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In trypanosomatids, the mechanisms of gene expres-
ion regulation are not yet well understood. The genes
re organized into long polycistronic transcription
nits separated by intergenic regions that may con-
ain the signaling information for nucleic acid pro-
essing. Poly-dinucleotides are frequent in these re-
ions and have been proposed to be involved in gene
xpression regulation. We analyzed their frequency in
DS-flanking sequences of sense strands in Trypano-

oma cruzi and established that all but poly[dC-dC],
oly[dC-dG], and poly[dG-dG] are significantly more
requent than expected by chance. Poly[dT-dG] z[dC-
A] is among the longest and most frequent poly-
inucleotides and shows a remarkable strand asym-
etry. Furthermore, electrophoretic mobility shift

ssays using T. cruzi epimastigotes nuclear extracts
emonstrated the existence of at least, one sequence
pecific single-strand binding activity for each strand.
hese results strongly suggest that poly[dT-dG] z[dC-
A] sequence is involved in regulatory mechanisms of
elevance for the parasite biology. © 2001 Academic Press

Key Words: poly-dinucleotide frequency; strand
symmetry; electrophoretic mobility shift assay; DNA-
rotein interactions; single-stranded DNA binding
roteins; gene expression.

The kinetoplastid parasite Trypanosoma cruzi is the
tiological agent of Chagas disease. It constitutes a
ajor health problem affecting several million people.

ts endemic area expands along South and Central
merica and Mexico. Trypanosome protein-coding
enes are arranged in large polycistronic transcrip-
ional units from which individual mRNAs are gener-
ted by 59 trans-splicing, involving the addition of a
mall conserved RNA called spliced leader (SL) and 39
olyadenylation. During the past years, several groups
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ontrol gene expression in trypanosomatids (1).
Very few promoters for protein coding genes have

een identified in trypanosomes. The variant surface
lycoprotein (VSG) expression sites and the procyclic
cidic repetitive protein (PARP) genes of T. brucei have
een described as regulated at the level of transcrip-
ion. These genes are transcribed by an a-amanitin
esistant RNA polymerase (RNA pol) and may repre-
ent natural protein-coding genes transcribed by the
NA pol I, or an RNA pol I-like enzyme (2). The struc-

ure of the promoters for all other protein-coding genes
ranscribed by the conventional a-amanitin-sensitive
NA pol II has not yet been clearly defined. In fact,
nly a few of them have been reported (3, 4 and refer-
nces therein), but their ability to increase transcrip-
ion initiation is not clear. Concerning the transcrip-
ion of the SL RNA, the experiments designed to
nalyze the putative promoter activity involved sug-
est that it is not a strong promoter (reviewed in 5).
ery recently it has been demonstrated that the SL
NA is transcribed by an RNA pol II enzyme (6).
The intergenic regions of different polycistrons are

apable of initiate the transcription of the downstream
enes although no classical promoter elements have
een identified in them. Besides, kinetoplastid tran-
ient transfection plasmids support promoter indepen-
ent transcription. Likewise, the most common expres-
ion vectors used in T. cruzi place intergenic regions in
ront of the cloning site to initiate transcription (7).
ecently, the complete sequence of the Leishmania
ajor chromosome 1 has been reported. All its protein-

oding genes are organized in two “head to head” units
ith absolute strand polarity (8). Interestingly, a sim-

lar arrangement has been observed in the longest T.
ruzi contig published (9). From these evidences, two
ossible explanations for transcription initiation have
een proposed: either the presence of a single RNA pol
I promoter region upstream of each long polycistronic
ranscription unit or, alternatively, the existence of
ultiple sites somehow randomly distributed along the
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ions favoring the initiation of transcription (3, 10, 11).
DNA-protein interactions have been detected for the

pliced leader (SL) promoter in trypanosomatids (5, 6)
nd in the VSG and PARP promoters in T. brucei. For
he VSG and PARP genes, the binding activity to the
ore promoter region is mainly found when the DNA is
n the single stranded form, both in the coding and in
he noncoding strand (2, 12). This could imply that a
elted form of DNA is necessary for transcription ini-

iation. In addition for VSG promoter, double stranded
NA binding activity has been identified in blood-

tream-form trypanosome nuclear extract (13). Factors
rom T. cruzi extract that interact with AP-1 sequences
oth in single and double stranded form have been also
ound (14).

