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TBP and SNAP50 transcription factors bind 2

specifically to the Pr77 promoter sequence
from trypanosomatid non-LTR retrotransposons
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Abstract

Background: Trypanosomatid genomes are colonized by active and inactive mobile DNA elements, such as LINE,
SINE-like, SIDER and DIRE retrotransposons. These elements all share a 77-nucleotide-long sequence at their 5/ ends,
known as Pr77, which activates transcription, thereby generating abundant unspliced and translatable transcripts.
However, transcription factors that mediates this process have still not been reported.

Methods: TATA-binding protein (TBP) and small nuclear RNA-activating protein 50 kDa (SNAP50) recombinant
proteins and specific antibodies raised against them were generated. Protein capture assay, electrophoretic mobility-
shift assays (EMSA) and EMSA competition assays carried out using these proteins and nuclear proteins of the parasite
together to specific DNA sequences used as probes allowed detecting direct interaction of these transcription factors
to Pr77 sequence.

Results: This study identified TBP and SNAP50 as part of the DNA-protein complex formed by the Pr77 promoter
sequence and nuclear proteins of Trypanosoma cruzi. TBP establishes direct and specific contact with the Pr77
sequence, where the DPE and DPE downstream regions are docking sites with preferential binding. TBP binds cooper-
atively (Hill coefficient=1.67) to Pr77 and to both strands of the Pr77 sequence, while the conformation of this highly
structured sequence is not involved in TBP binding. Direct binding of SNAP50 to the Pr77 sequence is weak and may
be mediated by protein—protein interactions through other trypanosomatid nuclear proteins.

Conclusions: Identification of the transcription factors that mediate Pr77 transcription may help to elucidate how
these retrotransposons are mobilized within the trypanosomatid genomes and their roles in gene regulation pro-
cesses in this human parasite.
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Background

Trypanosomatids are unicellular protozoa and aetiolog-

ical agents of serious diseases affecting humans, such as

Chagas disease (Trypanosoma cruzi), sleeping sickness

(Trypanosoma brucei) and leishmaniasis (Leishmania
*Correspondence: mcthomas@ipb.csic.es spp.). Aside from the importance of these parasites to
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organize their genes into large clusters (measuring
over 100 kb in length) that are polycistronically tran-
scribed by RNA polymerase II (RNAPII), with mRNAs
maturing through spliced leader (SL) trans-splicing and
polyadenylation-coupled processes. In addition, the
genomes of these organisms are colonized by the non-
LTR retrotransposons LINEs (long interspersed nuclear
elements), such as L1Tc and ingi from T. cruzi and T.
brucei, respectively; LINEs are autonomous retroele-
ments that encode the enzymatic machinery that medi-
ates their own transposition. Similarly, the non-LTR
retrotransposons SINEs (short interspersed nuclear
elements), such as NARTc and RIME from T, cruzi and
T. brucei, respectively, which also colonize trypano-
somatid genomes, are mobilized in trans by the LINE
machinery, as they lack coding capacity. ingi/RIME
and L1Tc/NARTc are the most abundant retroelements
in the T. brucei and T. cruzi genomes and are not ran-
domly distributed in the genome of T. brucei and T.
cruzi as they are preceded by a conserved sequence,
which may be the recognition site of the ingi and L1Tc-
encoded endonuclease [5, 6]. In addition, trypano-
somatid species contain degenerated retroelements,
SIDERs (short interspersed degenerated retroposons)
and DIREs (degenerate ingi/L1Tc-related elements),
which have accumulated a large number of mutations
that disable their mobilization capacity [7, 8].

L1Tc, the best-characterized LINE retrotransposon at
the molecular and enzymatic levels, has a single ORF that
encodes the enzymatic activities required for its mobi-
lization [9-13]. L1Tc is actively transcribed along the
three stages of the T. cruzi life cycle by RNA polymerase
II (unpublished laboratory data and [14, 15]). All trypa-
nosomatid retrotransposons belonging to the ingi/L1Tc
clade (LINEs, SINEs, SIDERs and DIREs) exhibit a highly
conserved 77-nt sequence at their 5’ ends, known as the
Pr77-hallmark [8, 16]. Pr77 constitutes a dual system, as
it has promoter (Pr77) and HDV-like ribozyme (L1TcRz)
activities at the DNA and RNA levels, respectively [17].
Pr77 is a TATA-less promoter that contains a DPE motif
(at positions + 25 to + 28 relative to the + 1 transcription
start site), which is capable of activating the transcrip-
tion of downstream genes by RNAPII, thereby generating
abundant unspliced and translatable transcripts [14, 15].
The autocatalytic activity of L1TcRz cleaves upstream
of the +1 nucleotide of L1Tc and NARTc, enabling the
release of retrotransposon intermediate RNA from cel-
lular cotranscripts [18]. From a mobilization perspective,
the presence of both functions (promoter and ribozyme)
reinforces the autonomous character of the retrotranspo-
sons that carry the Pr77 sequence. Moreover, it has been
suggested that the wide distribution of the Pr77-hallmark
dual system within trypanosomatid genomes may be
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related to the gene regulation processes in these organ-
isms [19].

Little is known about the transcription factors and
molecular interactions that mediate the transcription
process in trypanosomatids, as they have been researched
primarily through biochemical studies focused on SL
RNA gene transcription, particularly in 7. brucei, Lepto-
monas seymouri and Leishmania tarentolae. To date, the
SL RNA gene promoter and Pr77-hallmark are the only
two RNAPII-dependent promoters reported in trypano-
somatids. The SL RNA gene promoter provides the cap
structure (m7GpppG) to the 5’ end of the trans-spliced
matured mRNAs to be translated. SL RNA is a unique
trypanosomatid RNA that is transcribed monocistroni-
cally and bears a TATA-less gene promoter that contains
a bipartite proximal sequence element (PSE). Several
general transcription factors that participate in SL RNA
synthesis have been identified in 7. brucei. These tran-
scription factors include TATA-binding protein (TBP)
also known as TBP-related factor 4 (TRF4) [20-22] and
small nuclear RNA-activating protein complex (SNAPc)
[23, 24] at an early stage for subsequent recruitment of
other protein factors, such as TFIIA [23] and TFIIH [25-
27], followed finally by recruitment to the RNAPII com-
plex with TFIIB [28, 29].

It has been determined that TbTBP tightly associates in
a specific way with SNAPc proteins and TFIIA, constitut-
ing a central core within the SL promoter, by recognizing
specific sequences in this promoter [22—-24]. Recruitment
of trypanosomatid TBP to the SL RNA-gene promoter
was also demonstrated for Leishmania tarentolae [30].
In this organism, TBP is part of a complex that includes
three divergent components of the SNAP complex, at
least one TFIIA orthologous subunit and a very divergent
version of TFIIB [20, 22-24, 28, 29, 31].

SNAPc is formed by several proteins responsible for
the transcription of small nuclear RNA genes (snRNAs)
via RNAPII or RNAPIII, where the presence (RNAPIII)
or absence (RNAPII) of the TATA sequence determines
the type of polymerase that transcribes the gene. Trypa-
nosomal SNAPc (tSNAPc) possesses a trimeric structure
that contains SNAP50, SNAP42 and SNAP26 proteins.
tSNAP50 is orthologous to the human SNAP50 subunit,
which plays a critical role in the transcription of snRNA,
while the other two subunits differ considerably from
mammalian subunits. tSNAP26 appears to be a truncated
version of human SNAP43, while tSNAP42 is unique to
trypanosomes [32, 33].

In this paper, the proteins that specifically bind to the
RNAPII-mediated Pr77 promoter sequence of trypa-
nosomatid retrotransposons were analysed. Thus, it is
reported that TBP and SNAP50 proteins interact with
the Pr77 DNA promoter sequence and specifically bind
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to the double-stranded Pr77 sequence. TBP and SNAP50
have also been identified as components of the com-
plex formed by the Pr77 sequence and nuclear proteins
in T. cruzi. This report describes the existence of direct
binding between rTBP and Pr77 sense and antisense
sequences that is not affected by the structure of Pr77
and identifies the DPE motif-bearing sequence and the
DPE downstream region as the preferential TBP dock-
ing regions in the Pr77 sequence. These results will help
elucidate how the Pr77-mediated transcriptional process
takes place in these parasites.

Methods
Parasite cultures, purification of genomic DNA and total,
nuclear and cytoplasmic protein extracts
T. cruzi epimastigotes (Y and CL Brener strains) were
grown at 28 °C in liver infusion tryptose (LIT) supple-
mented with 10% heat-inactivated fetal bovine serum
(FBS, Flow Laboratory, Irvine, UK). Following lysis of
parasites with 1% NP40 and nuclear lysis through the
addition of 1% SDS, genomic DNA was purified by phe-
nol—chloroform extraction and ethanol precipitation.
Purification of parasite proteins was performed in epi-
mastigotes (Y strain) at the logarithmic phase of growth.
Purification of the nuclear and cytoplasmic protein
extracts was performed as detailed by Macias et al. [15].
Total protein extracts (TP) were obtained from parasites
in the logarithmic growth phase, as described by Heras
et al. [14]. Protein concentration was determined using
the Micro BCA Protein Assay Kit (Thermo Scientific®),
and quality was checked by SDS polyacrylamide gel elec-
trophoresis (SDS-PAGE).

