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Chromatin associated proteins are key regulators of many
important processes in the cell. Trypanosoma cruzi, a
protozoa flagellate that causes Chagas disease, alter-
nates between replicative and nonreplicative forms ac-
companied by a shift on global transcription levels and by
changes in its chromatin architecture. Here, we investi-
gated the T. cruzi chromatin proteome using three differ-
ent protocols and compared it between replicative (epi-
mastigote) and nonreplicative (trypomastigote) forms by
high-resolution mass spectrometry. More than 2000 pro-
teins were identified and quantified both in chromatin
and nonchromatin extracts. Besides histones and other
known nuclear proteins, trypanosomes chromatin also
contains metabolic (mainly from carbohydrate pathway),
cytoskeleton and many other proteins with unknown
functions. Strikingly, the two parasite forms differ greatly
regarding their chromatin-associated factors composi-
tion and amount. Although the nucleosome content is the
same for both life forms (as seen by MNase digestion), the
remaining proteins were much less detected in nonrepli-
cative forms, suggesting that they have a naked chroma-
tin. Proteins associated to DNA proliferation, such as
PCNA, RPA, and DNA topoisomerases were exclusively
found in the chromatin of replicative stages. On the other
hand, the nonreplicative stages have an enrichment of a
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histone H2B variant. Furthermore, almost 20% of replica-
tive stages chromatin-associated proteins are expressed
in nonreplicative forms, but located at nonchromatin
space. We identified different classes of proteins includ-
ing phosphatases and a Ran-binding protein, that may
shuttle between chromatin and nonchromatin space dur-
ing differentiation. Seven proteins, including those with
unknown functions, were selected for further validation.
We confirmed their location in chromatin and their differ-
ential expression, using Western blotting assays and
chromatin immunoprecipitation (ChlIP). Our results indi-
cate that the replicative state in trypanosomes involves
an increase of chromatin associated proteins content.
We discuss in details, the qualitative and quantitative
implication of this chromatin set in trypanosome chro-
matin biology. Because trypanosomes are early-branch-
ing organisms, this data can boost our understanding
of chromatin-associated processes in other cell
types. Molecular & Cellular Proteomics 16: 10.1074/
mcp.M116.061200, 23-38, 2017.

Chromatin is formed by DNA complexed with proteins and
RNAs. Approximately 146 bp of DNA wraps around the his-
tone octamer (composed by two copies of each of the ca-
nonical histones H2A, H2B, H3, and H4) forming the nucleo-
somes, the basic structural unit of chromatin. A fifth histone
(H1) associates with the nucleosomes and seals the DNA
turns (1). Chromatin is the substrate of many important pro-
cesses, like DNA repair and replication, gene regulation and
transcriptional control. Classically, chromatin can be divided
as euchromatin, composed of less condensed and actively
transcribed regions, and heterochromatin, comprising more
compacted and silent regions. However, this binary classifi-
cation is becoming obsolete as meta-analysis of the interac-
tion of proteins with DNA, and histone post-translational mod-
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ifications (PTMs)', indicates a more complex pattern with at
least five different chromatin subtypes (2).

Over the last years, many tools have been used to analyze
chromatin proteome. Histones PTMs and chromatin binding
proteins have been detected by specific antibodies followed
by mass spectrometry (MS) and chromatin immunoprecipita-
tion (ChIP) analyses (3-5). MS became a powerful technique
for epigenetics research. For example, many studies based
on MS made advances in characterizing human mitotic chro-
mosomes (6-10). The first studies detected less than 80
proteins, whereas in 2010, a proteomic study together with
machine learning techniques identified ~4000 proteins, in-
cluding many uncharacterized proteins associated with the
chromatin (11). More recently, more than 3900 phosphoryla-
tion sites were identified in proteins interacting with the chro-
matin (12).

T. cruzi is the etiological agent of Chagas disease, a para-
sitic disease that affects millions of people, mainly in Latin
America. During its life cycle, T. cruzi has distinct cellular
forms that are either able to divide (epimastigote and amas-
tigote) or to actively infect cells (trypomastigote) (13). As other
eukaryotes, T. cruzi has its chromatin organized into nucleo-
some filaments forming 10 nm fibers. However, neither 30 nm
fibers, nor condensed chromosomes are observed at mitosis
(14). The T. cruzi nucleosome is composed of canonical his-
tones that are very divergent from fungi and other metazoan
(15, 16). Histone H1 is also found in these parasites, but it is
formed only by regions similar to the C-terminal domain of
higher eukaryotes. It is believed that the lack of the histone H1
globular domain may be associated with a more relaxed chro-
matin structure observed in trypanosomes.

During life cycle, trypanosomes change their nuclear struc-
ture. The epimastigote form presents a round nucleus, a
defined nucleolus and relatively small amounts of peripheral
heterochromatin. In contrast, the trypomastigote form exhib-
its an elongated nucleus, no identifiable nucleolus and a more
abundant and dispersed heterochromatin. These changes are
accompanied by a decrease in transcription rates when the
replicative forms transform into nonreplicative ones (17). It is
unknown, however, how these changes in the nuclear struc-
ture are achieved during the differentiation and what charac-
terizes the chromatin in these different stages.

Here we analyzed the chromatin content of epimastigotes
and trypomastigotes by high resolution mass spectrometry to
identify and quantify proteins in chromatin (C) as well as in
nonchromatin (NC) fractions. Different classes of well-known
chromatin proteins and proteins with apparent nonchromatin

" The abbreviations used are: PTM, post-translational modifica-
tions; C, chromatin-associated protein; NC, nonchromatin associated
protein; ChIP, chromatin immunoprecipitation; SCX, stage tip frac-
tionation; LFQ, label free quantification; GO, gene ontology; MNase,
micrococcal nuclease; iBAQ, intensity based absolute quantitation;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

related function were detected. Surprisingly, the nonreplica-
tive stages have a very poor protein content but an enrich-
ment of a histone H2B variant when compared with replicative
stages. Comparing proteins that may shuttle between chro-
matin and nonchromatin space upon differentiation, we found
two interesting groups with different biological functions as
well as putative chromatin proteins with different location life
form-dependent. Additionally, we confirmed the association
of some proteins (with unknown functions) to chromatin and
discussed in details their possible roles regarding different
regulatory aspects of trypanosomes chromatin biology.

EXPERIMENTAL PROCEDURES

1. Parasite Cultures—T. cruzi (Y strain) epimastigotes were cultured
in liver infusion tryptose (LIT) medium supplemented with 10% fetal
bovine serum (FBS) at 28 °C (18). Trypomastigotes forms (Y strain)
were obtained from the supernatant of infected monolayers of LLC-
MK2 cells in culture medium DMEM with 10% FBS at 37 °C, 5% CO,,
as described previously (19).

