a
helical arrangement along the central axis of the parasite cell body. Subpellicular, mitotic and axonemal microtubules are extensively
acetylated in Trypanosoma cruzi. Acetylation on lysine (K) 40 of alpha-tubulin is conserved from lower eukaryotes to mammals and is
associated with microtubule stability. It is also known that K40 acetylation occurs significantly on flagella, centrioles, cilia, basal body
and the mitotic spindle in eukaryotes. Several tubulin posttranslational modifications, including acetylation of K40, have been
catalogued in trypanosomatids, but the functional importance of these modifications for microtubule dynamics and parasite biology
remains largely undefined. The primary tubulin acetyltransferase was recently identified in several eukaryotes as Mec-17/ATAT, a
Gcn5-related N-acetyltransferase. We have expressed TcATAT with an HA tag using the inducible vector pTcINDEX-GW in T. cruzi and
analyse the morphological alterations induced by over-expression.

Over-expression of TcATAT
causes increased levels of 
the alpha-tubulin 
acetylated species, induces 
morphological and 
ultrastructural defects, 
especially in the 
mitochondrion, and causes 
a halt in the cell cycle 
progression of 
epimastigotes, which is 
related to an impairment 
of the kinetoplast division.

TcATAT-HA in these structures. As observed in Figure 3A,
ATAT-HA colocalizes with acetylated a-tubulin in the
subpellicular microtubules and the flagellar axoneme. The
round structures observed by light microscopy remains
insoluble after treatment with detergent and NaCl and is
labeled with the anti-HA/FITC antibody (Supplementary
Figure S5A). In intact epimastigotes fixed with para-
formaldehyde confocal microscopy TcATAT-HA labeling was
more intense at the surroundings of these round structures
(Figure 2A). We performed a Z-stack confocal imaging and
3D reconstruction (Supplementary movie V1) and observed that
TcATAT-HA formed a ball-like structure near the nucleus and
the kinetoplast.

Immunolocalization of acetylated a-tubulin was more intense
at the cell periphery in non-induced cells, however in over-
expressed parasites labeling became spread all over the cytoplasm
(Supplementary Figure S5B). As a control we verified that
TcATAT-HA did not co-localize with the paraflagellar rod that
runs parallel to the axoneme (Supplementary Figure S5C). Also,
we obtained protein extracts enriched in cytoskeletal and
flagellar proteins and observed by Western blot that both the
endogenous ATAT and the over-expressed version are only

present in the fraction that corresponds to insoluble
cytoskeletal and flagellar proteins (P, in Figure 3B),
confirming that it is tightly associated to these structures.

The refringent button-like structure observed in the over-
expressing parasites was quantified and it was present in
approximately 20% of the epimastigotes 48 h.p.i. We also
determined that this structure grew with induction time and was
usually observed near the nucleus and the kinetoplast (Figure 4A).
Transmission Electron Microscopy (TEM) analyses revealed that
this round structure is electrondense, not delimited by membrane,
and sometimes is seen in continuity with the endoplasmic
reticulum, resembling an inclusion body (Figures 4B a–d). These
results correlate with the accumulation of TcATAT-HA observed in
association to the isolated cytoskeleton where the structure is seen
connected to the flagellum (Figure 3A). Considering that
overexpressing cells can produce large amounts of ribosomes, the
EDTA technique, which stains areas rich in ribonucleoproteins, was
used to verify the nature of this structures. Results showed ribosome
subunits in the heterochromatin region, as well as in the granular
region of the nucleolus, whereas the inclusion body-like structure
lacks ribosomes and present a distinct electrondensity in relation to
such regions (Figure 4B e).
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FIGURE 2 | Over-expression of ATAT-HA in epimastigotes increases a-tubulin acetylation. (A) Immunolocalization of ATAT-HA with rat monoclonal anti-HA
antibodies in Dm28c pTcINDEX-GW ATAT-HA epimastigotes induced with 0.5 mg/ml tetracycline for 24 h. Bar: 5 mm. DAPI was used as nucleus and kinetoplast
marker. The light blue arrow indicates the kinetoplast and the pink arrow indicates the nucleus. (B) Total extracts of pTcINDEX-GW ATAT-HA epimastigotes in the
absence (-) or presence (+) of 0.5 mg/ml tetracycline for 24 h were separated by SDS/PAGE and stained with Coomassie Blue (left panel), followed by Western blot
analysis using rat monoclonal anti-HA antibodies (right panel). (C) Western blot of total extracts of pTcINDEX-GW ATAT-HA epimastigotes with 0.5 mg/ml tetracycline
a different time points post-induction using rat monoclonal anti-HA, mouse monoclonal anti-acetylated a-tubulin (anti-AcTub), rabbit monoclonal anti-TcATAT
antibodies and mouse monoclonal anti-a-tubulin (anti- aTub). Bands were quantified by densitometry using a-tubulin signal to normalize the amount of ATAT-HA and
acetylated a-tubulin (right panel). Plots represent one of three independent experiments performed. (D) ATAT-HA autoacetylation assay. ATAT-HA was purified from
T. cruzi epimastigotes and incubated in the absence (-) and presence (+) of AcetylCoA and then separated by SDS/PAGE followed by Western blot analysis with rat
monoclonal anti-HA antibodies and rabbit monoclonal anti-Acetylated Lysine (anti-AcLys).
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a-Tubulin Hyperacetylation Causes a Halt
in the Cell Cycle Progression of
Epimastigotes
We performed growth curves of TcATAT over-expressing
epimastigotes in the absence and presence of tetracycline
(Figure 5A). A growth impairment was observed after 48 h.p.i.
but no differences in viability (measured with Erythrocin B
staining) were observed along the entire growth curve
(Supplementary Figure S6A). We have previously ruled out
any undesired effect of the tetracycline treatment on epimastigote
growth (Ritagliati et al., 2015a). We also quantified
epimastigotes’ motility using CASA software and observed less
motile parasites when epimastigotes were induced for 48 h.
(Supplementary Figure S6B). Over-expression was also
verified with rabbit polyclonal anti-ATAT antibodies in 24 and
48 h.p.i cells, when the TcATAT labeling was particularly strong
and excluded from the nucleus and kinetoplast (Figure 5B).
After 24 h.p.i. parasites that appear to have two nuclei start to
accumulate (Zoom in Figure 5B, yellow arrow heads indicate
parasites with an aberrant DNA content). Also, localization of
TcATAT changes with over-expression, the discrete spots
observed for the endogenous protein are less evident and
labeling seems more intense around the nucleus/kinetoplast area.