Dinucleotides repeats are highly frequent in inter-
enic regions and have also been observed in T. cruzi
9). Several relevant biological roles have been ascribed
o repetitive motives since they can adopt different
tructural conformations and may represent targets
or protein recognition. Furthermore, they have been
hown to be involved in regulation of gene expression.
In this work we studied the presence and distribu-

ion of dinucleotide repeats in CDS-flanking regions of
. cruzi genome. Firstly, we established that most

ypes of poly-dinucleotide repeats are significantly
ore abundant than what is expected by chance. Sec-

ndly, we could determine that poly[dT-dG] z [dC-dA]
xhibits asymmetrical strand distribution. Finally, we
ound out that this dinucleotide repeat constitutes a
pecific target for single-stranded binding proteins con-
ained in nuclear extracts from T. cruzi epimastigotes.

ATERIALS AND METHODS

Computational analysis. Poly-dinucleotide occurrences in CDS-
anking regions were studied for each of the possible combinations of
ucleotides. Two independent data sets were created for the analysis.
ne data set (C) was constructed using the three overlapping sequences

hat define a 93.4-Kb T. cruzi contig (9) (AF 052831, AF 052832, AF
52833). The other was obtained from the genome sequences registered
n the GenBank using the entrez facilities. Reported sequences with a
oding annotation (CDS), were selected (494 sequences). The CDS-
anking regions of these sequences were used to form the other data set
SI), and comprised 103,971 nt. The occurrence (O) and length (n) of
erfect poly-dinucleotides [dX-dY]n with n $ 4 were determined for both
ata sets (SI and C) and these data were used to define a parameter F
F 5 n zO). For each poly-dinucleotide a unique value (D) consisting in
he addition of every F (D 5 SF(n)) was obtained and normalized for the
otal number of bases in the corresponding data set (1.04 for SI and 0.93
or C). The occurrence (O) and length (n) of nonperfect poly-
inucleotides were also studied using the Tandem Repeat Finder pro-
ram (TRF) (15) for n $ 10 in both data sets (SI and C). In this case F
lso includes a factor (a), varying between 0 and 1, that measures the
atching proportion of the corresponding perfect poly-dinucleotide (F 5
zO za). As above, for each poly-dinucleotide a unique value (D) consist-

ng in the addition of every F was obtained and normalized.
The randomly expected frequencies for each perfect poly-

inucleotide were determined dividing the product of each nucleotide
ccurrences (X) by the size (N) of the data set, [(X/N) z (Y/N)]n, for n 5
99
ata base (N) gave the number of poly-dinucleotides expected by
hance (E). For C N 5 93,435 nt; A, 24,114; C, 21,734; G, 23,541; T,
4,046. For SI N 5 103,971 nt; A, 27,613; C, 21,035; G, 24,360; T,
0,963. The significance of the deviation of observed (O) from ex-
ected (E) values was measured using the x2 test calculated as
(O-E)2/E] and was then compared to tabulated values for one degree
f freedom. Here the observed values (O) were considered as the
umber of poly-dinucleotides with n $ 4, irrespectively of the length.
o analyze the existence of a significant difference in the distribution
f the complementary perfect poly-dinucleotides a difference of two
roportion hypothesis test (Z) was performed (Z 5 (O1 2 O2) 2 (E1 2

2)/[O1(1 2 O1)/N 1 O2(1 2 O2)/N]1/2) and the results were contrasted
o tabulated values. For this purpose database C was evaluated
onsidering hypothetical coding strand switch at base 34,000 (9).