2. Chromatin Extraction—Chromatin was extracted from 5 x 108
epimastigotes and trypomastigotes forms of T. cruzi using either
protocol 1, 2 or 3. Protocol 1 was based on (20) whereas protocol 2
was based on (21). Both are described in details at (22). Protocol 3
was described in (23), with a few modifications. 5 X 108 epimastig-
otes and trypomastigotes were resuspended in buffer A (10 mm
HEPES pH 7.9, 10 mm KCI, 1.5 mm de MgCl,, 340 mm sucrose, 10%
glycerol, 1 mm DTT, 10 mm sodium butyrate, 0.1% Triton X-100,
supplemented with phosphatase and protease inhibitors, 50 mm NaF,
1 mm NagVO,, 1 mm de PMSF and cOmplete™ EDTA-free protease
inhibitor mixture - Roche) and incubated on ice for 8 min and centri-
fuged at 1300 X g for 5 min at 4 °C. The supernatant was saved
(nonchromatin fraction) and the pellet was washed once in buffer A.
The pellet was then resuspended in buffer B (3 mm EDTA, 0.2 mm
EGTA, 1 mm DTT, 10 mm sodium butyrate, 50 mm NaF, 1 mm
Na,VO,,1 mm PMSF and cOmplete™ EDTA free protease inhibitor
mixture -Roche) and incubated on ice for 30 min. Samples were
centrifuged at 1700 X g for 5 min at 4 °C and the pellet was resus-
pended in buffer B with 250 U of benzonase and incubated for 30 min
at 37 °C under agitation (1,400 rpm). A buffer containing 8 m urea, 75
mM NaCl, 50 mm Tris-HCI pH 8 was added to the samples, and the
tubes were sonicated for 3 cycles of 30 s/45 s rest on a sonicator
bath. Samples were centrifuged at 21,000 X g for 10 min at 4 °C and
the final supernatant was kept for analysis (chromatin fraction). The
nonchromatin fraction from protocol 1 and 2 correspond to the su-
pernatant of the first lysis round.

3. Protein Digestion and Stage Tip Fractionation (SCX)—In-gel
tryptic protein digestion was performed as described in (24). In-
solution digestion was described in details at (22). Briefly, after TCA
precipitation, 150 pg of protein extracts were reduced with 5 mm of
DTT for 30 min at room temperature, alkylated with 14 mwm of iodo-
acetamide in the dark for 30 min and digested with 0.5 ng of Lys-C
(Promega, Madison, Wisconsin) for 4 h at 37 °C, under agitation (900
rpm). Sequentially, samples were digested with 0.75 ug of trypsin
(Sigma) in the presence of 10 mm of Tris-HCI pH 8 and 2 mm CaCl,
overnight at 37 °C, under agitation (900 rpm). The reactions were
stopped with 5% formic acid and vacuum dried. After protein diges-
tion, the peptides were cleaned up for detergent removal by hydro-
philic interaction chromatography-HILIC- (The Nest Group, Inc.,
Southborough, Massachusetts), according to instructions of the man-
ufacturer. Samples were redissolved in 400 ul of 0.1% TFA and
desalinated using the Sep-pak Light tC18 column (Waters, Milford,
Massachusetts). After desalination, samples were fractionated using
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strong cation exchange (SCX) offline chromatography as described in
(25), with some modifications (22). In short, peptides were eluted in six
fractions based on ammonium acetate concentration (50, 100, 200,
and 500 mwm) in 0.3% TFA/20% acetonitrile, followed by 5 and 15% of
ammonium hydroxide in 80% acetonitrile. Samples were dried and
analyzed by mass spectrometry.

4. LC-MS/MS Analysis—Peptides were resuspended in 0.1% for-
mic acid and injected in an in-house made 5 cm reversed phase
pre-column (inner diameter 100 um, filled with a 10 wm C18 Jupiter
resins -Phenomenex, Torrance, California) coupled to a nano HPLC
(NanoLC-1DPlus, Proxeon, Thermo Fischer Scientific, Waltham, Mas-
sachusetts). The peptide fractionation was carried on an in-house 10
cm reversed phase capillary emitter column (inner diameter 75 um,
filled with 5 um C18 Aqua resins-Phenomenex) with a gradient of
2-35% of acetonitrile in 0.1% formic acid for 52 min followed by a
gradient of 35-95% for 5 min at a flow rate of 300 nl/min. The eluted
peptides were directly analyzed in LTQ-OrbitrapVelos (Thermo Sci-
entific). The source voltage and the capillary temperature were set at
1.9 kV and 200 °C, respectively. The mass spectrometer was oper-
ated in a data-dependent acquisition mode to automatically switch
between one Orbitrap full-scan and ten ion trap tandem mass spec-
tra. The FT scans were acquired from m/z 200 to 2000 with mass
resolution of 30,000. MS/MS spectra were acquired at normalized
collision energy of 35%. Singly charged and charge-unassigned pre-
cursor ions were excluded. The dynamic exclusion was set as: 45 s
for exclusion duration; 500 for exclusion list size and 30 s for repeat
duration.

5. Data Analysis—The raw data were processed in software envi-
ronment MaxQuant (26) version 1.3.0.5 and Andromeda Search en-
gine (27). Proteins were identified by searching against the complete
database sequence of Trypanosoma cruzi-Cl Brener (downloaded at
TriTryp DB, release 4.2 - 23,311 sequences) together with a set of
commonly observed contaminants. Carbamidomethylation (C) was
set as fixed modification whereas oxidation (M) and acetylation (N-
terminal) as variable modifications; maximal number of modification
per peptide of 5; maximal missed cleavages of 2; MS1 tolerance of 6
ppm; MS2 of 0.5 Da; maximum false peptide and protein discovery
rates of 0.01. For matching between runs, the time window was 2 min.
The bioinformatics analysis was performed using Perseus software
(http://www.perseus-framework.org/). Protein matching to the re-
verse (or contaminants) database, or identified only by modified pep-
tides, were filtered out. Proteins were identified by at least one unique
peptide. Relative protein quantification was performed using the LFQ
algorithm of MaxQuant (28) using minimum ratio count of two. Protein
quantification was based on LFQ values of “razor and unique pep-
tides” of unmodified peptides, using the Proteingroups.txt file. Pro-
teins with to 2 or more valid LFQ values (not a NaN) in at least one
study group were considered for analysis, the remaining proteins
were filtered out. When indicated, LFQ values were transformed in log
scale. Differentially expressed proteins were statistically analyzed
using t test considering FDR = 0.05, sO = 0.2 and 250 number of
randomization using Perseus platform. For shuttle analysis, proteins
that were expressed (at least two valid LFQ values) only in C or only
in NC extracts were excluded from this analysis. An average of LFQ
values were obtained from chromatin proteins and divided by the
corresponding LFQ values from NC after imputation of missing values
by normal distribution (considering width = 0.3 and down shift = 1.8.)
according to Perseus. Euclidean distances were used for hierarchical
clustering of ratios of C/NC using Perseus. Gene Ontology (GO) term
analysis was performed using the “Gene Ontology enrichment tool”
from http://tritrypdb.org/ (release 27). In order to compare the p
values among protocols and life forms, p value cutoff was set as 1.0;
however, term enrichments were only considered significant when p
value was < 0.05. Clustering analysis of supplemental Fig. S7 was

carried out using an in-house program coded in Python programming
language together with the SciPy scientific library. Firstly, missing
values were imputed drawing from a normal distribution whose pa-
rameters were estimated from their own data. After that, for each
protein, a z-normalization among different replicates were performed.
Finally, hierarchical clustering for both proteins (rows) and replicates
(columns) were produced; for each clustering, we adopted an average
linkage method, and also the Euclidean distance to compute pair-
wise distances. Raw data used in data analysis is available at
ftp://MSV000079806@massive.ucsd.edu.