The cell cycle progression of TcATAT overexpressing
epimastigotes was analyzed by flow cytometry with Propidium
iodide (PI) staining for 24 h.p.i in synchronized epimastigotes
(Figure 6A). As expected, in the absence of tetracycline we
observed that the cell cycle progressed normally. At time point 0
the main peak corresponds to the parasites on G1 phase of the
cell cycle (∼60% of the total) that is, parasites with the DNA
content corresponding to one nucleus. A second minor peak

represents the parasites in G2/M phase (∼30%), which
corresponds to epimastigotes with the double of DNA content,
including those on cytokinesis. In the valley between the two
peaks are the cells on S phase (∼10%). Then, at time point 6 h the
count of parasites in S phase starts to increase and at 12 h more
than half of the parasites are in G2/M phase. Finally, at 24 h, the
parasites return to G1 phase. When tetracycline is added the peak
of cells in S phase doubles at 12 h.p.i. Furthermore, G2/M peak
increased about 20% at 24 h.p.i., suggesting that the TcATAT
overexpression results in an arrest of cells that are dividing and
cells that have duplicated their DNA (Figure 6B). This halt in the
cell cycle progression was also observed by Scanning Electron
Microscopy (Figure 6C). When parasites are induced with
tetracycline for 24 h, ∼30% of the cells have two flagella, and it
appears that there is an impairment in the cleavage furrow
progression and cytokinesis (white arrows, Figures 6C g–i)
that correlates with the higher proportion of cells in G2/M phase.

As a control, we quantified the population of epimastigotes
with two nuclei and one kinetoplast 24 and 48 h.p.i in an
asynchronous population. The ordered progression of the cell
cycle, in which kinetoplast segregation precedes nuclear division,
allows the identification of three normal states regarding nuclear/
kinetoplast (N/K) content: 1N1K, 1N2K, and 2N2K. Under
normal conditions, most epimastigotes in a non-synchronous
exponentially growing culture contain one nucleus and one
kinetoplast (1N1K, usually ∼80–95%), corresponding to
parasites in G1 or S phase of the cell cycle. A smaller
proportion exhibits two kinetoplasts and one nucleus (1N2K
∼5%), these correspond to parasites in G2 phase or the beginning
of mitosis. Finally, cells presenting two kinetoplasts and two
nuclei (2N2K ∼3%) are those that have completed mitosis and
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FIGURE 3 | ATAT-HA colocalizes with acetylated a-tubulin in the cytoskeleton and flagella of epimastigotes. (A) Immunolocalization of ATAT-HA with rat monoclonal
anti-HA antibodies and mouse monoclonal anti-acetylated a-tubulin (anti-AcTub) in isolated cytoskeletons and flagella of Dm28c pTcINDEX-GW ATAT-HA
epimastigotes induced with 0.5 mg/ml tetracycline for 24 h. (B) Extracts enriched in cytoskeletal and flagellar proteins were analyzed by Western blot with rat
monoclonal anti-HA antibodies, rabbit polyclonal anti-TcATAT antibodies, mouse monoclonal anti-acetylated a-tubulin (anti-AcTub) and anti a-tubulin (anti- aTub).
SN1, soluble protein extracts; SN2, soluble cytoskeletal and flagellar protein extracts; P, insoluble cytoskeletal and flagellar protein extracts.
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are undergoing cytokinesis or ready to do so (Elias et al., 2007).
Thus, the appearance of cells with abnormal N/K content is
indicative of cell cycle impairment. 20% to 30% more parasites
with 1K/2N are found in over-expressing conditions than in the
uninduced control (Supplementary Figure S8).

