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Abstract

Regulation of gene expression in trypanosomatids is not yet well understood. Genes are organized in long polycistronic tran-

scriptional units separated by intergenic regions that may contain the signaling information for nucleic acid processing. Poly-

dinucleotides are frequent in these regions and have been proposed to be involved in regulation of gene expression. Previously, we

have reported that [dT–dG] are highly frequent, asymmetrically strand distributed, and constitute targets for specific protein binding

[Biochem. Biophys. Res. Commun. 287 (2001) 98]. Here, we present the purification and characterization of a new type of single

stranded nucleic acid binding protein (Tc38) that recognizes specifically the motif poly[dT–dG] in this parasite. The protein has a

deduced molecular weight of 38 kDa and its salient characteristics include an isoelectric point of 9.34, a high frequency of Ser, Leu,

and di-amino acids. Neither compositional nor architectural conserved domains could be detected in database searches. Re-

combinant Tc38 was expressed as a GST fusion protein, purified, and used to analyze target specificity by electrophoretic mobility

shift assays. The unusual characteristics of the protein together with the peculiar features of the specific nucleic acid target suggest

the existence of a novel event that may be involved in the mechanisms of gene expression in trypanosomatids.

� 2003 Elsevier Inc. All rights reserved.
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Poly[dT–dG]
Trypanosoma cruzi is a protozoan responsible for

Chagas’ disease. It constitutes a major health problem

affecting several million people. Its endemic area extends

throughout South and Central America and Mexico.

The parasite has a life-cycle that includes a vertebrate

and an insect vector, with at least three different mor-

phological and functional forms.

Molecular studies have shown several peculiarities in
the regulatory mechanisms of gene expression in try-

panosomatids. Protein-coding genes are arranged in

large polycistronic transcriptional units from which in-

dividual mRNAs are generated by 50 trans-splicing, in-

volving the addition of a small conserved RNA called
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spliced leader (SL) and 30 polyadenylation. Trypano-

some genes typically lack introns, though a single ex-

ception for Trypanosoma brucei and T. cruzi has recently

been described [1]. In Leishmania major chromosome 1

and in the longest reported T. cruzi contig, all protein

coding genes are primarily organized in long divergent

transcriptional units [2,3]. Mechanisms of transcription

initiation for protein coding genes are not yet completely
understood. No typical RNA polymerase II promoter

for this type of gene has been detected. In addition, in-

tergenic regions containing non-canonical promoter se-

quences can drive transcription [4]. Though the switch

region of L. major chromosome 1 has been considered a

potential putative promoter, recently it was reported

that it is not required for the expression of all genes

present in the transcriptional units [5]. It has been
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suggested that RNA polymerase II initiation has very
low specificity and that transcription could result from

initiation at many sites along the polycistronic unit

through transient DNA melting, which could allow

RNA polymerase II assembly [6]. In this context, single-

stranded DNA binding proteins should be relevant

factors in the molecular mechanisms governing tran-

scription. Since individual genes belonging to a single

polycistronic unit show differential or stage specific ex-
pression, regulation of gene expression is considered to

occur mainly at post-transcriptional stages [7]. 30 UTR

sequences have been shown to confer stage specificity

and protein interactions with targets therein have been

identified [8,9].

Previously, we have reported that in T. cruzi, [dT–

dG] repeats are highly frequent and show asymmetric

strand distribution in the vicinity of coding sequences.
We have shown that poly[dT–dG] and its complemen-

tary sequence constitute specific targets for nuclear

proteins [10]. Here we present the purification of one

such protein. Data obtained by the microsequence

analysis of the purified protein enabled the cloning and

sequencing of the complete gene using RT-PCR and li-

brary screening. Finally, the ability of the recombinant

protein to recognize the repetitive target was verified by
competition with other repeating dinucleotides. The

identification of a new type of single-stranded nucleic

acid binding protein in the context of the unusual fea-

tures in frequency, location, and strand distribution of the

specific target, certainly constitutes a first step towards

the comprehension of trypanosomatids genomics.
Materials and methods

Cell growth. The T. cruzi CL Brener strain [11] was used. Epim-

astigotes were cultured in liver infusion tryptose (LIT) liquid medium

supplemented with 10% heat inactivated fetal calf serum (Sigma) at

28 �C.
Protein purification. A nuclear enriched fraction prepared as re-

ported previously [10] was homogenized and cleared from nucleic acids

by high salt extractions and dialyzed overnight at 4 �C against 150mM

KCl, 50mM Tris–HCl, pH 7.5, 5mM EDTA, and 0.5mM DTT [12].