6. Experimental Design and Statistical Rationale—For MS analysis,
chromatin extracts of epimastigotes and trypomastigotes have been
obtained in three biological replicates. Proteins were considered
present only if they had a valid LFQ value (not NaN) in at least 2
replicates of each group. An average of LFQ and iBAQ values were
obtained for each group (epimastigotes and trypomastigotes) as well
as ratios of C/NC. We concluded that three biological replicates were
enough to reach a stationary number of identified proteins, because a
good agreement among biological replicates was observed. For ex-
ample, proteins exclusively found in replicates 1, 2, and 3 of epimas-
tigotes were only 4.5, 3.5, and 5.4%, respectively, of total number of
proteins identified/quantified. We noted that a second replicate in-
creases protein number by 7.5%, whereas the addition of a third
replicate leads to an addition of only 3.5%. A similar conclusion was
obtained for quantitative data (LFQ and iBAQ values). We observed
that pairwise analysis of biological replicates shows, on average, r =
0.957 (supplemental Fig. S6). Pearson correlation and volcano plots
were done in Perseus. Coomassie-stained gels, Western blotting and
electropherograms results show a representative image out of (at
least) 3 replicates obtained from independent biological replicates.
MNase digestion was also performed using T.cruzi life forms obtained
from three biological replicates.

7. Plasmid Constructs, Protein Expression, and Purification—The
genes of the proteins selected for target validation were amplified
from T. cruzi genomic DNA using the following primers (5'-3'):
TcCLB.506779.150, GAATTCCCGCCAACAAAAGGAGGG (forward)
and AAGCTTCTACACCACCTT CGCGTAGG (reverse); TcCLB.
509747.90, GAATTCTCCACTCCGTTGTGCACG (forward) and
AAGCTTTCACGCCAAGTACCCCATC (reverse); TcCLB.510513.40,
GAATTCGAGCTACATGTATTTGATTTTGATGG (forward) and CTCG-
AGCTA TTTCCCTCGATACCGAG (reverse); TcCLB.511439.40, GAA-
TTCCTGTTTTCA TGCGTGGAG and AAGCTTTCAGTACTTGCCG-
CCAA (reverse); TcCLB.508177.70, GAATTCAGTGTATTTATCAT-
TCCCCATTCCGG (forward) and AAGCTTTCAAAATGAGC-
CCAAACCGAGTCG (reverse); TcCLB.504001.20, GAATTCTCTTGC-
GATGCTGAAGAACC (forward) and AAGCTTTTACTGACCTTTTTC
AGCACT (reverse). All genes were amplified in full length, except
TcCLB.508177.70, in which primers were designed to amplify a spe-
cific and smaller fragment to facilitate its subsequent expression. The
purified PCR was cloned into pET28a (+) in E. coli BI21 DE3, and cells
were grown in LB broth with kanamycin (50 png/ml). Expression of the
recombinant was induced when cultured reached Agy, = 0.6 with 1
mmM of isopropyl-B-bp-thiogalactopyranoside (IPTG) for 3 h at 37 °C.
After induction, the cells were centrifuged at 6000 g for 15 min at 4 °C
and ressuspended in 50 mm Tris-HCI pH 7.4 or pH 6.8 (for Tc-
CLB.510513.40), 300 mm NaCl, 1% sarkosyl, 1 mm PMSF, 5 mm
DTT and cOmplete™ EDTA free protease inhibitor mixture (Roche).
Cells were lysed on ice using an ultrasonic disruptor UD-201 (Tomy
Seiko) for 6 cycles of sonication for 30 s and cooling on ice for 1
min. The lysate was centrifuged at 18,000 X g for 30 min. For
soluble proteins (TcCLB.506779.150 and TcCLB.509747.90), the
supernatant obtained was used directly for purification by affinity
chromatography on nickel charge resin Ni-NTA agarose (Qiagen).
For insoluble proteins (TcCLB.510513.40, TcCLB.511439.40, Tc-
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CLB.508177.70, and TcCLB.504001.20) the pellet was resuspended
in 50 mm Tris-HCI pH 7.4 or pH 6.8, 7.6 M urea, then the sample was
centrifuged at 10,000 X g for 30 min and the supernatant was applied
to the resin. For purification, the resin was washed with 5 column
volumes of MilliQ water and pre-equilibrated with 5 column volumes
of 50 mm Tris-HCI pH 7.4, 300 mm NaCl (soluble proteins) or 50 mm
Tris-HCI pH 7.4 or pH 6.8, 7.6 M urea (insoluble proteins). The sample
was loaded three times through the column, washed with 10 column
volumes of 50 mm Tris-HCI pH 7.4, 300 mm NaCl (soluble proteins) or
50 mm Tris-HCI pH 7.4 or pH 6.8, 7.6 M urea, 5 mm imidazole
(insoluble proteins). For protein elution, an imidazole gradient from 50
mM to 500 mm (with two column volumes) was made. The recombi-
nant proteins were visualized by SDS-PAGE, cut from the gel
and used for polyclonal antibody production by Proteimax (www.
proteimaxnet.com.br). The molecular size of TcCLB.508177.70 is
94 kDa but only a fragment of 16.7 kDa was expressed. The proteins
TcCLB.506779.150 (15.6 kDa), TcCLB.509747.90 (47 kDa), TcCLB.
510513.40 (34 kDa), TcCLB.511439.40 (52 kDa), (16.7 kDa), and
TcCLB.504001.20 (13 kDa) were expressed in their full length.

8. Western Blotting—Samples were separated by 15% or 10%
SDS-PAGE and transferred to 0.45 um nitrocellulose membrane for
1 h at 25V, using a semidry transfer apparatus in transfer buffer (25
mmM Tris, 192 mm glycine, pH 8.3). The membrane was blocked in
phosphate-buffered saline (PBS), 0.1% Tween 20 containing dry milk
(5% w/v) for 1 h, then incubated with primary antibody (anti-elF5A
1:10000 (29), anti-histone H3 1:3000 (abcam), anti-BIP 1:10000 (30),
anti-HSP70 1:10000 (31), anti-methyl glutaconyl-CoA (MgCoA)
1:10000 (32), anti-TcOrc1/Cdc6 1:1000 (21), anti-TcCLB.506779.150
1:2000, anti-TcCLB.509747.90 1:1000, anti-TcCLB.510513.40 1:3000,
anti-TcCLB.511439.40 1:2000, anti-TcCLB.508177.70 1:1000, anti-
TcCLB.504001.20 1:1000 (the last six antibodies were produced by
Proteimax) in blocking solution at 4 °C overnight. The membrane was
washed three times in PBS-0.1% Tween 20 incubated with secondary
antibody anti-rabbit or mouse (for anti-TcOrc1/Cdc6) conjugated
with HRP 1:5000 in blocking solution, for 1 h, and washed three
times in PBS-0.1% Tween 20. Antibody reactive bands were visu-
alized using the ECL detection kit (GE Healthcare Life Sciences) in
Western blot chemiluminescence imaging platform Alliance 4.7
(UVITEC Cambridge).