Cloning and purification of the rTBP and rSNAP50
recombinant proteins

The TBP coding sequence (GenBank accession no.
AF465747.1) was amplified by polymerase chain reac-
tion (PCR) using T. cruzi genomic DNA (Y strain) as
the template and TBP 5" BamHI (5’GGTATGGATCC
TTGGATGATGACTTTGACAAC3') and TBP 3’ Hin-
dill  (5’GGTATAAGCTTTTACTTCTTTGCGTATTG
TGC3') oligonucleotides, which included the BamHI
and HindIII restriction sites (underlined), respectively.
The SNAP50 coding sequence (GenBank accession no.
XM_803702) was PCR-amplified using the T cruzi
genomic DNA (CL Brener) strain as a template and 5’
BamH1TSNAPnoATG  (ATAGGATCCCCGTCAAGA
GGGGCGTTGGA-3) and 3’ TSNAPHIndIIl (5'ATA
AAGCTTTCACATTGTAAAATACTTCCC-3') primers,
which also included the BamHI and HindIII restriction
sites (underlined). Following BamHI and HindIII diges-
tion, the 0.8-kb (TBP) and 1.3-kb (SNAP50) amplified
fragments were directly cloned into the pQE,, vector
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(Qiagen) digested with the same enzymes to generate
pQE;,TBPTc and pQE;,SNAP50Tc clones. The sequence
was confirmed by sequencing both DNA strands of the
two constructs.

The TBP and SNAP50 recombinant proteins (rTBP
and rSNAP50) were produced in the Escherichia coli
M15 strain (Qiagen®) by the addition of 0.1 mM isopro-
pyl B-p-thiogalactoside (IPTG) to the bacterial cultures
overnight at 16 °C (rTBP) and for 3 h at 37 °C (rSNAP50).
Proteins were extracted by the resuspension of bacte-
rial pellets in either TBP buffer (20 mM Tris—HCl pH
7.9, 300 mM NaCl, 0.1% Triton X-100, 10% glycerol,
2 mM PMSE, 10 mM imidazole and 1 mg/ml lysozyme,
pH 8) or SNAP50 buffer (50 mM phosphate buffer pH 8,
300 mM NacCl, 0.05% SDS, 1 mM PMSF and 1x protease
inhibitor cocktail) and sonication for 8 min with pulses
at 40%. rTBP and rSNAP50 were purified to homogene-
ity by Ni*? affinity chromatography. Following incuba-
tion of each solubilized protein with Ni2-nitrilotriacetic
acid (NTA) resin (Qiagen) for 1 h at 4 °C, TBP resin was
washed three times with TBP buffer containing 10, 20
and 30 mM imidazole and SNAP50 column twice with
SNAP50 buffer at pH 8 and pH 7. The rTBP was eluted
in the same buffer including 100 mM imidazole and
rSNAP50 was eluted in the same solution at pH 6. Eluted
fractions were resolved by SDS-PAGE and visualized
through Coomassie blue staining. The protein concentra-
tion was determined by the Micro BCA™ Protein Assay
Kit (Thermo Scientific).

Hybridoma generation and production of aTBP

and aSNAP50 monoclonal antibodies (mAbs)

Two BALB/c mice per group received two intraperitoneal
inoculations (25 pg each) of both rTBP and rSNAP50
proteins and also received one intravenous dose (25 pug)
at 2-week time intervals in any case. Anti-r'TBP and anti-
rSNAP50 specific antibodies («TBP and aSNAP50) were
detected in mouse sera by ELISA 2 weeks after the last
immunization. Hybridomas were generated as described
by Morén et al. [34]. Briefly, hybridomas were gener-
ated by fusion of splenocytes to murine myeloma SP2
cells by addition of PEG-400 and dispensed in 96-well
culture plates containing RPMI-HAT medium supple-
mented with 20% heat-inactivated fetal bovine serum.
Specificity and sensibility of the generated anti-TBP
specific-antibodies were analysed by standard ELISA,
western blot and indirect immunofluorescence. Cells
from the ELISA-positive wells were cloned at least twice
by limiting dilution. All animal protocols were approved
by the Junta de Andalucia Public Health Animal Care
Committee (Reference 29/11/2016/176) and by the
IPBLN-CSIC Ethical Committee for Animal Procedures
(CTC.01,05/16,CEEA). Antibody-producing hybridomas
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were grown and monoclonal antibodies (MoAbs) were
purified from the cell culture supernatants by chroma-
tography after passing the supernatants through a pro-
tein G-conjugated Sepharose (GE Healthcare) column.
Columns were washed with 1x phosphate-buffered
saline (Gibco) and MoAbs eluted in 0.1 M glycine pH
2.5. pH of eluted fractions was equilibrated by addition of
1 M Tris—HCI, pH 9.

Protein identification by western blotting

Recombinant proteins (rTBP and rSNAP50) and total
(TP), cytoplasmic (CP) and nuclear (NP) protein
extracts from 7. cruzi epimastigotes were boiled for
10 min at 95 °C and resolved in 14% or 10% SDS-PAGE
as described by Sambrook et al. [35]. Gels were trans-
ferred to a PVDF membrane (Millipore) using the Mini-
PROTEAN system (Bio-Rad). EMSAs were transferred
to a PVDF membrane using a semidry transfer system
(Biometra Fast-blot B33). Membranes were incubated
in blocking solution (1x TBS containing 0.1% Tween-
20) for 15 min and subsequently incubated with anti-6x
His tag antibody at a 1:10000 dilution, anti-TcTBP anti-
body at a 1:1500 dilution or anti-TcSNAP50 antibody
at a 1:5000 dilution overnight at 4 °C with gentle shak-
ing. Anti-T. cruzi Histone H2A at a 1:500 dilution and
anti-Leishmania cytoplasmic tryparedoxin peroxidase
(cTXNPx—1:6000) antibodies were included as fraction-
ation controls of nuclear and cytoplasmic fractions. Fol-
lowing washing with blocking solution, anti-mouse IgG
peroxidase-linked antibody (Sigma) or anti-rabbit IgG
peroxidase-linked antibody (Sigma) was employed at a
1:20000 dilution. The membranes were developed using
the SuperSignal West Pico Chemiluminescent Substrate
detection kit (Thermo Scientific) following the instruc-
tions of the manufacturer, and the results were visualized
by exposure to CL-XPosure" Film (Thermo Scientific).

Protein capture assay

A total of 500 pg M-280 magnetic bead suspension
(Dynabeads M-280 Streptavidin; Invitrogen®) was
washed twice for 3 min with 100 pl of preparation buffer
(Ix PBS, 0.1% BSA). Beads were suspended twice in
equilibration buffer (5 mM Tris—HCI, 0.5 mM EDTA,
1 M NaCl) and incubated for 3 min in a rotation wheel.
Next, 80 pmol of each double-stranded DNA biotinylated
probe (Pr77, SL and IL6 suspended in equilibration
buffer) was added to the magnetic beads and incubated
for 40 min at room temperature. Magnetic beads were
equilibrated in 1x binding buffer (4 mM Tris—-HCI pH
8, 12 mM HEPES, 1 mM EDTA, 0.5 mM DTT, 6% glyc-
erol, 1 pg poly (dI-dC), 1 mM PMSF and 1x protease
inhibitor cocktail) for 5 min and incubated with 1.5 mg
of total extract proteins of the parasite in gentle shaking
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for 30 min at room temperature. Following washing of
the dsDNA probe-bead-protein mixtures with 1x bind-
ing buffer, the proteins specifically attached to each DNA
probe were eluted following incubation with 500 U of
benzonase (Sigma®) in 30 pl of 1x elution buffer (PBS
1x, RQ1 DNase buffer 1x Promega®, 1 mM PMSE, and
protease inhibitor cocktail 1x) for 30 min at room tem-
perature. Each fraction, eluted (E), flow-through (FT) and
beads without DNA (no DNA), employed as controls was
resolved in 10% SDS-PAGE gels and subjected to western
blot analysis.

Indirect immunofluorescence protein co-localization assay
Epimastigotes in the logarithmic phase of growth were
washed in cold 1x PBS, harvested by centrifugation at
2500 rpm for 5 min (4 °C), fixed by addition of 2% par-
aformaldehyde and attached to glass slides previously
treated with 0.01% polylysine. A total of 6 x 10* parasites/
slide were permeabilized by incubation with PBS con-
taining 0.1% Triton X-100, washed with PBS and incu-
bated with blocking solution (1x PBS, 0.2% BSA) for 1 h
in a wet chamber (Petri plate). Slides were subsequently
incubated with anti-SNAP50 (1:100) and anti-TBP
(1:100) antibodies for 1 h, washed with blocking solution
and incubated with Alexa Fluor© 488 goat anti-mouse
IgG (H+L) for SNAP50 and Alexa Fluor© 594 goat anti-
mouse IgG (H+L) for TBP (Invitrogen®) at 1:2000 in
blocking solution for 1 h. Since both monoclonal anti-
bodies (aSNAP50 and aTBP) were generated in mice, a
blocking step using blocking Fab’ antibodies (Sigma®) at a
1:1000 dilution for 1 h was performed before the addition
of the anti-TBP antibody. Parasites were DAPI stained
with Prolong Gold Antifade Mountant (Invitrogen®) and
visualized in a Zeiss Axio Imager A1 fluorescence micro-
scope. Images were acquired and analysed using Image]
MBP software (Mac Biophotonics®).

Generation of dsDNA probes and competitors for EMSA
(electrophoretic mobility-shift assay) and EMSA
competition

All oligonucleotides used in this work (see Additional
file 3: Table S3 for details) were purified before use by
electrophoresis through denaturing polyacrylamide
gels, as described previously [11]. One oligonucleotide
of each pair (or single strand, if applicable) was 5’ end-
labelled using ATP3? (Perkin Elmer®) and T4 polynu-
cleotide kinase (Roche®), and unincorporated isotopes
were removed by gel filtration chromatography (Sepha-
dex G25). Double-stranded DNA probes (dsPr77, ds1-24,
ds12-33, ds24-51, ds29-51, ds52-77, dsM1 and dsM2)
were generated by heating each 3P 5’ end-labelled oligo-
nucleotide with its reverse complementary oligo at 95 °C
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for 5 min and cooling the mixture to room temperature
(22 °C), as described by Heras et al. [11].