The [dT–dG]-binding activity contained in the clarified fraction (usu-

ally, 10mg of protein) was further purified by two affinity chromato-

graphic steps. The first was based on the protein’s affinity for single

stranded DNA agarose (Gibco-BRL) and the other based on the

specific DNA target (poly[dT–dG]15–biotin)–(streptavidin–agarose)

(Sigma). For the latter, the binding buffer was the same as described

below for EMSA. The columns were blocked using BSA and salmon

sperm DNA. In both cases, the elution was performed using a step

gradient with increasing KCl concentrations. The relative protein

concentration was determined by absorbance at 280 nm measurements

with an UV monitor. The fractions were extensively dialyzed against

150mM KCl buffer and later concentrated with Centricon-10 con-

centrators to a final volume of approximately 50 ll. Electrophoretic
mobility shift assay (EMSA) was used to determine binding activities

of the fractions.

Binding reaction, electrophoretic mobility shift assays, and South-

western blot. Binding reactions and electrophoretic mobility shift
assays were performed as previously described [10] using oligode-

oxynucleotides [dT–dG]15 or [dT–dG]20 as a probe. For competition

MP1 (CGCCGGGCGTGTGCTGCCAAACCGCTGACC), poly[

dT]15, Sigma poly[dA–dT], poly[dC–dG], poly[dI–dC], and poly[G–U]

were used. Southwestern blots were done as reported by Pitula et al.

[12].

Library screening. Based on the sequence of the EST TENU2471,

two primers MAD1 (50-GCCCGCAGCAGTCCAAGTAATG-30) and

MAD2 (50-TTCCTCGATCCGCCAGAGACTG-30) were designed to

obtain a specific probe. Genomic DNA from T. cruzi epimastigotes

was prepared by phenol extraction [13] and was used to specifically

amplify the partial sequence by PCR (cycle conditions: 94 �C-30 s,
50 �C-60 s, and 72 �C-60 s). The amplified product was cloned into

pGEM-T-easy vector (Promega) and sequenced. The probe was

labeled by PCR in the presence of [a-32P]dCTP.
A kEMBL3 genomic library from T. cruzi (kindly provided by

Dr. Samuel Goldenberg, IBMP, Brazil) was screened with the MAD1–

MAD2 labeled probe. Positive clones were purified and sequenced

using an ABI Prism 377 sequencer. The sequence reported here has

been submitted to GenBank (AY357259).

RT-PCR. Total RNA was obtained by standard methods and used

for RT-PCR assays. cDNA was synthesized using either the MAD2 or

poly[dT]-Anchor (50-CTCTCAAGGATCTTACCGCTTTTTTTTTT

TTTTTTT-30) primers. PCR amplification was performed using either

a spliced leader based primer (50-CGCTATTATTGATACAG

TTTCTG-30) or MAD1 and the primers used for the first strand. Two

other primers MAD3 (50-TAACGTGGAACAGCTTGAAGATC-30)

and MAD4 (50-TTGTCCAGCAGCAACTGAGTCGG-30) were also

used for RT-PCR. Bands were excised from the gel, cloned into

pGEM-T-easy vector (Promega), and sequenced.

Recombinant protein expression and purification. The complete

coding sequence was amplified by PCR and cloned into the pGEX-4T

vector (Amersham), generating a glutathione-S-transferase (GST) fu-

sion and transformed in Escherichia coli BL21 (Novagen). Cultures

were induced with IPTG for 4 h at 37 �C. The recombinant protein was

purified using GST–SepharoseFF columns (Amersham–Pharmacia-

Biotech) following the manufacturer’s instructions.