Over-Expression of TcATAT-HA Alters
Acetylated a-Tubulin Distribution and
Causes Modifications on Mitochondrion
Ultrastructure
Parasites with over-expression of TcATAT-HA presented
alterations on acetylated a-tubulin distribution observed with

anti-acetylated a-tubulin antibodies. Part of the population
accumulates acetylated a-tubulin around the kinetoplast
(Figure 7A, yellow arrowheads) and in some parasites it is
surrounding the inclusion body-like structure (Figure 7A,
white arrowheads).

Trypanosomatids have a single and ramified mitochondrion
with the kDNA concentrated in the kinetoplast. The kinetoplast
is connected to the basal body that nucleates the flagellum, that
are both MT-containing structures. Since the basal body is linked
to the kinetoplast by the tripartite attachment complex (TAC)
(Kaser et al., 2014), we decided to investigate the mitochondrial
morphology and ultrastructure in TcATAT-HA over-expressing
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FIGURE 5 | ATAT-HA over-expression negatively impacts on epimastigotes growth. (A) Growth curve of Dm28c pTcINDEX-GW ATAT-HA epimastigotes in the
absence (grey circles) and presence (green squares) of 0.5 mg/ml tetracycline for 9 days. **p < 0.005, ***p < 0.001 (Student’s t-test). The number of epimastigotes
per ml was plotted, and the presented data is the mean ± S.D. of three parallel independent cell cultures. The plot represents one of three experiments performed.
(B) Immunolocalization of TcATAT, in Dm28c pTcINDEX-GW ATAT-HA epimastigotes in the absence and presence of 0.5 mg/ml tetracycline for 24 and 48 h. Bar: 5
mm. DAPI was used as nucleus and kinetoplast marker. The light blue arrow indicates the kinetoplast and the pink arrow indicates the nucleus. Yellow arrowheads
indicate parasites with an aberrant DNA content.
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FIGURE 6 | Hyperacetylation alters the cell cycle progression. (A) Flow cytometry analysis of synchronized Dm28c pTcINDEX-GW ATAT-HA epimastigotes in the
absences (grey) and presence (green) of 0.5 mg/ml tetracycline at different time points. Histograms are plotted as the normalized number of events vs. propidium
iodide absorbance (PI-A). (B) Bar graph with the percentages of cells in the different phases of the cell cycle. **p < 0.005 (Student’s t test). Cell number was plotted,
and the presented data is the mean ± S.D. of three parallel independent cell cultures. Plots represent one of three experiments performed. (C) Images obtained by
Scanning Electron Microscopy (SEM) of Dm28c pTcINDEX-GW ATAT-HA. Uninduced epimastigotes (TAT-) (a–c). Parasites induced with 0.5 mg/ml tetracycline for
24 h (TAT+) (d–i). Induced cells presented a phenotype that indicates cytokinesis arrest (d–e, arrows) and the interruption in the progression of the cleavage furrow
(f–i, white arrows).
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FIGURE 7 | Over-expression TcATAT-HA causes phenotypic alterations in acetylated a-tubulin distribution and on mitochondrion ultrastructure of epimastigotes.
(A) Immunolocalization of ATAT-HA with rat monoclonal anti-HA antibodies and mouse monoclonal anti-acetylated a-tubulin (anti-AcTub) of Dm28c pTcINDEX-GW
ATAT-HA epimastigotes induced with 0.5 mg/ml tetracycline for 24 h. Bar: 5 mm. DAPI was used as nucleus and kinetoplast marker. The light blue arrow indicates
the kinetoplast and the pink arrow indicates the nucleus. Yellow arrowheads indicate accumulation of acetylated a-tubulin around the kinetoplast and the white
arrowhead indicates accumulation of acetylated a-tubulin around the inclusion body-like structure. (B) Transmission Electron Microscopy of Dm28c pTcINDEX-GW
ATAT-HA epimastigotes induced with 0.5 mg/ml tetracycline for 48 h. A general view showing the nucleus, mitochondrial branches, a small portion of the kinetoplast
and the Golgi complex that was seen with its typical ultrastructure, without extended cisterns or space alteration between them (a). It was common to observe
parasites presenting alterations in the mitochondrial branches and at the kinetoplast region, especially cristae swelling (b and c, white arrows). Parasites presenting a
kinetoplast with multiple and electrodense networks were also observed (d). Cg – Golgi complex; f, flagellum; k, kinetoplast; m, mitochondrial branches; n, nucleus.
Bar: 1 mm. (C) Transmission Electron Microscopy of Dm28c pTcINDEX-GW ATAT-HA. In uninduced epimastigotes the replicated kDNA is contained in a kinetoplast
associated to two basal bodies (panel a, black arrowheads). Epimastigotes induced with 0.5 mg/ml tetracycline for 48 h presented atypical characteristics (b–f). In
this case, the replicated kDNA is contained in a kinetoplast associated to a single basal body (b, black arrowhead), which result is kinetoplast division impairment in a
cell with two nuclei. The kinetoplast region is continuous with mitochondrial branches (panel c, black arrows). The kDNA replication occurs during the S phase when
the antipodal sites contain proteins involved in this process (d, black arrows). Since the kDNA replicates, but the kinetoplast does not divide, the network curves and
folds over itself, becoming round and presenting an atypical topology. The kinetoplast shape also changes its format from disk to round (d-f). f, flagellum; k,
kinetoplast; n, nucleus. Bars = 1 mm (a and b), 200 nm (c-f). (D) Dm28c pTcINDEX-GW ATAT-HA epimastigotes induced with 0.5 mg/ml tetracycline for 48 h and
stained with Mitotracker CMTMRos. DAPI was used as nucleus and kinetoplast marker. The light blue arrow indicates the kinetoplast and the pink arrow indicates
the nucleus. The upper panel shows a parasite with a kinetoplast containing a duplicated kDNA and two nuclei, while the lower panel shows a kinetoplast with an
arched kDNA that did not suffer scission. Bar = 5 mm.
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T. cruzi ATAT acetylates alpha-tubulin in vivo and is 
capable of auto-acetylation in vitro