The dsPr77 DNA competitor was obtained by hybridi-
zation of Pr77s and Pr77as unlabelled oligonucleotides.
The dsAPT DNA pool competitor (measuring 77 bp in
length) was generated by PCR relative to the third round
of molecular selection-enrichment by Systematic Evolu-
tion of Ligands by Exponential Enrichment (SELEX) and
Poly (dI-dC) nonspecific DNA competitor obtained by
Sigma®. Oligonucleotide names and sequences are pre-
sented in Additional file 3: Table S3.

For EMSA, 0.33 nM 3?P-dsPr77 was incubated with
increasing amounts of rTBP or rSNAP50 (0.32-6.35 uM)
in 20 pl of binding buffer 1 (20 mM Tris pH 7.9, 60 mM
KCl, 5 mM MgCl,, 10 mM DTT, 6% glycerol and 0.2 mg/
ml BSA) for 30 min at 37 °C. Reactions were stopped by
the addition of 8 pl of dye solution (50% glycerol, 0.1%
bromophenol blue and 0.1% xylene cyanol). Nucleic acid-
protein complexes were resolved on 6% native polyacryla-
mide gels containing 1% glycerol and 4 mM MgCl, in 1%
Tris—borate-EDTA buffer. For competition experiments,
0.125 nM **P-dsPr77 was mixed with 1.58 uM rTBP and
increasing amounts (5-, 10-, 50-, 100-, 250- and 500-fold
excess) of cold dsPr77 or aptamer dsAPT or poly(dI-dC)
competitors and incubated at 37 °C for 30 min. Each
radio-labelled probe was included in the corresponding
assay and referred to as a free probe (FP). EMSA under
denaturing conditions was performed by the addition of
1, 3, 5 and 10% dimethyl sulfoxide (DMSO) to the rTBP-
32P_dsPr77 binding reaction. Denaturing of oligos corre-
sponding to the sense (s) and antisense (as) sequences of
Pr77 was performed at 95 °C for 5 min, and probes were
subsequently incubated with rTBP for 15 min at 4 °C to
prevent renaturing.

EMSA using the preformed 3*P-labelled oligo pairs was
performed with 0.33 nM of each oligo pair (1-24, 12-33,
24-51, 29-51, 52-77, M1 and M2) and 6.35 pM rTBP.
The same amount of each oligo pair (100000 cpm) was
incubated with 3 pg of nuclear protein extract in binding
buffer 2 (12 mM HEPES, 4 mM Tris—HCI pH 8, 1 mM
EDTA pH 8, 125 ng/pl BSA, 2 pg poly (dI-dC), 0.5 mM
DTT and 6% glycerol) for 30 min at room temperature.
Competition assays (Additional file 2: Figure S2) were
performed by incubation of rTBP protein (1.58 uM) with
32P_dsPr77 (0.125 nM) probe and increasing amounts (5-,
10-, 50- and 100-fold excess) of each oligo pair in binding
buffer 1 at 37 °C for 30 min. Complexes formed between
32P-dsPr77 (0.33 nM) and 6.35 uM of the recombinant
proteins (TBP, SNAP50, BSA, KMP11 or T-GP63) were
generated in binding buffer 1, as described previously
for EMSA, and crosslinked by UV irradiation (254 nm;
3000 W/cm?) in a CL-1000 ultraviolet crosslinker (UVP®)
for 10 min. All EMSA gels were dried, and complexes
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and free probes (FP) were visualized by PhosphorImager
analysis. Products were quantified using ImageQuant 5.2
(Amersham Biosciences) software.

EMSA crosslinking for TBP and SNAP50 immunodetection
For the detection of TBP and SNAP50 in dsPr77-parasite
protein complexes of reduced motility, 100000 cpm of
32P_dsPr77 and 8 pmol (~400 ng) of cold dsPr77 were
incubated with 3 and 60 pg of nuclear or 180 pg of total
protein extracts in binding buffer 2, as described above,
and reactions were subjected to UV radiation as indi-
cated above. Reactions were denatured by heating and
resolved by 10% acrylamide SDS-PAGE or 6% native
acrylamide gel electrophoresis. Gels were transferred to
PVDF membranes through semidry transfer (Biometra
Fast-blot B33) and analysed by western blotting using
anti-TBP (1:150) and SNAP50 (1:5000) antibodies.

Results

T. cruzi TBP and SNAP50 proteins bind to the Pr77
promoter sequence

To investigate whether the TBP and SNAP50 proteins
interact with the Pr77 DNA promoter sequence, an
immunoassay was performed that included capture of
parasite proteins that specifically bind to Pr77 double-
stranded DNA (dsDNA) and subsequent protein identi-
fication by western blotting. To this end, the recombinant
TBP (~37 kDa) and SNAP50 (~ 50 kDa) proteins (Fig. 1a,
RP in panels rTBP and rSNAP50, respectively) as well as
specific monoclonal antibodies (MoAbs) against them
were generated. Homologous fractions of rTBP and
rSNAP50 were transferred to PDVF membranes and
analysed by western blotting employing the anti-6x-His
antibody. As observed in Fig. 1a, under the experimental
conditions employed the anti-6x His tag antibody recog-
nized three bands of 37, 75 and 150 kDa in the rTBP lane
(Fig. 1a, lane rTBP aHis), which are consistent with the
monomeric, dimeric and tetrameric forms of the rTBP,
and a band of 50 kDa in the lane of rSNAP50 (Fig. 1a,
lane rSNAP50 aHis), which is consistent with the mon-
omeric form of the SNAP50 protein. The kinetoplast
membrane protein of 11 kDa (KMP11) and a fragment
of major surface glycoprotein (r'T-GP63) recombinant
proteins were also purified to be utilized as controls in
the subsequent experiments (Fig. 1a, lanes rKMP11 and
rT-GP63). Bovine serum albumin (BSA) was also used as
a control (Fig. 1a, lane BSA).

The specificity of the MoAb was tested against total
(TP), cytoplasmic (CP) and nuclear (NP) soluble pro-
tein extracts from 7. cruzi epimastigote forms by west-
ern blot analysis. TBP hybridoma against TBP was
selected for further investigation because it recognized
proteins of approximately 37, 75 and 150 kDa in the
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Fig. 1 Purification of recombinant proteins and detection of TBP and SNAP50 in T. cruzi protein extracts. a Purification of T. cruzi rTBP, rSNAP50,
rTGP63 and rKMP11 recombinant proteins. All proteins were purified to homogeneity by Ni*? affinity chromatography, electrophoresed on a 10
and 14% SDS-PAGE and visualized following Coomassie blue staining (RP in rTBP, RP in rSNAP50, rTGP63 and rKMP11). Bovine serum albumin was
employed as control (BSA). rTBP and rSNAP50 proteins were also analysed by western blotting using anti-6 x His antibody (lanes aHis in rTBP and
rSNAP50). Detection of b TBP, ¢ SNAP50, d Histone H2A and e cytoplasmic tryparedoxin peroxidase (CTXNPx) in T. cruzi total (TP), nuclear (NP) and
cytoplasmic (CP) protein extracts by specific MoAbs generated against rTBP and rSNAP50 proteins and polyclonal antibodies produced against T.
cruzi Histone H2A (in rabbit) and Leishmania tryparedoxin peroxidase (CTXNPx, in mouse) by western blotting. MW molecular weight marker in kDa

epimastigote total and nuclear soluble extracts and
although at different proportions (the 150 kDa frac-
tion was less abundant in the nuclear soluble extracts)
(Fig. 1b, lanes TP and NP), the detected proteins had
the same molecular weight as those detected in the
purified rTBP fraction by this MoAb (data not shown)
and by the aHis (Fig. 1a, lane rTBP aHis), which was
in keeping with the monomeric, dimeric and tetrameric
status of the protein. Monoclonal antibodies produced
by the SNAP50-hybridoma specifically recognized a
single protein of approximately 50 kDa in T. cruzi total
protein extract (Fig. 1c, TP) and nuclear protein extract
(Fig. 1c, NP), whereas it did not detect any proteins
in the cytoplasmic fraction (Fig. 1c, lane CP). Specific
antibodies raised against T. cruzi Histone H2A [36]
and Leishmania cytoplasmic tryparedoxin peroxidase

(cTXNPx) [37] were employed as controls to verify the
proper fractionation between nuclei and cytoplasm
(Fig. 1d, e, respectively).

To capture the parasite proteins that specifically bind
to the Pr77 promoter sequence, a biotinylated dsPr77
DNA probe was coupled to streptavidin-coated magnetic
Dynabeads and subsequently incubated with soluble total
proteins of 7. cruzi epimastigotes. The unbound proteins
(flow-through fraction, FT) and eluted proteins (E) were
resolved by 10% PAGE and subsequently analysed by
western blot analysis using anti-TBP- or anti-SNAP50-
specific MoAbs. The 80-bp biotinylated SL-dsDNA cor-
responding to the spliced leader (SL) gene promoter
sequence [38] and 78 bp IL6-dsDNA corresponding to
the human interleukin 6 (IL6) gene were employed as
positive and negative binding controls, respectively. In
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addition, Dynabeads without DNA probes were also
assayed as a negative control (No DNA). The obtained
results indicate (Fig. 2a, b) that both TBP and SNAP50
specifically bind to the Pr77 promoter, since protein
bands of 37 and 50 kDa, respectively, are recognized in
the elution fractions (lanes Pr77-E in Fig. 2a, b). In the
case of TBP, the eluted fraction contained the monomeric
form of the protein (Fig. 2a, lane Pr77-E), although the
anti-TBP antibody was also capable of detecting the mul-
timeric forms of the TBP protein in the flow-through
(FT) unbound fractions (Fig. 2a, lanes FT in No DNA,
IL6, Pr77 and SL), as seen in TP and NP extracts of the
parasite (Fig. 1b, lanes TP and NP). In addition, TBP and
SNAP50 proteins were also shown to specifically bind

oTBP
No DNA IL6 Pr77 SL
FT E FT E FT E FT E MwW
> e e 75
b - — “'l":ﬂ
»
'
i
b aSNAP50