For Western blot analysis, samples were fractionated on SDS–

PAGE and transferred to Protran nitrocellulose membranes (Schlei-

cher and Schuell) as indicated. Membranes were probed with an

anti-GST polyclonal antibody (Amersham–Pharmacia-Biotech) and

developed using a Goat ExtrAvidin Peroxidase Staining Kit (Sigma).
Results and discussion

Purification of a single-stranded nucleic acid binding

protein from T. cruzi epimastigotes

In order to purify proteins that specifically recognize

the repetitive dinucleotide [dT–dG] contained in the

enriched nuclear fraction, a combination of high salt
extraction and two steps of affinity chromatography was

used. The activity was followed by EMSA using the

target as a probe.

First, the enriched nuclear fraction was applied to a

single stranded DNA–agarose column. Elution was

performed using a step gradient with increasing KCl

concentrations ranging from 0.2 to 2.0M. Binding ac-

tivity was observed in the 500mM KCl eluates in several
independent experiments. Interestingly, binding activity

for both probes: poly[dC–dA]15 and [dT–dG]15, co-

eluted in the same fraction, suggesting that the same

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db=nucleotide&cmd=search&term=AY357259
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protein(s) could be responsible for the recognition of
both probes (Figs. 1A and B). Binding activity recovery

was improved when the ionic strength of the initial

binding buffer was lowered to 50mM KCl (data not

shown). In the 500mM KCl fraction, a prominent band

of approximately 40 kDa was observed (Fig. 1C). To

determine whether the binding activity correlated with

this observed band, a southwestern blot was performed.

One strong signal co-migrating with the purified protein
was found using both the poly[dT–dG]15 (Fig. 1D) and

poly[dC–dA]15 targets (not shown). A weaker and faster

migrating signal was also observed. Second, a poly[dT–

dG]15–biotin–streptavidin–agarose affinity chromatog-

raphy was used. In this case, binding activity was
Fig. 1. Purification analysis. (A) Poly[dC–dA]15 was radiolabeled and used

affinity chromatography. (B) Same as (A) using radiolabeled poly[dT–dG]15
fraction before high salt extraction; lane 3, fraction applied to the column;

KCl); and lanes 5–10, fractions eluted with 150, 300, and 500mM and 1, 1.

SDS–PAGE electrophoresis (15%) of different protein fractions of the ss-DN

1, molecular weight markers (kDa); lane 2, 10 lg high salt extracted nuclear

eluted at 500mMKCl (2lg). (D) Southwestern blot assay. Poly[dT–dG]15 wa

20, 2, and 0.2lg, respectively. Lanes 4 and 5, fractions from a ss-DNA–ag

spectively. (E) Poly[dT–dG]15 was radiolabeled and used as a probe for EM

chromatography. Lane 1, free probe; lane 2, enriched nuclear fraction befo

fraction not bound to the column (loading conditions 150mM KCl); and lane

KCl, respectively. Complexes are indicated by arrows.
recovered both in the 0.5 and 1M KCl fraction, sug-
gesting a higher affinity for the target sequences

(Fig. 1E). A weak single protein band of approximately

38 kDa was observed in silver stained SDS–PAGE of

this fraction (not shown).

This band was excised from the gel and analyzed by

mass spectrometry following trypsin digestion (Borealis

Biosciences). The fragmentation pattern correlated with

the expected tryptic peptide masses from the TENU2471
T. cruzi EST (dbEST Id: 1805863). This EST showed no

homology with characterized proteins or conserved pro-

tein domains. However, an orthologous gene in L. major

(NCBI Accession No. CAB71224) and in T. brucei

(TIGR_67_26A17) was found in the databases.
as a probe for EMSA with protein fractions of the ss-DNA–agarose

as a probe. In both cases: lane 1, free probe; lane 2, enriched nuclear

lane 4, fraction not bound to the column (loading conditions 150mM

5, and 2M KCl, respectively. Complexes are indicated by arrows. (C)