9. Chromatin Immunoprecipitation (ChIP)— ChlIP assays of 8 x 108
epimastigotes and trypomastigotes forms were performed as
described in (33). Samples were incubated with 3 ug of anti-
TcCLB.506779.150, anti-TcCLB.511439.40, and anti-TcCLB.508177.70
and with the same amount of the respective pre-immune serum of
each protein. Samples were also incubated with anti-histone H3
(abcam) and without an antibody as a control. Chromatin was eluted
with 250 ul of elution buffer (50 mm Tris-HCI pH 8.0, 10 mm EDTA and
1% SDS) and cross-links were reversed by incubation at 65 °C over-
night. DNA was purified by phenol-chloroform extraction and quan-
tified using NanoDrop 2000 spectrophotometer.

10. Micrococal Nuclease Digestion—T. cruzi epimastigotes or try-
pomastigotes (108 parasites) were washed in lysis buffer (1 mm po-
tassium L-glutamate, 250 mm Sucrose, 2.5 mm CaCl,, 1 mm PMSF)
and after centrifuged (at 1700 X g for 5 min) pellets were lysed with
lysis buffer containing 0.1% Triton X-100. The supernatants were
discarded and the pellets were washed two times with lysis buffer
without detergent. Samples were incubated with 1500 U of Micro-
coccal nuclease (Thermo Scientific) for about 30 min at 37 °C then
they were supplemented with 10 ul of proteinase K (20 mg/ml) and
incubated at 56 °C for 3 h. The DNA was extracted by phenol-
chloroform method, analyzed at 2100 Bioanalyzer (Agilent) and quan-
tified using a NanoDrop 2000 spectrophotometer.

RESULTS

Proteomics Analysis of Chromatin and Nonchromatin Asso-
ciated Proteins—Chromatin is a very dynamic structure in
which proteins can be linked to DNA with different strengths
and affinities. To better obtain a set of chromatin-associated
proteins, we extracted chromatin from T. cruzi by using three
different protocols namely protocol 1, 2, and 3 as described
by (20, 21, 23), as well as their nonchromatin fractions for
comparison. The utilization of these three protocols could
circumvent the fact that some chromatin proteins are difficult
to extract. Chromatin proteins tightly associated with DNA
were separated from nonchromatin fractions by centrifuga-
tion, submitted to endonuclease digestion, protein precipita-
tion and MS analysis (Fig. 1A).

To evaluate the presence of chromatin and nonchromatin
proteins, the fractions obtained by the three protocols were
submitted to Western blotting using antibodies to histone H3,
a known chromatin protein, and the eukaryotic translation
initiation factor 5A (elF5A) a predominant cytosolic protein (29)
(Fig. 1B). This latter can also be found in the nuclear space in
some contexts (34). In addition, chromatin extracts were also
probed against a mitochondrial (methyl glutaconyl-CoA- Mg-
CoA), an endoplasmic reticulum (BiP) (30) and other cytoplas-
mic (Hsp70) (31) marker (supplemental Fig. S1). Protocol 3
seems to have more contaminants mainly from cytoplasm and
mitochondria. The enrichment of the histone and the lower
levels of other cytoplasmic markers in the chromatin fraction
show the effectiveness of the three protocols. Importantly,
protocols 1 and 2 were previously used to obtain histones and
to analyze pre-replication factors in parasites, respectively
(21, 35) whereas protocol 3 was used to obtain chromatin
associated proteins from mammals (23).

High resolution proteomics analysis was performed after
enzymatic digestion and strong cation exchange (SCX)-stage
tip decomplexation. Altogether, 2254 proteins were identified
and quantified based on extracted ion chromatogram (XIC) by
label free quantification. Combined analysis of all samples,
identified 19674 peptides from which 15488 were unique
peptides (supplemental Table S1). For the chromatin-enriched
fractions, 706, 981, and 293 proteins were identified in pro-
tocol 1, 2, and 3, respectively, totalizing 1494 proteins (Fig.
1C). For nonchromatin fractions 1088, 872, and 1143 proteins
were identified in protocol 1, 2, and 3, respectively (supple-
mental Fig. S2). Surprisingly, only 136 proteins were common
to all chromatin fractions, showing that each protocol identi-
fied a different subset of proteins, which highlights the diffi-
culty of establishing a set of chromatin proteins based on just
one purification procedure. In contrast, the nonchromatin ex-
tracts contain 700 proteins that were detected in all three
protocols (supplemental Fig. S2).

To obtain a set of more stringent chromatin-associated
proteins, we selected proteins that were identified in at least
two different extraction protocols. This approach retrieved
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Fic. 1. A, Outline of the workflow to identify chromatin-associated proteins in T. cruzi. Epimastigotes were harvested and chromatin and
nonchromatin enriched extracts were obtained by three different extraction protocols (1, 2 and 3) described at Materials and Methods. After
protein precipitation and digestion, peptides were analyzed by LC-MS/MS. Raw data were analyzed by MaxQuant/Perseus software. B, Protein
fractionation after chromatin extraction of epimastigotes using three different protocols. Upper panel: SDS-PAGE of nonchromatin and
chromatin fractions obtained by protocols 1, 2 and 3. Molecular marker and whole cell extract (WCE) are indicated. Lower panels: Western
blotting using antibodies against elF5A (a nonchromatin protein) and histone H3 (chromatin protein). C, Venn diagram showing the number of

proteins found by MS in each chromatin-enrichment protocol.

349 proteins (supplemental Table S2). Gene ontology (GO)
(cellular component) terms such as “nucleus,” “chromatin,”
“chromosome,” “nucleolus,” and “nucleosome” were en-
riched in proteins present in this subset, in comparison to a
similar subset composed of proteins from nonchromatin ex-
tracts (Fig. 2A). Although the fold enrichment for “cytosol” and
“mitochondrion” were the same for proteins obtained from
nonchromatin and chromatin extracts, -log p values for this
latter were much lower (Fig. 2B). Moreover, GO terms as-
sociated with biological processes located preferentially at
nuclear spaces (“DNA packaging,” “nuclear division,”
“nucleosome assembly,” “RNA splicing”), are enriched in
chromatin-extracts, whereas processes mainly located pri-
marily at cytoplasm (“nucleoside phosphate metabolic
process” (36), “vesicle mediated transport,” “metabolic

process”) were more enriched at nonchromatin extracts
(Fig. 2C).