No DNA L6 Pr77 SL
TP FT E FT E FT E FT E Mw

T a0

Fig. 2 Identification of T. cruzi TBP and SNAP50 proteins in the
protein complex specifically bound to the Pr77 sequence. a
Dynabeads protein capture assay coupled to western blotting was
performed by incubating 1.5 mg of T. cruzi total protein extract with
80 pmol of the biotinylated double-stranded DNA probes L1TcPr77,
T cruzi SL and human IL6. Beads without a DNA probe (No DNA)
were used as a negative control. Flow-through (FT) and eluted (E)
fractions following benzonase treatment were loaded into a 10%
SDS-polyacrylamide gel and transferred to nylon membranes for
western blotting analyses employing a anti-TBP and b anti-SNAP50
specific antibodies. Ten micrograms of total protein extract (TP) was
used as a positive control. Detected bands are labelled by a black
arrowhead. Molecular weight marker (MW) is shown in kDa
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to the SL-dsDNA probe, as the same single hybridiza-
tion bands of 37 and 50 kDa were also detected in the
eluted fraction that was incubated with the anti-TBP-
and anti-SNAP50-specific MoAbs, respectively (lanes
SL-E of Fig. 2a, b, respectively). In contrast, the TBP and
SNAP50 parasite proteins were not immunodetected
when the IL6-dsDNA probe or magnetic beads without
DNA were tested (lanes IL6-E and No DNA-E in Fig. 2a,
b, respectively). As expected, the anti-TBP-specific anti-
body recognized the monomeric (37 kDa) and dimeric
(75 kDa) forms of the TBP protein in the total extracts of
the parasite (lanes Pr77-FT, No DNA-FT, IL6-FT, SL-FT
of Fig. 2a), and the SNAP50-specific antibody detected a
monomeric form of SNAP50 in the whole lysates of the
parasite (lanes Pr77-FT, No DNA-FT, IL6-FT, SL-FT in
Fig. 2b). Taken together, these results indicate that the
monomeric forms of TBP protein specifically binds to the
Pr77 promoter sequence.

T. cruzi TBP and SNAP50 colocalize in the parasite nucleus
To determine the subcellular location of the TBP and
SNAP50 proteins in T. cruzi, indirect immunofluores-
cence experiments were performed. For simultane-
ous detection and analysis of the localization of TBP
and SNAP50 proteins into the parasite, epimastigote
forms were first incubated with the monoclonal anti-
body directed against SNAP50 followed by incubation
with the MoAb directed against TBP, as described in
“Methods” The obtained results shown in Fig. 3 indicate
that SNAP50 is located at the parasite nucleus (Fig. 3a,
images 1, 2 and 3). TBP-specific antibody also local-
ized the corresponding TBP protein to the epimastigote
nucleus (Fig. 3a, images 4, 5, 6). Merged images enabled
to observe that SNAP50 and TBP proteins occupy a spe-
cific region in the parasite nuclei (Fig. 3, boxes 7, 8 and
9). As expected, the reaction performed in the absence
of anti-TBP MoAb enabled the detection of SNAP50
(Fig. 3b, image 11) but not the observation of the previ-
ously detected colocalization pattern of SNAP50 and
TBP proteins (Fig. 3b, merged image 12).

TBP binds directly to the Pr77 promoter in a cooperative
form, and SNAP50 exhibits weak direct binding to the Pr77
sequence

To investigate the binding specificity of rTBP and
rSNAP50 to the Pr77 DNA promoter sequence, EMSAs
were performed using the 3?P-radiolabelled double-
stranded Pr77 sequence (*?P-dsPr77) as a probe and
increasing amounts of TBP or SNAP50 purified recom-
binant proteins (Fig. 4a, b, respectively). As controls of
binding specificity to **P-dsPr77, the purified rKMP11
and rT-GP63 recombinant proteins were also examined
as well as BSA (see below). As observed in Fig. 4a, rTBP
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blocking control

Fig. 3 Colocalization of the TBP and SNAP50 proteins in the T. cruzi nucleus by immunofluorescence microscopy. a Immunodetection of TBP and
SNAP50. Indirect immunofluorescence was performed by fixing 6 x 10* permeabilized epimastigotes per slide and incubation with a specific
antibody against SNAP50 (dil. 1:100) and Alexa Fluor© 488 goat anti-mouse IgG (H+L) (dil. 1:2000) as secondary antibody (panels 1, 2 and 3).
Following incubation with anti-Fab'fragment antibody (dil. 1:1000), the slides were incubated with anti-TBP antibody (dil. 1:100) and subsequently
with Alexa Fluor© 594 goat anti-mouse IgG (H-L) (dil. 1:2000) (panels 4, 5 and 6). Merged images of panels 1 and 4, 2 and 5 and 3 and 6 are shown
as panels 7, 8 and 9, respectively. b Immunofluorescence carried out without anti-TBP antibody (blocking control). Homologous slides were
incubated with anti-SNAP50 antibody, Alexa Fluor© 488 goat anti-mouse IgG (H+L) and anti-Fab’fragment antibody (panels 10 and 13) followed
by incubation with Alexa Fluor© 594 goat anti-mouse IgG (H+L) (panels 11 and 14). Panels 10-11 and 13-14 as merged images (panels 12 and
15). DAPI staining in a and b for visualization of parasite nuclei (N), nucleoli (n) and kinetoplasts (K). White arrows indicate colocalization of TBP and
SNAP50 proteins
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Fig. 4 Binding analyses and binding kinetics of TBP and SNAP50 to the Pr77 sequence by EMSA. Increasing amounts (0.32-6.35 uM) of a (top panel)
rTBP and b rSNAP50 proteins were incubated with 0.33 nM 3’P-radiolabelled double-stranded Pr77 sequence (3?P-dsPr77) as a probe. a Bottom
panel: binding kinetics of rTBP to 3?P-dsPr77. Binding data from three independent experiments, as shown in Fig. 4a and Figure S1, were fitted to
the Hill model, and thermodynamic parameters B,,,, (maximum percentage of bound DNA), K; (dissociation constant) and ay, (Hill coefficient) were
calculated. ¢ 32P-dsPr77 (0.33 nM) was incubated with 6.35 UM TBP, SNAP50, BSA, KMP11 and T-GP63 proteins (4), and binding reactions (+) were
subjected to UV-crosslinking (XL). d 32p-dsPr77 (0.33 nM) was incubated with 6.35 pM rSNAP50 protein, and binding reactions were subjected (+)
to UV-crosslinking (XL). Reactions performed with the same amount of P*?-dsPr77 and without protein were subjected to UV-crosslinking (+) as a
control. After incubation at 37 °C for 30 min, reactions were resolved on 6% native polyacrylamide gels. The shifted complexes formed are indicated

with a black arrowhead and free ’P-dsPr77 probe with an asterisk

bound to the dsPr77 sequence, as a series of migrating
bands of reduced mobility corresponding to Pr77-TBP
binding complexes appeared (Fig. 4a black arrowheads),
and their abundance increased as the protein concen-
tration increased and the amount of Pr77 free probe
(®*P-dsPr77) decreased. This result supported the direct
specific binding of TBP to dsPr77 DNA. A similar EMSA
performed with increasing amounts of rSNAP50 and
32P_dsPr77 showed no formation of any complex of
reduced mobility (Fig. 4b), suggesting that there is no
direct binding of SNAP50 to the Pr77 sequence (Fig. 4b).

In addition, homologous fractions of each protein-
Pr77 binding reaction were UV-crosslinked to stabilize
the preformed protein-DNA complexes. Crosslinking
of the rTBP-dsPr77 reaction did not show any differ-
ence in the previously observed binding, as the same
bands of reduced mobility were observed (Fig. 4c,
lanes rTBP, XL— and +). However, crosslinking of the

dsPr77-rSNAP50 reaction enabled us to observe a slight
band of reduced mobility, which could be a conse-
quence of specific but weak direct binding of rSNAP50
to dsPr77 (Fig. 4c, lane SNAP50 XL). Neither BSA nor
the parasite proteins KMP11 and T-GP63, which were
employed as protein-binding controls, exhibited any
type of binding affinity to Pr77, even after UV-crosslink-
ing (Fig. 4c, lanes BSA, rKMP11 and rT-GP63 XL— and
+). The observed complex of reduced motility observed
only when the rSNAP50 and dsPr77 DNA reaction was
crosslinked appears to be a consequence of the UV-
crosslinking-induced stabilization of a complex formed
as result of binding of rSNAP50 to dsPr77 sequence
(Fig. 4d, SNAP50+, XL+) and not due to a particular
conformation of dsPr77 probe, since this complex was
not observed in crosslinked reaction containing dsPr77
probe alone (Fig. 4d, lane SNAP50—, dsPr77+).
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To evaluate the thermodynamic parameters of rTBP-
dsPr77 binding complex formation, the data from three
independent experiments (Additional file 1: Figure S1),
performed as shown in Fig. 4a (top panel), were fitted to
the Hill model. The protein concentration at which half
of the dsPr77 probe remained bound to the protein (Kj)
was estimated to be 1.68 puM, indicating that TBP binds
to the Pr77 sequence with high affinity (Fig. 4a, bottom
panel). In addition, determination of the Hill coefficient
(e indicated that TBP follows a cooperative binding
model, as the Hill coefficient (ay;) had a value of 1.67.