A–agarose affinity chromatography stained with Coomassie blue. Lane

enriched fraction (affinity chromatography input); and lane 3, fraction

s radiolabeled and used as a probe. Lanes 1–3, nuclear enriched fraction

arose affinity chromatography eluted with 300 and 500mM KCl, re-

SA with protein fractions of the poly[dT–dG]15–biotin–avidin–agarose

re high salt extraction; lane 3, fraction applied to the column; lane 4,

s 5–10, fractions eluted with 150, 300, and 500mM and 1, 1.5, and 2M
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Identification of the complete coding sequence of Tc38

By analogy with the orthologous genes, this EST

represented up to 50% of the total coding sequence. RT-

PCR and library screening was performed in order to

obtain the complete coding sequence. A genomic clone

was isolated containing a 1014 pb ORF coding for a

predicted protein of 338 amino acids (MW 38381.1Da)

named Tc38. The genomic Southern blot pattern sug-
gests that Tc38 is a single copy gene (data not shown).

RT-PCR allowed the identification of the 50 splicing

aceptor site which was located 36 nt upstream of the

AUG (Fig. 2). Analysis of the predicted primary struc-

ture of the Tc38 protein indicated a basic isoelectric

point (pI of 9.34). No putative conserved domains, ei-

ther compositional or architectural, were found. The

protein is characterized by a high frequency of Ser, Leu,
and diamino acids. This peculiarity has also been re-
Fig. 2. Sequence analysis. The open reading frame is shown in bold.

RT-PCR enabled the location of the trans-splicing acceptor AG

(boxed) and the polypyrimidine tract preceding the spliced leader ac-

ceptor (underlined). The different primers used in this work are indi-

cated by arrows. Stop codon (#).
ported for a putative transcription factor in Leptomonas

seymouri [14,15]. These features suggest that Tc38 may

belong to a new family of nucleic acid binding proteins.

The orthologous genes in L. major and in T. brucei

(coding for proteins of 347 and 338 amino acids) show

amino acid identities of 70% and 79%, and similarities of

83% and 89%, respectively.

A putative mitochondrial targeting sequence is ob-

served in the amino terminal portion of the protein [16].
Recently, the orthologous genes in T. brucei and L.

tarentolae have been reported as mitochondrial RNA

binding proteins [17]. These data suggest that Tc38

may also have a mitochondrial localization. Further

experiments are needed to demonstrate the actual

localizations.

In vitro binding activity of the recombinant protein

The complete coding sequence was amplified and

cloned in the pGEX-4T E. coli expression vector to

obtain a recombinant protein fused to GST. A protein

of approximately 64 kDa was detected in protein ex-
tracts prepared after induction of E. coli BL21 bacterial

cells. About half of the recombinant protein remained in

the soluble protein fraction after bacterial sonication.

The protein was purified by chromatography on a glu-

tathione–Sepharose column and eluted with 10mM, pH

8, reduced glutathione. The purification yielded a major

band of 64 kDa. A Western blot analysis was performed

using a polyclonal anti-GST antiserum, showing that
the purified protein corresponds to the Tc38-GST fusion

protein (Fig. 3). The recombinant fusion protein was

tested in EMSA using the [dT–dG] repeat target. This

allowed for the observation of a complex yielding a clear

signal (Fig. 4A). The detection of a second complex was

also evident in some preparations (Fig. 4A). This second

complex is also observed when using large amount of

the recombinant protein. Analysis of the EMSA gels by
silver staining and Western blot, using the GST-anti-

body, indicated that most of the protein appears as high

molecular weight multimers or aggregates which do not

bind the target. Nevertheless, two bands colocalized

with the observed complexes (data not shown). Control

experiments using GST protein were negative. Compe-

tition experiments using different polydeoxynucleotides

clearly demonstrate the specificity of Tc38 for the
poly[dT–dG] target (Fig. 4B). Furthermore, competition

experiments using a poly[U–G] repetitive sequence

showed that Tc38 presents a higher affinity for the

deoxynucleotide repeats (Fig. 4B).