Interestingly, we found enriched proteins involved in the
“glycolysis” (p value: 0.0038) and the “glucose metabolic
process” (p value: 0.0048) as well as “generation of precursor
metabolites and energy” (p value: 0.0042) in chromatin-ex-
tracts. Four proteins from the glycolytic pathway were found
in the chromatin associated-extracts including fructose-
bisphosphate aldolase (TcCLB.504163.50), glyceraldehyde
3-phosphate dehydrogenase (GAPDH) (TcCLB.506943.50),
hexokinase (TcCLB.508951.20), and pyruvate dehydrogenase
E1 component alpha subunit (TcCLB.507831.70).

The absolute abundance of proteins was estimated using
the iBAQ (Intensity- Based Absolute Quantification) (37) tool
from MaxQuant. From the 349 putative chromatin associated
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Fic. 2. Classification of chromatin and nonchromatin extracts identified in at least two enrichment protocols. A, Fold enrichment
related to the whole proteome according to the predicted localization based on GO search for cellular component. B, p value (log base 10) from
Fischer’s exact test for proteins predicated to be located at mitochondria and cytosol. C, Predicted function based on GO search for biological
process. Fold enrichment is shown as in B. D, Distribution of iBAQ values of proteins identified in at least two protocols according to GO cellular
component. E, Scatter plot of iBAQ values of chromatin-associated proteins from protocols 1 and 2. Categories from GO predicted biological
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carbohydrate (pink), hypotheticals (open circle).
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proteins, 42% abundance was detected from proteins as-
sociated with the term “nucleus,” whereas 9% came from
proteins associated with “cytoplasm,” showing that our
preparations are enriched with proteins located at the nu-
cleus (Fig. 2D). It is important to note that, 17% of proteins
are classified as “hypothetical proteins” with unknown lo-
cation and function.

As expected, histones were present within the highest
abundant group for all protocols. RNA binding proteins and
high mobility group proteins were detected as highly abun-
dant, as well. However, some proteins with unrelated chro-
matin functions were also identified with high abundance,
such as kinetoplastid membrane protein KMP-11, paraflagel-
lar rod proteins, and cytoskeleton components (« e B tubulin,
dynein) (supplemental Table S2, Fig. 2E and supplemental
Fig. S3). Further experimental validation is necessary to con-
firm whether these proteins represent contaminants in our
preparations, or if they are proteins with an undescribed chro-
matin function.

It is worth to emphasize that we likewise detected high-
ly abundant hypothetical proteins. From the 50-most
abundant proteins in each chromatin extraction protocol,
11 were hypothetical, including seven (TcCLB.507105.50,
TcCLB.511733.90, TcCLB.507165.30, TcCLB.504153.280,
TcCLB.508719.30, TcCLB.507625.120, and TcCLB.505807.60)
that were detected in at least two different protocols. Inter-
estingly, TcCLB.504153.280 has a domain of SMC (structural
maintenance of chromosomes), which is involved in chromo-
some segregation (38).

Epimastigotes Chromatin Contains More Protein Diversity
Than Trypomastigotes— Chromatin is a very dynamic and or-
ganized structure that can be changed by alterations in the
surrounding environment. Therefore, we aimed to identify and
compare the chromatin-associated proteins in epimastigotes
and trypomastigotes. Both live in different environmental con-
ditions. The latter is the nonproliferative/infective form of T.
cruzi and presents some important differences regarding
chromatin structure and transcriptional levels when compared
with the first.

Whole cell and chromatin extracts of proliferative forms
yields 4.3 and 7.6 (an average of the three protocols) times
more micrograms of proteins per cell when compared with the
nonproliferative forms (supplemental Fig. S4C). These differ-
ences were visible in proteins fractionated by SDS-PAGE (Fig.
3A and supplemental Fig. S4A). It is striking that trypomas-
tigote chromatin extracts show a modest protein diversity and
quantity when compared with epimastigotes regardless of the
extraction protocol. It is important to note that the lack of
proteins in the chromatin extracts of trypomastigotes was not
because of a tight association of proteins with DNA as ob-
served by a low amount of proteins remaining in the pellet.

Nonreplicative Forms Contain the Majority of Chromatin
Associated Proteins in Lower Levels Than Epimastigotes—To
evaluate chromatin of replicative and nonreplicative forms in

more details, chromatin extracts from protocol 2 (in biological
triplicates) were analyzed by high-resolution mass spectrom-
etry. One thousand one hundred and sixteen proteins (1116)
were identified/quantified in chromatin extracts (Fig. 3B). sup-
plemental Fig. S6 shows that the biological replicates were in
a good correlation. Considering proteins that were identified
in at least two replicates from epimastigotes or trypomastig-
otes, we could classify proteins expressed predominantly in
epimastigotes (609 proteins) and trypomastigote (144 pro-
teins), as well as 363 proteins that are common to both forms
of the parasite (Fig. 3B, supplemental Table S3). These results
confirm that epimastigotes contain more protein diversity than
trypomastigotes, indicating that trypomastigotes have fewer
chromatin-associated proteins.

Accordingly, in the group of proteins commonly expressed
in both forms, all five histones were identified. Among the
proteins present only in epimastigotes, we found several nu-
clear proteins involved in processes such as transcription/
splicing: RNA-binding proteins, small nuclear ribonucleopro-
teins, and replication: replication factor A 28 kDa subunit-
(TcCLB.510821.50) and 51 kDa subunit (TcCLB.510901.60),
DNA topoisomerase IA (TcCLB.510121.160), proliferative
cell nuclear antigen (TcCLB.508277.150), and a nucleo-
some assembly protein-like protein (TcCLB.505983.20).
Among the proteins preferentially expressed in trypomasti-
gotes, we found ATP-dependent DEAD/H RNA helicase
(TcCLB.508973.50), heat shock protein-like protein DnaJ
homolog (TcCLB.509157.80), RNA-binding protein 6 (TcCLB.
508153.680), transcription elongation factor 1 homolog (ELOF1-
TcCLB.504247.30), and a histone H2B variant (TcCLB.
506779.150).

Quantitative proteomics analysis indicates that globally,
proteins are equally expressed in both life forms (LFQ E/T
ratio ~ 0, Fig. 3C) however, histones are overrepresented in
our trypomastigotes extracts. In fact, 29% of trypomastig-
ote’s chromatin content is composed of histones, comparing
to 5% of epimastigotes chromatin (Fig. 4B). However, both life
forms contain the same number of nucleosomes, as seen by
microccocal nuclease digestion (supplemental Fig. S5). The
nucleosomal DNA obtained from both forms was the same
(supplemental Fig. S5B) indicating that epimastigotes and
trypomastigotes contain the same number of nucleosomes
per cell.