Nuclear extracts. Nuclear extracts were prepared as reported for
. brucei (2), with some modifications. T. cruzi CL Brener strain
pimastigotes were grown at 28°C in liver infusion tryptose (LIT)
iquid medium supplemented with 10% heat inactivated fetal calf
erum (Sigma) to late-log phase and 109 parasites were centrifuged
0 min at 1000g. Cells were washed three times in PBS and the final
ellet was resuspended in buffer Tris–HCl 10 mM pH 7.6, 2 mM
gCl2, 5 mM KCl, 2 mM CaCl2, 0.5 mM DTT, 1 mM EDTA, 1 mM

permidine, and 6% PEG. After 10 min on ice, NP-40 was added to a
nal concentration of 1.5%. All buffers used contain 1 mM PMSF, 1
M pepstatin, 0.6 mM leupeptin and all steps were carried out at 4°C.
he cell suspension was homogenized in a Tri-R Stir-R homogenizer

Model K41) at 3000 rpm. One volume of 0.64 M sucrose, 40 mM
ris–HCl pH 7.6, 60 mM KCl, 1 mM EDTA, 1 mM EGTA, 0.5 mM
TT, and 1 mM spermidine was added. The disrupted cells were

entrifuged for 10 min at 1500g at 4°C. The supernatant was dis-
arded and the pellet resuspended in 1 ml of buffer 20 mM Hepes pH
.9, 100 mM KCl, 0.2 mM EDTA, 20% glycerol, 0.5 mM DTT, 1 mM
MSF. The suspension was centrifuged for 1 h at 25,000g at 4°C. The
upernatant was removed and the pellet was resuspended in 500 ml
f the former buffer and homogenized with 20 strokes of a microfuge
ube homogenizer (K Deltaware). Soluble nuclear fractions were
tored at 280°C. Protein concentration was determined by Lowry’s
ethod using bovine serum albumin as standard.

Binding reaction and electrophoretic mobility shift assays. DNA–
rotein gel retardation analysis was performed according to stan-
ard methods. Reactions were carried out in 20 ml reaction volume
ontaining binding buffer (10 mM Tris–HCl, 10 mM KCl, 10 mM
gCl2, 1 mM DTT, 0.1 M EDTA), 5 mM spermidine and 2 mg

poly[dI-dC] zpoly[dI-dC]) as a nonspecific competitor. The oligode-
xynucleotides ([dT-dG]15 or [dC-dA]15, Operon Technologies) end-
abeled with [g-32P]dATP and T4 polynucleotide kinase were used.
eactions were incubated for 20 min at room temperature and

oaded onto a native 6% polyacrylamide gel. For competition assays
15 nt poly[dT] oligodeoxynucleotide, two different oligodeoxynucle-

tides named CR4 (TAATCCGCATGCGTTGCACAGGTAGT) and
P1 (CGCCGGGCGTGTGCTGCCAAACCGCTGACC) and a 300-bp
coI fragment which contains a 28-bp poly[dT-dG] repeat obtained

rom the intergenic region between the tcpgp2 and ptr1 gene of T.
ruzi (16) were used. Specific competitors were added at room tem-
erature 10 min before the addition of the labeled probe.

ESULTS AND DISCUSSION

igh Abundance and Asymmetrical Strand
Distribution of Poly[dT-dG] z [dC-dA]
in CDS-Flanking Regions of T. cruzi

In order to study the peculiar dinucleotide abun-
ance in the genome of T. cruzi, we analyzed the na-
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anking regions. Two data sets (C) and (SI) concerning
ense strand were constructed. Since there are only
ery few sequences with defined untranslated regions
UTRs), the term “flanking” in this work includes both
TRs and intergenic regions. The data base SI con-

ains flanking sequences of variable length adjacent to
he coding regions meanwhile the data set C contains
omplete intergenic plus UTR sequences. Therefore SI
s enriched in regions surrounding CDS compared to C.