TBP specifically binds along the Pr77 DNA promoter
sequence

To further investigate the binding specificity of the TBP
protein to the Pr77 promoter sequence, a variety of DNA
fragments were examined by EMSA competition experi-
ments. Accordingly, a constant amount of 3?P-radiola-
belled double-stranded fragments corresponding to the
Pr77 full-length sequence (**P-dsPr77) was incubated
with increasing amounts of each double-stranded DNA
unlabelled competitor. The reaction was performed at
a protein concentration of rTBP that maintained some
of the DNA probe at its free state and an amount of the
32P_dsPr77 probe forming part of the DNA-—protein
complexes. Unlabelled double-stranded Pr77 full-length
sequence (Pr77), a pool of double-stranded 77 bp-long
aptamers of randomly variable sequences (APT) and
a nonspecific synthetic copolymer (poly dI-dC) were
employed as DNA competitors. The data obtained in this
experiment showed that the two shifted bands observed
as a result of dsPr77 and rTBP complex formation
(Fig. 5a, indicated by black arrowheads) were quickly dis-
placed when cold dsPr77 was added to the reaction, since
the addition of a fivefold cold dsPr77 probe displaced >
50% of the **P-dsPr77-rTBP binding complex (Fig. 5a,
left panel). The same amount of the APT and poly(dI-dC)
competitors did not reach this degree of **P-dsPr77-TBP
complex displacement, since > 100- and at least 500-fold
concentrations of APT and poly(dI-dC) competitors,
respectively, were necessary to produce the same degree
of displacement (Fig. 5a, APT and 5b). The effective con-
centration 50 (EC50), defined as the competitor concen-
tration required to release half the amount of the protein
bound to the radiolabelled DNA probe, was calculated by
quantification of the shifted bands and fitting the experi-
mental data to a four-parameter logistic curve (see Mate-
rials and Methods for details). The obtained results show
EC50 Pr77 =0.08 ng, EC50 APT =2.61 ng and EC50 poly
(dI-dC) =4.67 ng. Neither the APT nor poly(dI-dC) com-
petitors were capable of achieving complete displacement
of the 3?P-dsPr77-TBP complex (Fig. 5c). These findings
suggest that TBP specifically binds to Pr77.
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The influence of the Pr77 dsDNA secondary structure
on the binding specificity of rTBP to this highly struc-
tured DNA was investigated next [11]. For this purpose,
EMSA resolved in native gel was carried out using rTBP
and dimethyl sulfoxide (DMSO) as denaturing agent of
32p_dsPr77.

As observed in Fig. 6a, TBP conserves its binding affin-
ity to dsPr77 even when Pr77 is denatured with 10%
DMSO, as the same complexes of reduced mobility were
observed both with and without DMSO (Fig. 6a). Fur-
thermore, the binding capacity of TBP for the single-
stranded Pr77 sequence was also analysed by EMSA
employing 3?P-labelled 77-bp-long oligos correspond-
ing to the sense and antisense single strands of the Pr77
sequence (Fig. 6b, s and as, respectively). At the same
time, the participation of the secondary structure of
these Pr77-derived single-stranded DNAs was studied
by utilizing them as heat-denatured DNAs in the EMSA
(Fig. 6b, heat-denatured sense and antisense, respec-
tively). Thus, the single-stranded probes were heat-dena-
tured and incubated with rTBP at 4 °C to prevent probe
renaturing. dsPr77 DNA was included as a positive con-
trol of TBP binding to DNA. All reactions were also car-
ried out without rTBP as control of the electrophoretic
motility in native gel of each free DNA probe.

The obtained results show shifted bands as a result of
complex formation between TBP and the sense and anti-
sense strands of Pr77 independently of whether these
sequences are endowed with their natural secondary
structure or denatured (Fig. 6b), which indicates that
rTBP is able to bind to both sense and antisense single-
stranded Pr77 sequences in addition to dsPr77 and inde-
pendent of the Pr77 conformation. Taken together, these
data suggest that the specificity of TBP binding to Pr77
sequence is related to the nucleotide composition of Pr77
and not to the conformation that this sequence adopts.

TBP and nuclear proteins from T. cruzi exhibit preferential
binding sites along the Pr77 sequence

To explore the binding ability of TBP in depth and to
determine the TBP binding sites to the Pr77 sequence,
EMSAs were performed using increasing amounts of
rTBP and several overlapping ?P-radiolabelled DNA
oligonucleotide pairs that mapped along the entire Pr77
sequence (Fig. 7a) and resolved in native gel. In addi-
tion, two oligo pairs containing point mutations that had
previously been shown to abolish the Pr77 transcription
capacity (M1 and M2) [15] were included in the assay
(Fig. 7a).

The obtained results showed bands of reduced motil-
ity in most EMSAs which correspond to DNA—-protein
complex formation as a result of binding between rTBP
and the oligonucleotide pairs (Fig. 7b). In the case of
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Fig. 5 Binding specificity of TBP to the Pr77 sequence by EMSA competition. EMSA was carried out after preincubation of 0.125 nM 32P-dsPr77 with
1.58 uM rTBP and with different concentrations (as indicated, fold excess ranging from 5 to 500 times) of unlabelled DNA competitors: a dsPr77
sequence and APT (aptamer mixture) and b poly(dl-dC) (commercial dI-dC polymer). As a negative control, reactions were carried out without
protein (FP lane, Free Probe) or without competitor (B lane, Binding reaction). Reactions were performed at 37 °C for 30 min and resolved in 6%
polyacrylamide native gels. In a and b, the asterisks indicate the free form that **P-dsPr77 adopts, and the black arrowhead indicates the formed
complexes of higher molecular weight, which decrease in amount as the competitor concentration increases. ¢ Fitting the competition kinetics
data to a four-parameter logistic model with each competitor. Quantification was performed using ImageQuant software (Pharmacia)

oligo ds12-33, no complex formation was observed at
the protein and *?P-radiolabelled oligo concentrations
that were analysed, even though this oligo mapped to
the DPE motif and its upstream sequence. The strong-
est binding was observed between rTBP and oligo ds24-
51, which contains the DPE and the DPE-downstream
region, suggesting that TBP binds preferentially to DPE
and its downstream sequence. The presence of complexes
of reduced mobility in the EMSA determined with rTBP
and ds29-51, which map downstream of the DPE motif,
supports the binding preference of TBP for this sequence
(Fig. 7b). Notably, the formation of complexes of reduced
mobility between rTBP and the dsM1 oligo pair also

indicated the binding preference of TBP for the DPE and
DPE downstream sequences, particularly those between
nucleotides 38 and 50 of Pr77. This preference was also
supported by the finding that no bands of reduced motil-
ity were observed in EMSA performed with TBP and an
oligo pair (dsM2) that mutated this sequence (Fig. 7a).
In addition, the observation of complex formation as a
result of TBP and ds ds52-77 oligo pair binding corrobo-
rated the importance of the DPE downstream sequence
as a target site for TBP binding. The affinity of TBP to
the different regions of the Pr77 sequence was also cor-
roborated by an EMSA competition approach in which
the ability of each oligo pair under study to displace the
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Fig. 6 Influence of the Pr77 secondary structure on the binding
capacity of rTBP to double-stranded and single-stranded Pr77
sequences. EMSA measuring the binding capacity of rTBP to a native
and DMSO-denatured 3?P-dsPr77 and to b native and heat-denatured
sense- and antisense-single strands of the Pr77 sequence. a rTBP
(635 pM) was incubated with 0.33 nM 32P-dsPr77 in the presence

of DMSO at 1, 3, 5 and 10% (v/v) at 37 °C for 30 min. Protein-DNA
binding reactions without DMSO (—) and reactions carried out

with 32P-dsPr77 incubated with the same amounts of DMSO were
included as controls. b rTBP (6.35 pM) was incubated with 3*P-labelled
native or heat-denatured (95 °C for 5 min) sense (s) and antisense

(as) DNA strands corresponding to the Pr77 sequence for 15 min at
4°C.The reaction carried out with 32P-dsPr77 (ds) was also included.
All reactions in a and b were also performed in the absence of rTBP.
Reactions were resolved in 6% polyacrylamide native gels. The black
arrowhead indicates the formed complexes of reduced mobility,

and the asterisks indicate the electrophoretic mobility of the nucleic
acid-free conformations (dsPr77 and ssPr77)

complex formed by rTBP and *’P-dsPr77 sequence was
evaluated. As expected, the rTBP-dsPr77 binding com-
plex could not be displaced by important amounts of
ds1-24, ds12-33, ds29-51, ds52-77 and dsM2 (from 5- to
100-fold) used as binding competitors (Additional file 2:
Figure S2). However, displacement of 50% of the rTBP-
dsPr77 binding complex was obtained with approxi-
mately 50x the amount of the ds24-51 oligo pair or the
dsM1 oligo pair (Additional file 2: Figure S2).

After that step, due to the involvement of each of these
sequences located within Pr77 as binding sites for rTBP, a
similar EMSA was performed by incubating the different
oligo pairs previously utilized and nuclear proteins of the
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parasite. As observed in Fig. 7c, several bands of reduced
mobility were observed as a result of DNA-protein com-
plex formation when ds24-51, ds52-77, ds29-51, dsM1
and dsM2 and nuclear proteins were incubated. In addi-
tion, a less abundant single complex was detected when
the radiolabel probes employed were 1-24 and 12-33
oligo pairs (Fig. 7c). Despite the fact that in EMSA carried
out with nuclear proteins of the parasite, proteins other
than TBP are expected to bind to the 3*P-radiolabelled
oligonucleotide pairs, these results are consistent with
those observed in Fig. 7b due to the formation of shifted
bands when the oligo pairs were incubated with rTBP
were also observed when nuclear proteins of the parasite
were mixed with these radiolabelled oligo pairs. Taken
together, these results suggested that TBP is a nuclear
protein that directly binds along the Pr77 sequence, with
the strongest binding occurring at the sequences that
bear the DPE and its downstream sequence.