Hierarchical clustering confirms the good agreement be-
tween biological replicates (supplemental Fig. S7). In addition,
it shows a clear distinction of expression pattern between
chromatin-associated proteins. The great majority of proteins
are more expressed in epimastigotes whereas a small subset
is more represented in trypomastigotes. Statistical analysis (o
value < = 0.05, s0 = 0.2) from the 1116 analyzed proteins
indicates that 840 (75%) proteins are differentially expressed
during life forms and, 215 proteins are more expressed in
trypomastigotes chromatin (Fig. 3D). This latter set, however,
contains proteins that are equally expressed (per cell) per life
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Fic. 3. A, SDS-PAGE analysis of chromatin-extracts (protocol 2) from epimastigotes and trypomastigotes normalized by number of
cells. At left, proteins obtained from supernatant of DNase treatment, at right, the remaining pellet that were solubilized with Coomassie sample
buffer. B, Venn diagram showing a comparison of proteins identified exclusively in epimastigotes (609) and trypomastigotes (144) forms and
those proteins found in both forms (363) after chromatin extraction and MS analysis. C, Comparison of LFQ ratios (in log scale) of epimastigotes
and trypomastigotes from all chromatin associated proteins (left) and from histones (right). * Deoxyribonuclease-1 from Bos taurus. D, Volcano
plot of chromatin-associated proteins from epimastigotes and trypomastigotes. Differentially expressed proteins were obtained considering p
value <0.05 and sO = 0.2. Missing data were imputed by normal distribution. Ribosomal (black), histone (red) and cytoskeleton proteins (green)

and RNA binding proteins (yellow).

form. This result should be analyzed with caution, as MS
analysis were performed from equal mass of protein samples.
Taken together, these data suggest that besides having less
protein diversity, trypomastigotes contain lower amounts of
proteins associated with their chromatin, which further cor-
roborates that they have a naked chromatin.

One of the most abundant proteins found in trypomastig-
otes chromatin extracts is TcCLB.504277.20, a hypothetical
protein with sequence homology to TolT (Fig. 4A). Another
high abundant and still uncharacterized protein is TcCLB
507105.50 (Fig. 4A), which is present in both life forms. It
corresponds to a 17 kDa protein with isoelectric point of

11.63. These biochemical characteristics resemble proteins that
are in close proximity to DNA, such as histones and high mo-
bility proteins. It is possible that this hypothetical protein may
represent an undescribed protein that interacts with DNA.

In agreement to high DNA and RNA-metabolic activity,
ribosomal proteins and RNA binding proteins are detected in
higher amounts in epimastigotes chromatin extracts when
compared with trypomastigotes chromatin extracts (Fig. 4B
and supplemental Table S3).

In order to investigate if any important biological function
could be distinct in chromatin from these two life forms, we
searched at GO biological function. In accordance to Fig. 4C,
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all analyzed terms, except two (“microtubule-based process
and cytoskeleton organization” and “nucleosome assembly
and DNA packaging/replication/repair”) were more abundant
in epimastigotes (Fig. 4C).

The term “protein folding” comprises almost 8% of pro-
tein abundance of epimastigotes chromatin but only 1.2%
of trypomastigotes (Fig. 4C). This term includes mainly
chaperone proteins that are involved in the proper folding
of nascent proteins. Two prefoldins were found only in
epimastigote chromatin extracts (TcCLB.506859.90 and
TcCLB.510629.430). Prefoldins are cochaperones that work
on folding of actin and tubulin, however, they are also found in
nucleus and associated with gene transcription (39). Terms
associated with “oxidation and reduction” and “cell redox
homeostasis”, are also more abundant in epimastigotes
(8.3% and 0.14%) when compared with trypomastigotes (1%
and 0.04%) chromatin extracts (Fig. 4C).

Trypomastigotes also contains proteins associated with
metabolism. However, these proteins are three times more
abundant in epimastigotes than in trypomastigotes chroma-
tin. Specifically, proteins from glycolysis pathway are two
times more abundant in epimastigotes chromatin (Fig. 4C
and supplemental Table S3). As it will be discussed below,
GAPDH, a glycolytic enzyme, has been previously shown to
be associated with T.cruzi chromatin (33).

Chromatin Extraction and ChIP Confirms Chromatin Asso-
ciation of Selected Candidates—Because of the large number
of putative chromatin-associated proteins classified as hypo-
thetical proteins, we aimed to confirm their localization by chro-
matin fractionation and chromatin immunoprecipitation (ChIP).
The chosen proteins were preferentially hypothetical proteins
expressed mainly in epimastigotes (TcCLB.511439.40 and
TcCLB.508177.70), or in trypomastigotes (TcCLB.506779.150
-histone H2B variant, TcCLB.509747.90 and TcCLB.
510513.40), or common to both forms (TcCLB.509471.59-
histone H3 and TcCLB.504001.20). This latter protein was
classified as a shuttle protein as described in the next section.

After a search on blastp (http://blast.ncbi.nlm.nih.gov/
Blast.cgi), using the hypothetical proteins as queries, we ob-
served that the TcCLB.510513.40 protein, despite not having
a known chromatin related domain, is similar to a protein
involved in nucleic acid binding (OB protein containing fold) of
Dictyostelium discoideum, and to a protein related to nucle-
olar rRNA processing (GAR1 protein) of Fusarium fujikuroi.
The protein TcCLB.504001.20 has an Alba superfamily do-
main. Alba protein is a chromosomal protein that coats ar-
chaeal DNA but does not compact it (40), and may play a role
in maintenance of chromatin architecture and, thereby, in
transcription repression (41).

From this selection, the corresponding genes were cloned,
and the recombinant proteins were expressed in E. coli and
affinity purified (supplemental Fig. S8) for polyclonal antibody
production. The resulting immune sera were used to check for
the presence of the target proteins in the chromatin after

protein extraction in epimastigotes and trypomastigotes
forms (Fig. 5A). As expected, the proteins that were prefer-
entially expressed in trypomastigotes (TcCLB.506779.150,
TcCLB.509747.90, and TcCLB.510513.40) are mainly present
in the chromatin fraction of these parasites forms rather than
epimastigotes. The TcCLB.511439.40 and TcCLB.508177.70
proteins were found in the chromatin fraction of epimastigotes
but not of trypomastigotes. Antibodies against proteins com-
monly expressed in the two forms (TcCLB.504001.20 and
histone H3) also confirmed the presence of these proteins in
the chromatin of both forms. elF5A and TcOrc1/Cdc6, a pro-
tein involved in DNA replication, were used as a cytosolic and
chromatin controls, respectively. We confirmed that this latter
is associated with epimastigote chromatin, but not to trypo-
mastigote chromatin (21, 42). Unfortunately, none of the an-
tibodies raised against selected candidates worked for immu-
nofluorescence assays.

Chromatin immunoprecipitation (ChIP) assays were per-
formed to confirm if specific life stage proteins were associ-
ated with chromatin (Fig. 5B). Because of the high amount of
parasites necessary for this experiment, we chose three pro-
teins for validation: TcCLB.506779.150, expressed mainly in
trypomastigotes; TcCLB.511439.40, expressed mainly in epi-
mastigotes, and TcCLB.509471.59, expressed in both forms.
ChIP was performed for each antibody as well as its corre-
sponding preimmune serum in both parasite forms. The per-
centage of DNA immunoprecipitated related to the input is
shown in supplemental Fig. S9, where a higher percentage of
DNA is obtained in comparison with the preimmune serum,
indicating antibody specificity to a DNA binding protein. As
expected, for TcCLB.506779.150, we detected more immu-
noprecipitated DNA from trypomastigotes than from epimas-
tigotes. For TcCLB.511439.40, we observed the opposite. In
Fig. 5B, it is showed ratios of epimastigote and trypomastig-
ote DNA immunoprecipitated by the indicated antibody, con-
firming their preferential location at DNA from trypomastigotes
(TcCLB.506779.150), epimastigotes (TcCLB.511439.40), and
from both forms (TcCLB.509471.59).