TcATAT is located in the cytoskeleton 
and flagella of epimastigotes

One of the most evident morphological 
defect observed in over-expressing 
epimastigotes is the formation of a 

refringent button-like structure.

It is an inclusion-body like structure.
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FIGURE 4 | Over-expression of ATAT-HA induced the formation of an inclusion body-like structure. (A) Immunolocalization of ATAT-HA with rat monoclonal anti-HA
antibodies in Dm28c pTcINDEX-GW ATAT-HA epimastigotes induced with 0.5 mg/ml tetracycline at different time points p.i. The yellow arrow indicates the inclusion
body-like structure, the light blue arrow indicates the kinetoplast and the pink arrow indicates the nucleus. DAPI was used as nucleus and kinetoplast marker. Bar: 5
mm. (B) Transmission Electron Microscopy of Dm28c pTcINDEX-GW ATAT-HA epimastigotes induced with 0.5 mg/ml tetracycline for 48 h. ib, inclusion body-like
structure. This structure was seen in close proximity with the endoplasmic reticulum (a, arrows) and was positioned close to the nucleus (n) and the kinetoplast (k) in
the posterior part of the cell body (b) or more commonly at the anterior end, close to the kinetoplast and the basal body (c). The inclusions body is not surrounded
by a membrane unit (d). bb, basal body; f, flagellum. The EDTA technique revealed ribosome rich regions in the nucleus, as the heterochromatin (ht) and granular
domain of the nucleolus (white arrows), whereas the inclusion body-like structure (ib) lacks ribosomes and is less electrondense in relation to these regions. When
comparing the inclusion body-like structure with organelles, as the nucleus (n) and the mitochondrion (m), it is clear that the first one is not surround by membrane
units (e).
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These results supports the idea that tubulin acetylation is crucial for replication and
differentiation and that TcaTAT is responsible for this posttranslational modification in
Trypanosoma cruzi microtubules.
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Hyperacetylation alters the cell cycle 
progression of epimastigotes

Over-expression TcATAT-HA causes phenotypic
alterations in acetylated a-tubulin distribution

and on mitochondrion ultrastructures.