T. cruzi TBP and SNAP50 are part of a protein complex
that binds to Pr77
To confirm that TBP and SNAP50 nuclear proteins of
the parasite are present in the shifted complexes formed
between the parasite nuclear proteins and Pr77 DNA
promoter sequence shown in Fig. 7c, an EMSA-crosslink-
ing assay coupled to an immunoblot detection system
was performed using nuclear proteins of the parasite and
32p_dsPr77 sequence together to the specific monoclonal
antibodies directed against rTBP and rSNAP50 proteins.
First, analysis showed that the complex formed
between the radiolabelled *’P-dsPr77 probe and para-
site nuclear protein extract stabilized by UV-crosslinked
could be visualized after being electrophoresed in SDS-
PAGE, transferred to PVDF membrane and exposed
to autoradiography. For this purpose, radiolabelled
32p_dsPr77 probe and parasite nuclear protein extract
were subjected or not to UV-crosslinking to stabilize
DNA-protein interactions. The heat-denatured reactions
were subsequently resolved in SDS-PAGE denaturing
gels and the formed DNA-protein complexes transferred
to PVDF membrane for subsequent visualization after
autoradiography exposure. As observed in Fig. 8a, the
formed complexes that had been previously detected as
a result of **P-dsPr77-nuclear protein binding were not
detected in the absence of UV crosslinking under dena-
tured conditions (Fig. 8a, NP+, XL—). However, the same
reaction subjected to UV-crosslinking showed that the
bound complexes formed in the reaction had been suf-
ficiently stabilized by UV-crosslinking that were not dis-
sociated by the resolution of the binding products in an
SDS-PAGE denaturing gel, as the two expected shifted
complexes were detected (Fig. 8a, lane NP+, XL+).
These complexes were shown to be a result of dsPr77
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Fig. 7 Mapping the preferential binding sites of rTBP and nuclear proteins to the Pr77 sequence. a Sequence of Pr77 and of the oligo pairs
employed as probes for binding assays of b rTBP and ¢ nuclear proteins (NP) of the parasite. In a, the DPE motif is shaded, and introduced point
mutations are underlined. A total of 6.35 uM b rTBP or 3 ug of € NP was incubated with 0.33 nM or 100,000 cpm of each dsDNA probe in b and ¢,
respectively at 37 °C for 30 min. All reactions were also carried out in the absence of b rTBP or ¢ NP. Reactions were resolved in 6% polyacrylamide
native gels. The black arrowhead indicates the formed complexes of reduced mobility, and the asterisks indicate the electrophoretic mobility of the
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and parasite nuclear protein binding and not a conse-
quence of a structured conformation of the *’P-dsPr77
crosslinked probe, as these complexes were not detected
when the **P-dsPr77 crosslinked probe alone, employed
as a control, was electrophoresed in the denaturing gel
(Fig. 8a, NP—, XL+). Next, we proceeded to resolve in
denaturing SDS-PAGE a homologous heat-denatured
crosslinked binding reactions containing cold dsPr77
probe incubated with parasite nuclear proteins (Fig. 8b, c,
lanes NP+, dsPr77+, XL+) together to nuclear proteins
of the parasite (Fig. 8b, c, lanes NP+, dsPr77—, XL—),
which were included as controls. Gels were transferred
to PVDF membranes and analysed by western blotting
employing MoAbs directed against rTBP (Fig. 8b) and
rSNAP50 (Fig. 8c) proteins to detect their presence in
the binding reactions. As expected, in the nuclear protein
extracts of the parasite, the anti-TBP and anti-SNAP50
antibodies detected the TBP protein in its monomeric
form in addition to other bands consistent with multi-
meric forms (Fig. 8b, lane NP+, dsPr77—, XL—) as well
as a single band of 50 kDa corresponding to the SNAP50
parasite protein (Fig. 8c, lane NP+, dsPr77—, XL—).

In addition, the anti-TBP antibody detected the para-
site TBP in a shift band of approximately 90 kDa in the
X-linked binding reaction (Fig. 8b, lane NP+, dsPr77+,
XL+). The immunodetected shifted band of approxi-
mately 90 kDa corresponds to the UV-crosslinking stabi-
lized complex formed by the TBP monomer (37 kDa) and
the double-stranded Pr77 sequence, which suggests that
TBP forms part of the transcription complex that specifi-
cally binds to the Pr77 promoter. Interestingly, the TPB
37 kDa monomeric form (observed in Fig. 8b, lane NP+,
dsPr77—, XL—) was not detected in the lane containing
the crosslinked complex (Fig. 8b, lane NP+, dsPr77+,
XL+), which suggests that the monomeric form of
TBP had bound to the dsPr77 sequence. In the case
of SNAP50 crosslinking reactions (Fig. 8c, lane NP+,
dsPr77+, XL+), any band shift was immunodetected by
anti-rSNAP50 antibody. These results indicate that in
the UV-crosslinked binding reactions, the TBP protein
appeared forming part of a complex with a higher molec-
ular size (approximately 90 kDa) than the TBP multim-
eric form detected in nuclear proteins of the parasite
(75 kDa). However, in the case of SNAP50, the size of the
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Fig. 8 Identification of the nuclear TBP and SNAP50 among the
nuclear proteins of the parasite that specifically bind to the Pr77
sequence. a The binding reaction was performed using 100,000 cpm
of 3P-dsPr77 and 3 pg of nuclear proteins (NP) of the parasite by
incubation at 37 °C for 30 min. The same reaction was subjected to
UV-crosslinking (XL+). The same amount of 32p_dsPr77 subjected (+)
or not (—) to UV crosslinking (XL) was included as a control. Reactions
were loaded on 10% SDS-PAGE denaturing gels, transferred to PVDF
membranes and products visualized by Phosphorlmager exposure.
The black arrowhead indicates the formed complexes of reduced
mobility, and the asterisks indicate the electrophoretic mobility of
the nucleic acid-free form. b In total, 8 pmol (~400 ng) of cold dsPr77
probe was incubated with 60 pg of parasite nuclear proteins, and

the binding reaction was subjected to UV-crosslinking (XL). Fifty
micrograms of nuclear protein from the parasite was loaded as a
control. Products were resolved by 10% denaturing SDS-PAGE and
transferred to PYDF membranes for subsequent western blot analysis
using anti-TBP antibody (dil. 1:150). ¢, d In total, 8 pmol (~400 ng)

of cold dsPr77 probe was incubated with 60 ug of parasite nuclear
proteins (c) or 180 ug of total proteins (d) of T. cruzj, and the binding
reaction was subjected to UV-crosslinking (XL). The same amount of
nuclear (c) or total proteins (d) of the parasite was loaded as a control.
Products were resolved by 10% denaturing SDS-PAGE and transferred
to PVDF membranes for subsequent western blot analysis using
anti-SNAP50 antibody (dil. 1:5000). The black arrowheads in b-d

indicate the identified products and their molecular weight in kDa

specific band detected with the anti-SNAP50 antibody
corresponded to that of the soluble monomeric form of
the protein. This finding was not related to the nuclear
origin of the parasite proteins used in the assay because
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Fig. 9 Identification of SNAP50 as part of a heavy protein complex
that specifically binds to the Pr77 sequence. a The binding reaction
of 100,000 3?P-dsPr77 and 3 pg of nuclear protein (NP) of the parasite
was performed by incubation at 37 °C for 30 min. The same binding
reactions were subjected to UV-crosslinking (+) at 3000 W/cm? and
254 nm and to heat denaturing (HD+) by heating at 95 °C for 5 min.
A total of 100,000 cpm *’P-dsPr77 probe was included as a control.
Products were electrophoresed on a 6% polyacrylamide native gel,
transferred to PVDF membranes and visualized by Phosphorlmager
exposure. The black arrowheads indicate the formed complexes

of reduced motility, and the asterisk indicates the electrophoretic
mobility of the ’P-dsPr77 free conformation. b The binding reaction
was performed by incubating 8 pmol (~ 400 ng) of cold dsPr77

and 60 pg of nuclear protein (NP) of T. cruzi at 37 °C for 30 min. The
same reactions were subjected to UV-crosslinking (+) and heat
denaturing (HD+) by heating at 95 °C for 5 min. Fifty micrograms of
nuclear protein (NP) of T. cruzi was included as a control. Products
were electrophoresed on a 6% polyacrylamide native gel, transferred
to PVDF membranes and analysed by western blotting using an
anti-SNAP50 specific antibody (dil. 1:5000)

the same reaction performed with total proteins from
the parasite (TP) obtained the same result as the reac-
tion performed with nuclear extracts, detecting a single
band of 50 kDa. In addition, the electrophoretic mobil-
ity of SNAP50 in the binding reactions carried out with
both nuclear (NP) and total (TP) protein extracts was not
affected by UV-crosslinking and no stabilized complexes
of shift mobility were detected. These data could suggest
that the participation of SNAP50 in the complex could be
mediated by protein—protein interactions.

To further analyse whether the binding of SNAP50
protein to the Pr77-transcriptional complex was medi-
ated through protein—protein interactions, the com-
plexes formed as a result of binding between the
32p_dsPr77 sequence and nuclear proteins of the parasite
were resolved in native acrylamide gels (Fig. 9a, NP+,
32P_dsPr77+) together with the same reaction subjected
to UV crosslinking (Fig. 9a, NP+, 32p_dsPr774, XL+)
and the free probe as a control (Fig. 9a **P-dsPr77+). In
addition, the UV-crosslinked binding reaction was also
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heat-denatured (HD) prior to loading into the native gel
(Fig. 9a, NP+, 3>P-dsPr77+, XL+, HD+). The obtained
data allowed us to visualize the formation of at least three
complexes of reduced motility (black arrowheads) as a
result of complex formation between dsPr77 and nuclear
proteins of the parasite (Fig. 9a, NP+, 32p_dsPr77+).
UV crosslinking of the reaction stabilizes the complexes
and leads to observe an increase in the abundance of
the binding complexes together with the formation
of a fourth complex of faster mobility (Fig. 9a, NP+,
32p-dsPr77+, XL+), which is the unique complex (grey
arrowhead,) maintained following heat denaturing of the
reaction (Fig. 9a, NP+, 3?P-dsPr77+, XL+, HD+). When
the same reactions (NP+, dsPr77+, XL+) were loaded
into a native gel together to parasite nuclear proteins
employed as a control (Fig. 9b, lane NP+), transferred
to a PVDF membrane and analysed by western blotting
using the anti-SNAP50 antibody, a SNAP50-containing
complex of high molecular weight was observed (Fig. 9b,
NP+, dsPr77+, XL+). Heat denaturing of the formed
complex induced decoupling of the SNAP50 protein
from the complex, as it was not detected (Fig. 9b, NP+,
dsPr77+, XL+, HD+).