Different Classes of Proteins Shuttle Between Chromatin
and Nonchromatin Territories in T. cruzi Life Forms—As fewer
proteins were found in nonreplicative chromatin, we asked if
any of chromatin-associated protein from replicative stage
would be found in the nonchromatin (NC) space of nonrepli-
cative stage. Thus, we analyzed by quantitative MS the NC
content of both life forms looking for proteins that may shuttle
between chromatin and NC space during T. cruzi differentia-
tion. Using a very simple criterion (presence or absence based
on quantitative data - LFQ values), we detected 173 putative
chromatin-associated proteins from epimastigotes that were
located at NC extracts of trypomastigotes, indicating that they
are indeed expressed, however they have a different location
in the nonreplicative forms (Fig. 6A).

In order to have more insights into proteins that may shuttle
between chromatin and NC during differentiation, we com-
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pared quantitative MS data from all proteins except those that
were expressed only in chromatin or only in NC extracts as
depicted at Fig. 6B. We calculated the ratios of quantitative
data (LFQ values) of a given protein obtained from chromatin
and NC extracts. Hierarchical clustering analysis (Fig. 6C)
shows two interesting clusters whose ratios C/NC are life form
dependent, highlighting proteins that are predominantly pre-
sented bounded or not to chromatin depending of life stage.
Two hundred and seventy-one (271) proteins have C/NC
higher in epimastigotes than trypomastigotes, whereas the
opposite is true for 79 proteins.

GO analysis indicated that these groups differ greatly
among their biological function. Interestingly, terms associ-
ated with metabolic process G0:0008152 (epi p value
1.72E-10; trypo p value = 0.01031); generation of precursor
metabolites and energy GO:0006091 (epi p value = 3.93E-08;
trypo p value = 0.09122); acetyl-CoA metabolic process GO:
0006084 (epi p value = 2.23E-06; trypo p value = 0.11814),
glucose metabolic process GO:0006006 (epi p value = 2.31E-
05; trypo p value = 0.0512) are enriched in epimastigotes

C/NC. However, in trypomastigotes C/NC, we found an en-
richment of GO terms associated mainly ubiquitin-dependent
protein catabolic process GO:0006511 (trypo p value
0.00235, epi p value 0.06550), macromolecule catabolic
process GO:0009057 (trypo p value = 0.00552, epi p value =
0.13929), and protein catabolic process (trypo p value
0.00310, epi p value = 0.08425) (Fig. 6D).

Many subunits of proteasome were found enriched for
trypomastigotes C/NC compared with epimastigotes
(TcCLB.503613.20, TcCLB.504069.10, TcCLB.504213.120,
TcCLB.506885.350) although proteasome regulatory ATPase
subunits (TcCLB.504147.200, TcCLB.506857.90, TcCLB.
506859.20) and proteasome regulatory nonATPase subunit
(TcCLB.508741.300) were found enriched for C/NC in epi-
mastigotes (supplemental Table S4, clusters 418 and 420).
Protozoan proteasomes contain multiple « and B subunits,
as other eukaryotes, and inhibition of proteasomal function
suspends cell cycle progression and morphological differ-
entiation in Trypanosoma (43, 44). The proteasome compo-
nents found here may play a role in differentiation or cell
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34 Molecular & Cellular Proteomics 16.1



Chromatin-associated Factors of T. cruzi Life Forms

cycle of trypanosomes regulating important chromatin
components.

Different classes of RNA binding proteins are enriched
either in epimastigotes or trypomastigotes C/NC, namely:
TcCLB.511727.270, TcCLB.511517.70, TcCLB.506755.260,
TcCLB.510859.10, TcCLB.511621.50, and TcCLB.508413.50.
In addition, two different phosphatases (TcCLB.506925.150
and TcCLB.511491.100) were found enriched in C/NC ex-
tracts of epimastigotes compared with trypomastigotes and
vice-versa, respectively. Protein phosphorylation/dephospho-
rylation is important for regulation of many signaling pathways
and has been shown to be important in T. cruzi differentiation
(45, 46). It is tempting to propose that these enzymes may
represent important regulators of transformation by control-
ling dephosphorylation steps life-form and location specific.

Intriguing, ratios C/NC of a Ran-binding protein 1 (BP1)
(TcCLB.507099.30) are thousand times higher in trypomastig-
otes than in epimastigotes. This protein associates with a Ran
(Ras-related nuclear) small GTPase protein, which inhibits the
Ran exchange of GDP for GTP catalyzed by the chromatin-
bound protein RCC1 (Regulator of Chromosome Condensa-
tion 1). Once bounded to GTP, Ran is responsible (together
with exportins) for protein nuclear exportation (47, 48). Once
high ratios of Ran-BP1 is found on trypomastigotes chroma-
tin, our data suggest that protein nuclear exportation is im-
paired in trypomastigotes.

DISCUSSION

T. cruzi is a good model for chromatin study as it alternates
between replicative and nonreplicative forms accompanied
by a shift on their global transcription levels and changes in
their chromatin architecture. In addition, in comparison to
higher eukaryotes, their histones differ greatly regarding pri-
mary structure, however they are also subjected to modifica-
tions that are differentially expressed upon cell differentiation
(22). Here, one of the most surprising findings is that the
nonreplicative form not only has few proteins in its chromatin
but also a less diverse protein repertoire. This observation
raised important questions: How is the DNA metabolism af-
fected by the lack of some proteins in chromatin? Would it be
related to the replication arrest and low global transcription
levels observed in trypomastigotes? What are the essential
chromatin proteins? Would chromatin of other nondividing
cells also contain low levels and little diversity of proteins? To
our knowledge, there are no chromatin proteome analyses of
such cell for comparison. These are important questions that
need be addressed in the chromatin field and the growing
robustness of proteomics analysis may be able to start an-
swering them.

Here, we identified many known chromatin associated pro-
teins, such as histones, PCNAs, transcription factors, HMG
proteins, and components of spliceosome, among others.
From ten small nuclear ribonucleoprotein proteins found in T.
cruzi genome (Non-Esmeraldo-like), we were able to find

five of them: TcCLB.508257.150- SmD3; TcCLB.510531.54;
TcCLB.507007.74- Sm-F; TcCLB.511499.59- Sm-E; TcCLB.
511725.174- Sm-G. The last three were found mainly in rep-
licative forms. All trypanosome mRNAs are transcribed as
long polycistronic units that are cotranscriptionally processed
to monocistronic mMRNAs by trans-splicing (49). Thus, in con-
trast to mammalians, the maturation of mMRNA occurs mainly
at nuclear space in close association with chromatin (50).
Thereby, it was not surprise that we detect many components
of spliceosome in our chromatin extracts.