A novel type of single-stranded nucleic acid binding

protein recognizing specifically the motif poly[dT–dG],

highly frequent in the intergenic regions of T. cruzi, has

been identified.
Single stranded nucleic acid binding proteins are in-

volved in numerous processes in genome dynamics,



Fig. 4. EMSA with the recombinant protein. Poly[dT–dG]20 was ra-

diolabeled and used as a probe for EMSA with the recombinant Tc38-

GST protein. (A) Lane 1, free radiolabeled probe; lane 2, 200 ng of

recombinant Tc38-GST; and lane 3, 200 ng of recombinant GST.

Complexes are indicated by arrows. (B) Competition assays with in-

creasing amounts of the unlabeled nucleic acids competitors. The first

lane of each gel shows the reaction without competitor. Increasing

amounts of the competitors are indicated above each triangle (left to

right). Upper and middle panel: 1-, 10-, and 100-fold molar excess.

Lower panel: 1-, 5-, 10-, 50-, and 100-fold molar excess of the com-

petitor. TG, [dT–dG]40; CG, poly[dC–dG]; AT, poly[dA–dT]; T,

poly[dT]; MP1, 30mer oligonucleotide; IC, poly[dI–dC]; and UG,

poly[U–G].

Fig. 3. Purification of the recombinant fusion protein. (A) SDS–PAGE

analysis in 10% acrylamide gels. Lane 1, E. coli Bl21 bacterial extracts

from uninduced cells; lane 2, E. coli Bl21 bacterial extracts from

0.5mM IPTG induced cells; lane 3, recombinant fusion protein puri-

fied by glutathione–Sepharose chromatography. (B) Lane 1, the puri-

fied recombinant protein was electrotransferred onto Protran

membranes and incubated with a 1/2000 dilution of the polyclonal

anti-GST serum. The molecular mass standards (kDa) are indicated on

the left.
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transcription, RNA maturation, and post-transcrip-

tional regulation.

The [dT–dG] repeats are highly frequent and asym-

metrically strand distributed in T. cruzi [10]. This seems

not to be restricted to trypanosomatids, as similar

findings were observed also in the human, mouse,

Caenorhabditis elegans, and yeast genomes, suggesting a
specific function for these repeats [18]. The poly[dT–
dG] � [dC–dA] tracts could adopt particular non-B DNA

structures, generating single-stranded DNA tracts, fa-

vored or recognized by specific proteins [19–22]. The

potential localization of Tc38 in mitochondria as well as

nuclei leads us to search for the presence of these di-

nucleotide repetitive sequences in kinetoplast DNA. We

have found some poly[dT–dG] tracts, but a statistical

analysis could not be carried out due to the limited
amount of data.

Though our in vitro analysis clearly establishes a

specificity for the polydeoxy-dinucleotide probe, we

could not eliminate the possibility that the actual

physiological target could be the ribonucleotide. In fact,

the polycistronic nature of transcription in trypanoso-

matids necessarily suggests another putative role of

these repeats in RNA maturation and regulation [9]. It
has been very recently reported that downregulation of

the orthologous protein TbRBP38 in RNAi assays re-

duces the stability of total mitochondrial RNAs [17].

Another possibility could be the involvement of Tc38 in

RNA maturation. The [U–G] repeat has been identified

as an intron signal involved in alternative splicing [23]

and as a strong splicing enhancer [24]. A splicing regu-

lator protein that specifically recognizes the poly[U–G]
has also the ability to bind [dT–dG] repeats [25].

In summary, we report here the identification of a

novel single stranded nucleic acid binding protein from

T. cruzi epimastigotes. The unusual features in fre-

quency, location, and strand distribution of the target

[10] strengthen the relevance of the recognition event.

This characterization constitutes a contribution for the

elucidation of trypanosome peculiarities in regulation of
gene expression.
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