Discussion

Trypanosomatids exhibit a scarcity of RNAPII promot-
ers with only two promoter sequences characterised to
date, the spliced leader (SL) [39] and Pr77 from L1Tc ret-
rotransposon [14]. However, biochemical characteristics
of the transcription factors and DNA motifs that mediate
the functions of Pr77-driven transcription have not been
determined. We previously reported that 7. cruzi nuclear
proteins specifically bind to the Pr77 promoter, particu-
larly to the DPE motif sequence (CGTG), which plays an
important role in L1Tc transcription, suggesting that this
sequence acts as a docking site for parasite nuclear fac-
tors [15]. This promoter sequence, known as Pr77-hall-
mark, is also widely distributed in the genome of other
trypanosomatids and could therefore play an important
role in gene regulation [17].

The present study helps to elucidate Pr77-driven tran-
scription through the identification of TBP and SNAP50
Trypanosoma cruzi proteins as Pr77-binding factors as
well as determine the preferable DNA—protein interac-
tions and possible protein—protein interactions that take
place in this process. Thus, we were able to identify TBP
and SNAP50 proteins attached to the Pr77 promoter
sequence by using a Dynabeads protein capture assay
coupled to western blotting. Thus, TBP and SNAP50
are part of the protein complex that recognizes and
specifically interacts with Pr77. Using the same experi-
mental approach, both TBP and SNAP50 proteins were
also shown to specifically bind to the SL sequence and
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not to other sequences such as IL6. Interestingly, the
monomeric conformation of TBP (~37 kDa) was solely
detected in the eluted fractions (E) resulting from the
binding reactions of proteins of the parasite and Pr77 and
SL probes, although in the flow-through fractions (FT)
as in the parasite” protein extracts, both monomeric and
dimeric conformations were detected (~ 37 and ~ 75 kDa,
respectively). These data are consistent with previous
studies that indicate that TBP predominantly self-associ-
ates into dimers through the conserved carboxyl-termi-
nal domain of TBP, and although the TBP dimers do not
bind DNA, they must dissociate into monomers before
stably binding to the TATA box [40, 41]. These data may
suggest that the monomeric fraction of TBP is involved
in binding to Pr77 and SL DNA during transcription.
This involvement is consistent with results obtained for
human and yeast TBP reporting that the recruitment
of TBP to promoters is negatively autoregulated by its
own dimerization by blocking TBP’s DNA binding sites
[40, 41]. Consequently, it has been stated that since TBP
binding to TATA represents an early step in transcription
complex assembly; the possibility exists that controlling
the kinetics of dimer to monomer conversion may, in
effect, control transcription complex assembly and initia-
tion [41].

Immunofluorescence microscopy shows that TBP and
SNAP50 proteins colocalize in T. cruzi epimastigotes in
a nuclear major spot. To our knowledge this is the first
description of colocalization of TBP and SNAP50 by IFI
in trypanosomatids. This result indicates that these two
proteins might be very close in the nucleus, suggesting
a shared functional role related to Pr77 promoter activ-
ity and transcriptional factor characteristics. These data
support previous findings in 7. brucei describing a tight
interaction among TBP (or TRF4), TbSNAPc and TFIIA
trypanosomal proteins which bind specifically to the SL
RNA gene promoter upstream sequence element and are
essential for SL RNA gene transcription in vitro [22, 23].
This process has also been proposed in T. cruzi, although
no experimental data supporting this possibility have
been reported [31]. Colocalization of TBP and SNAP50
in a single spot in T. cruzi epimastigotes is also consist-
ent with the localization of T. cruzi RNA polymerase II,
the largest subunit which concentrates in a central area in
the nucleus near the parasite nucleolus at the genomic SL
RNA loci in which there is a high transcriptional activ-
ity [42]. The spliced leader-associated RNA polymerase
II localization is dependent on the cell transcriptional
state and is dispersed when transcription is blocked
by a-amanitin and actinomycin D and also in the try-
pomastigote form where the transcription is diminished
[42]. Given the high concentration of pol II at foci in
the nucleus, it is possible that other genes, in particular
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protein coding genes in divergent gene clusters, might
also be transcribed by the polymerase in these SL RNA
transcription foci [43]. The interspersed character in the
genomes of the retrotransposons bearing the Pr77-hall-
mark would lead to a scattered and not detectable faint
signal by IFI or, alternatively, would require that chromo-
somes be dragged through a pol II focus in a transcrip-
tion factory-like manner as has been proposed to occur
for other genes [43]. The latter would be in accordance
with the known fact that transcription in trypanosoma-
tids begins mainly in the Strand Switch Regions and Pr77
bearing retrotransposons, despite being in many chro-
mosomes and being scattered through them, and would
be organized so that they are close to the transcription
initiation complexes.

TBP protein specifically and directly binds to the Pr77
sequence, exhibiting a strong binding affinity in a positive
cooperative manner (Fig. 4a). In contrast, the rfSNAP50
protein exhibits a weak interaction with the Pr77 pro-
moter sequence, which is only detected when the Pr77-
SNAP50 interaction is stabilized by UV-crosslinking.
This suggests that Pr77-SNAP50 interaction requires the
participation of other factors, such as some other SNAPc
component and/or other cellular proteins that enable
SNAP50 participation in the complex. In trypanosomes,
SL transcription takes place with the participation of the
SNAPc complex, which is composed of three polypep-
tides measuring 57, 46 and 36 kDa [24, 44]. The 57-kDa
polypeptide from L. seymouri shows 43% sequence simi-
larity (23% identity) with human SNAP50 and copurifies
with 46- and 36-kDa polypeptides and the SL promoter
[24, 44]. This fact is consistent with the Dynabeads pro-
tein capture data reported in this study, where TBP and
SNAP50 show specific binding ability for both Pr77 and
SL DNA sequences.

Analysis of the binding kinetics between Pr77 and
TBP supports that TBP binds with high specificity to the
Pr77 sequence. Thus, EMSA competition assays indicate
that the highest displacement of the rTBP-dsPr77 bind-
ing complex occurs when Pr77 dsDNA is utilized as a
competitor. A large amount of other DNA competitors,
such as APT and poly (dI-dC), is required to displace the
referred binding complex. The EC50 values obtained in
the competition assays indicate that the dsPr77 competi-
tor yields approximately 30 times greater effectiveness in
the displacement of the rTBP-3>P-dsPr77 complex than
the APT mixture and 60 times greater effectiveness than
the poly (dI-dC) competitor, suggesting an important
affinity of rTBP to the Pr77 DNA sequence. TBP binds
to the Pr77 sequence as double-stranded and single-
stranded nucleic acids and to the sense and antisense
Pr77 DNA strands and does not exhibit any binding pref-
erence for the structural or conformational status of Pr77

Page 16 of 20

DNA since denaturing the highly structured sequence
of dsPr77 did not prevent the binding between Pr77 and
TBP. Thus, EMSA performed using both native and dena-
tured Pr77 DNA probes showed that TBP is capable of
binding to the Pr77 promoter sequence, regardless of
structural and/or conformational issues. Taken together,
these results suggest that TBP binding specificity to Pr77
may be attributable to the nucleotide composition of
Pr77 and not to structural criteria. In contrast, although
recruitment of trypanosomatid TBP to the SL RNA gene
promoter has been demonstrated for Leishmania taren-
tolae [30] and is required for SL RNA transcription in T
brucei, a direct interaction between TBP and the SL RNA
gene promoter DNA was not detected, as observed from
the EMSAs [31].

The data obtained using DNA oligo pairs covering the
entire Pr77 sequence indicate the existence of several
TBP binding sites in the Pr77 nucleotide sequence since
formation of different complexes of reduced mobility
were observed in the EMSA resolved in native gels. In the
case of the oligo pairs comprising the DPE motif and the
sequence located downstream of DPE, more than one oli-
gonucleotide pair-rTBP/nuclear protein complexes were
observed. This fact was taken as an indication of the dif-
ferent conformations that adopt the formed complexes
which depend on the nucleotide composition and the
length of each oligonucleotide. The formation of more
than one complex may also correspond to an interme-
diate or transient binding state of a particular complex,
which may well be modulated by the strong binding affin-
ity for Pr77 that TBP exhibits in a positive cooperative
manner which implies that binding of one molecule of
TBP to Pr77 sequence will favour binding of additional
TBP molecules to the same sequence. In particular, the
regions comprising the DPE motif (CGTG; nucleotides
+25 to +28) together to the sequence located down-
stream of DPE (429 to +51/+77) of Pr77 were shown
to be important binding sites of TBP and parasite nuclear
factors. These results are consistent with the result of
EMSA competition assays (Additional file 2: Figure
S2) and corroborate the binding affinity of TBP to the
abovementioned regions of Pr77 and to the reported
preference of T. cruzi TBP for C/G-rich DNA sequences
in vitro [45]. Although our experimental results show
that the +24 to +51 region within the Pr77 sequence
seems to be the strongest binding region, we cannot rule
out the possibility that there may be other regions in the
first half of the Pr77 sequence (+ 1 to +23) serving as in
vivo binding sites for other parasite nuclear factors. The
strong binding of TBP to the + 24 to + 51 region together
with its faint binding to the +12 433 region which
includes the DPE motif suggests that the DPE motif is
not the only the region implicated in transcriptional
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complex recruitment that mediates Pr77-mediated tran-
scription. These data are consistent with those previously
reported in which different point mutations along Pr77
sequence and at the DPE motif abolished the transcrip-
tional capacity of the Pr77 promoter although did not the
binding affinity of nuclear proteins [15]. A similar bind-
ing pattern to each dsDNA oligo pair to that detected
with rTBP was observed using parasite nuclear proteins,
although more intensely shifted complexes were detected
in most cases. This increased intensity could be attribut-
able to the involvement of the other parasite nuclear pro-
teins with affinity to the Pr77 sequence. In fact, EMSA
showed a higher abundance of complexes of reduced
mobility when binding assays were performed with dsM2
(DPE-less) and nuclear proteins than when rTBP was
used, which again supports the notion that other nuclear
proteins specifically bind to Pr77 and cooperate in the
recruitment of the Pr77 transcriptional complex.