We also detected some proteins with no apparent chroma-
tin-related functions, such as cytoskeleton proteins, ribo-
somal proteins, mitochondrial proteins, and proteins associ-
ated with metabolic process. Whether they represent proteins
with unknown chromatin functions or if they are mere con-
taminants of our preparations need to be further verified. In
the following, we discuss their possible roles in chromatin
emphasizing some evidence of them. Nevertheless, it is im-
portant to stress that trypanosomes have a closed mitosis
(51), which may contribute to lower contamination levels from
cytoplasmic compartments.

Concerning cytoskeleton proteins, there is evidence that
actin and vimentin are involved in chromatin remodeling and
DNA binding, respectively (52-54). In addition, there is grow-
ing evidence that chromatin associated proteins act as moon-
light proteins, interacting with microtubules via their chroma-
tin-binding domains and nuclear localization signal (55). In this
regard, one of the most abundant detected protein was a
kinetoplastid membrane protein 11 (KMP-11), that is a micro-
tubule-bound protein localized at the basal body of Trypano-
soma brucei (56). The basal body is essentially a centriole that
controls the growth of microtubules. Whether it can partici-
pate on mitotic spindle formation (justifying its identification)
or not is an open question.

Regarding proteins associated with metabolic process,
here we found mainly those related to carbohydrate metab-
olism (fructose-bisphosphate aldolase (TcCLB.504163.50),
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (TcCLB.
506943.50); hexokinase (TcCLB.508951.20), pyruvate dehy-
drogenase E1 component alpha subunit (TcCLB.507831.70)).
It was previously shown that GAPDH associates with T. cruzi
telomeric DNA during the replicative phase of life cycle (epi-
mastigote) (33), where authors showed that the GAPDH-te-
lomere association and NAD+/NADH balance changed
throughout the T. cruzi life cycle. The presence of metabolic
proteins at T. cruzi chromatin, corroborates the growing evi-
dences that associate chromatin and metabolism. It has been
suggested that chromatin may function as a sensor to cell
metabolism therefore transforming intermediate metabolites
into epigenetic changes (57).

In addition, kinetoplast-associated proteins were found in
our preparations. Kinetoplast is a structure found in trypano-
somatids that is composed of a single mitochondrion (58). It is
possible that the protocols used here also extracted mito-
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Fic. 7. Model of chromatin content of replicative and nonreplicative stages of T. cruzi.

chondrial DNA and, in turn, proteins associated with it, as it is
very abundant in trypanosomes. However, only traces of Mg-
CoA (a mitochondrial protein) were detected at chromatin
from protocol 2 (supplemental Fig. S1).

T. cruzi alters between the nonproliferative/infective form
(trypomastigote) and proliferative/noninfective form (epimas-
tigote) that, as discussed above, has peculiar differences
regarding morphology and chromatin structure. Here, we
found that epimastigotes chromatin has much more protein
diversity than trypomastigotes. A model highlighting impor-
tant differences observed between life forms is shown at Fig.
7. Ribosomal proteins and RNA binding proteins are enriched
at epimastigotes chromatin, which may be a consequence of
more DNA and RNA metabolic activity found in this life form.
Nevertheless, it is striking how trypomastigotes chromatin is
naked: histones represent almost one-third of their total chro-
matin content. In contrast, only 5% of epimastigotes chroma-
tin is composed of histones. Besides that, we observed that
chromatin associated proteins are less expressed in nonrep-
licative forms. Important proteins associated with DNA repli-
cation, such as PCNA, RPA, and DNA topoisomerases were
found in replicative stages but not in nonproliferative stages.
As trypanosomes regulate their genes mainly post transcrip-
tionally (59), we speculate that an important regulation
through life stage transformation may modulate transcripts/
protein stabilization/degradation in order to arrest prolifera-
tion through DNA replication blockage.

It was previously shown that trypomastigotes contains a
poorly transcribed and highly condensed chromatin (17). To
date, no protein was assigned to be associated with this
compaction. Curiously, this life form contains the majority of
histone H1 in a phosphorylated form that is more weakly
associated with the chromatin (60). In Drosophila, it was
shown that the repressive chromatin could be classified in at
least three types (namely, black, green, and blue) according to

a unique combination of a subset of proteins and/or histone
PTMs. For example, proteins associated to the known path-
ways of gene repression, including the Polycomb and HP1
pathways, are found in blue and green chromatin (2). In
T.cruzi, no gene for HP-1 or polycomb has been identified so
far. However, they contain a NUP-1, a nucleoskeleton protein
similar to lamins, that is involved with the organization of
heterochromatin and epigenetic control (61). Here, we found
NUP-1 both in epimastigotes and trypomastigotes chromatin-
enriched extracts, although they are up-regulated in trypo-
mastigotes extracts.

We envisage that a protein mainly expressed in trypomas-
tigote chromatin extracts could play a role on the differential
chromatin compaction found between both life forms. In this
regard, it is interesting that we found a histone variant H2B,
(H2Bv- TcCLB.506779.150) expressed mainly in trypomastigote
chromatin. The replacement of canonical histones by histones
variants (62), causes profound effects on chromatin structure. In
T. brucei, H2B variant dimerizes with the histone variant H2AZ,
and both are absent from transcription sites (63, 64). These data
are important given that we found H2Bv mainly expressed in
trypomastigotes forms, which present low levels of transcrip-
tion. In addition, we detected an acetylation at H2Bv N terminus,
possibly enhancing the regulation complexity (data not shown).
Whether this histone is associated with heterochromatin forma-
tion/maintenance needs further investigation.

We have validated the presence and differential expression
in chromatin extracts of seven proteins. Because of the diffi-
culty to obtain antibodies for all of them, we chose represent-
ants from hypothetical proteins (as well as histones) that were
expressed in one or both life forms. The confirmation of their
association with chromatin gave us confidence that our data
set could help on the holistic understanding of chromatin
function and structure in parasites. The high number of hypo-
thetical proteins identified here as putative chromatin-associ-
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ated protein is challenging. Some of them have conserved
regions that might suggest their function, whereas for others,
no available clue is present. Their characterization may reveal
important aspects of chromatin biology considering that T.
cruzi is an early-branching organism.

Finally, we looked for proteins that may shuttle between
chromatin and nonchromatin spaces during differentiation.
Almost 20% of epimastigote’s chromatin-associated proteins
were found in trypomastigotes nonchromatin extracts, indi-
cating they are expressed in the nonproliferative forms but
with a different localization. Changing protein location may be
one of the strategies used by trypanosomes to regulate pro-
tein function. How this mislocalization is achieved is an open
question, however we have found a very interesting protein
involved in nucleocytoplasmic transport that may play a role
on that. High ratios of C/NC of the Ran-binding protein 1 (BP1)
(TcCLB.507099.30) is found at trypomastigotes. This protein
inhibits the exchange of GDP for GTP into Ran proteins that,
in turn, interferes with protein nuclear exportation (47, 48). The
fact that high ratios of this protein is found at trypomastigotes
chromatin and the fact that this life form exhibits a poor
chromatin content, indicates that important differences into
nucleocytoplasmic transport exist in life forms that, in turn,
could be related to the different chromatin profile and amount
found in different T.cruzi life forms.
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