In light of these results, the data led us to conclude
that the DPE motif is an important but not unique bind-
ing site of rTBP and certain parasite nuclear proteins
to the Pr77 sequence. Thus, there must be nuclear pro-
teins whose binding ability to Pr77 would be mediated
through DPE, while others may be in contact with differ-
ent regions of Pr77, such as those located downstream of
DPE. The importance of the DPE motif as a binding site
of TBP and other parasite nuclear factors together with
its implication in the transcription process may explain
the strong degree of conservation in the Pr77-hallmarks
from trypanosomatid retrotransposons through evolu-
tion [15]. Since both TBP and parasite nuclear proteins
show the same pattern of binding to the Pr77 sequence,
it appears that the TBP protein participates in the first
steps of Pr77 transcriptional complex recruitment.

Based on the finding that the UV-stabilized **P-dsPr77-
nuclear protein complexes were maintained following
electrophoresis in denaturing conditions, as they were
visualized by X-autoradiography exposition, the next
aim was to detect the TBP and SNAP50 proteins within
the Pr77-transcriptional complex constituted by dsPr77
sequence and nuclear proteins of the parasite. To this
end, EMSA was next performed with UV-crosslinked
complexes followed by immunoblot detection of the
corresponding protein factors using specific antibodies
raised against TBP and SNAP50. As observed before, the
monomeric (37 kDa) and multimeric (e.g., 75 kDa) con-
formations of the TBP nuclear protein of the parasite
were detected by the anti-TBP antibody. In the binding
reaction and, in addition to the dimeric form of the TBP
(approximately 75 kDa), the anti-TBP antibody detected
a complex with reduced motility (of approximately
90 kDa) resulting from dsPr77 and TBP binding. How-
ever, in this binding reaction the monomeric form of TBP
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was not detected, which suggests that monomeric TBP
was involved in the specific binding of TBP to the Pr77
sequence. These findings were consistent with the results
of the Dynabeads protein capture in which the mono-
meric form of the protein is bound to the Pr77 sequence,
and also with the results of the EMSA and EMSA compe-
tition assays, which indicated specific and direct binding
of TBP to the Pr77 sequence. This specific binding fol-
lowed a cooperative binding model, as the Hill coefficient
(aryy) was 1.67. This ay; value > 1 implies that the binding
of one molecule of TBP to Pr77 facilitates the binding of
subsequent ligands to other Pr77 sites and that the bind-
ing of TBP molecules to the different sites on Pr77 does
not constitute mutually independent events. All these
findings suggest that TBP is a factor that initially binds
to Pr77, favouring the recruitment of additional factors
related or not related to TBP.

Detection of SNAP50 in the complex constituted
by Pr77 and nuclear proteins together with the Dyna-
bead protein capture results indicate that SNAP50 pro-
tein also forms part of the Pr77-nuclear protein binding
complexes. Analysis of the complexes formed between
dsPr77 and nuclear proteins of the parasite resolved in
native gels enabled the detection of several complexes
of reduced motility. Although these complexes were sta-
bilized, as expected, by UV-crosslinking, some of them
were heat-resistant, while others were heat-sensitive,
as they were dissociated by heat denaturing under the
experimental conditions. The presence of SNAP50 as one
of the proteins conforming to the DNA-protein binding
complex was corroborated by resolution in native gel of
homologous no heat and heat-denatured UV-crosslinked
binding reactions followed by immunoblotting employ-
ing an anti-SNAP50-specific antibody, which led to the
detection of a complex with highly reduced mobility. The
presence of SNAP50 in the heavy and heat-sensitive com-
plex conformed by dsPr77 DNA and several nuclear pro-
teins of the parasite together with the weak direct binding
observed between SNAP50 and the dsPr77 sequence
strongly suggest that the participation of SNAP50 in this
complex is mediated through protein—protein interac-
tions with other parasite factors, which may be SNAPc
proteins. This finding is consistent with the structure of
the trypanosomal SNAPc (tSNAPc), which consists of a
trimeric conformer that contains the SNAP50, SNAP42
and SNAP26 proteins [32]. In addition, several studies
have shown that 7. brucei TBP and SNAP50 interact with
each other and with SL promoter DNA to form the pre-
initiation complex, which subsequently recruits the rest
of the factors and RNA polymerase II [32].

Taken together, these findings strongly suggest that
both the T. cruzi TBP and SNAP50 are transcription fac-
tors involved in Pr77-driven transcription. To the best
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of our knowledge, these results are the first to identify
transcription factors binding a retrotransposon promoter
in trypanosomes. These finding strongly suggests that
a preinitiation complex is formed in the Pr77 promoter
that may well involve the 27 proteins that have been char-
acterized to form the PIC on the T. brucei SL RNA gene
promoter. Although further studies are required to eluci-
date the basic mechanisms required for functional RNA
polymerase II-dependent transcription in Trypanosoma
cruzi, our results shed light on the Pr77-hallmark medi-
ated transcription process of the non-LTR retrotranspo-
sons in this organism.

Conclusions

The limited knowledge of the factors correlated with
unusual modes of transcription in trypanosomatids and,
particularly in Trypanosome cruzi, highlights the need
for studies to elucidate how transcriptional processes are
mediated in these parasites. In this article, to our knowl-
edge we present the first description of TBP and SNAP50
as transcription factors that specifically bind to the Pr77
promoter of non-LTR retrotransposons of 1. cruzi. Our
findings indicate that the TBP protein binds directly to
the Pr77 sequence, in particular to the regions compris-
ing the DPE motif and the downstream DPE sequence,
exhibiting strong binding affinity in a positive cooperative
manner. The findings also indicate that there is no direct
binding of SNAP50 to the Pr77 sequence. In these organ-
isms, studies are needed to understand the influence of
the transcriptional capacity of non-LTR retrotransposons
on the transcription of polycistrons where these mobile
DNA elements are interspersed.

Abbreviations

LINE: Long interspersed nuclear element; SINE: Short interspersed nuclear
element; SIDER: Short interspersed degenerated retroposons; DIRE: Degener-
ate ingi/L1Tc-related element; TBP: TATA-binding protein; SNAP: Small nuclear
RNA-activating protein; EMSA: Electrophoretic mobility shift assay; DPE:
Downstream promoter element; RNAPII and IIl: RNA polymerase Il and Ill; SL:
Spliced leader; LIT: Liver infusion tryptose medium; RP: Recombinant protein;
TP: Total protein extracts; NP: Nuclear protein extracts; CP: Cytoplasmic protein
extracts; IPTG: Isopropy! 3-p-thiogalactoside; PVDF: Polyvinylidene fluoride;
DTT: Dithiothreitol; PMSF: Phenylmethanesulfonyl fluoride; BSA: Bovine serum
albumin; SELEX: Systematic evolution of ligands by exponential enrichment;
FP: Free probe; DMSQO: Dimethy! sulfoxide; MoAb: Monoclonal antibody; UV-
XL: Ultraviolet crosslinking; APT: Aptamer; HD: Heat denaturing.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513071-021-04803-5.

Additional file 1: Figure S1. Binding kinetics of rTBP to the dsPr77
sequence by EMSA. A 0.33 nM concentration of *’P-labelled dsPr77 was
preincubated with increasing concentrations (0.32-6.35 uM) of rTBP at
37 °C for 30 min. Control reactions were performed without protein.
Reactions were loaded on 6% native polyacrylamide gels, and
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quantification was carried out in a Phosphorlmager. The results were
obtained from three independent experiments, as shown in Fig. 4a (top
panel). The average values corresponding to the bound dsDNA fraction
were plotted against the protein concentration, as shown in Fig. 4a
(bottom panel). The curve corresponds to the best fit of the Hill equation
to the experimental data [R? (coefficient of dg}termination) =0.97].The

equation used was as follows: y = M, where x'is the protein

q V= K e P
concentration andy'is the radiolabelled dsDNA-bound fraction. K,
defined as the protein concentration at which 50% of the dsDNA is

bound, is indicated.

Additional file 2: Figure S2. Determination of the preferential binding
site/s of rTBP and nuclear proteins to the Pr77 sequence. a Binding
kinetics of rTBP to dsPr77 and double-stranded oligo pairs mapping the
Pr77 sequence by EMSA. A 0.33 nM concentration of >2P-dsPr77 or each
32p-labelled oligo-pair was preincubated with increasing concentrations
(0.63,3.17,6.35 uM) of rTBP at 37 °C for 30 min. Control reactions were
performed without protein. Reactions were loaded on 6% native poly-
acrylamide gels, and quantification was carried out in a Phosphorlmager.
b Binding specificity of TBP to the Pr77 sequence by EMSA competition.
EMSA was carried out after preincubation of 0.125 nM *2P-dsPr77 with
1.58 uM rTBP and with different concentrations (as indicated, fold excess
ranging from 5 to 500 times) of each cold oligo pair as DNA competitors.
Control reactions were performed in a and b without protein. Reactions
were loaded on 6% native polyacrylamide gels, and the results were
visualized in a Phosphorlmager. Shifted bands are indicated with black
arrowheads, and the radiolabelled free form of each probe is indicated
with an asterisk.

Additional file 3: Table S3. Sequence of oligonucleotides used in bind-
ing assays.
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