computational analysis for poly-dinucleotide content
as carried out. A parameter (D) comprising both oc-

urrence (O) and length (n) for the different repeti-
ive lengths was determined for each perfect poly-
inucleotide and normalized for the total number of
ases in the corresponding data set. The results ob-
ained for each poly-dinucleotide are shown in Fig. 1A.
he longest and most frequent poly-dinucleotides are
oly[dA-dA], poly[dT-dT], poly[dA-dT], and poly[dT-
G]. Though this appreciation is valid for both data
ets, a remarkable difference in relative abundance is
bserved. There is a higher amount of poly[dA-dA],
oly[dT-dT] and poly[dA-dT] in C than in SI. Deletion
f an AT rich region with no ORFs in the contig did not
odify this finding (data not shown). Strikingly, the

oly[dT-dG] is the poly-dinucleotide with the highest D
alue in the regions surrounding the CDS (SI). Subse-
uently, we carried out the analysis of the frequency of
onperfect poly-dinucleotides repeats using the Tan-
em Repeat Finder program (15) and calculated the
arameter D for n $ 10. Similar results were obtained
Fig. 1B).

The high abundance of poly[dA-dA], poly[dA-dT] and
oly[dT-dT] both as perfect or nonperfect repeats could
e related to a conformational role in DNA dynamics
ue to their propensity to adopt a bending structure.
he presence of A and T rich regions in the 39 flanking
egions of CDS has been related to mRNA stabilization
n different organisms and very recently in T. cruzi
17). Besides, polydA zpolydT sequences have been
hown to preset chromatin structure accessible to tran-
cription factors by means of nucleosome destabiliza-
ion (18).

In order to determine the statistical significance of
he abundance of the poly-dinucleotide repeats an
nalysis of the expected frequency of poly-dinucleo-
ides with n 5 4 was carried out attending the base
omposition of the corresponding data set. The ob-
erved and expected frequencies were compared using
x2 test. Coincidentally with qualitative appreciation,

ll perfect poly-dinucleotides except poly[dC-dC],
oly[dC-dG] and poly[dG-dG], display significant devi-
tions from the expected frequency (P , 0.0001) in
oth data sets (Table 1).
Taking into account the presence of a long tract of

he dinucleotide (dT-dG) in the intergenic regions be-
ween the developmentally regulated genes of T. cruzi
100
-like locus (16, 19, 20) and the relevance of CDS-
anking regions in the regulation of the stage specific
xpression (1), we analyzed the location of perfect

FIG. 1. Analysis of poly-dinucleotide repeats occurrence in CDS-
anking regions of T. cruzi. (A) Abundance parameter (D) obtained
or perfect poly-dinucleotides (XY)n with n $ 4 in SI (no color) and in

(black). (B) Abundance parameter (D) obtained for non-perfect
oly-dinucleotides with n $ 10 in SI (no color) and C (black). Poly-
inucleotide sequences are indicated in the abscissa.
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oly[dT-dG] relative to the CDS for the SI data set. The
enes bearing these repeats are listed (Table 2). We
ere unable to find out a clear pattern of location.
owever, the polycistronic nature of the mRNAs and

he fact that very few reported sequences have pre-
isely defined UTR could be hindering its identifica-
ion. Besides, in this analysis, the distinction between
9 or 59 flanking regions for sequences that contain
ore than one ORF is arbitrary. As trivially expected,

hese repeated sequences are more frequently found in
anking sequences compared with coding sequences.
he largest [dT-dG]n elements (n $ 7) are only found in
DS-flanking regions, and when n $ 5 more than one

ract is usually found. No relationship between the
resence of the poly[dT-dG] in the CDS-flanking se-
uences and characteristics as expression level, codon
sage and properties of the encoded protein could be

Observed and Expected Values of Poly-dinucleotides

AA* AC/CA* AG/GA* AT/TA*

O 81 9 13 58
E 2 2 2 2

O 46 37 17 34
I E 3 3 3 4

Note. O represents the observed number of poly-dinucleotides with
he expected values (P , 0.0001) by x2 test.

TAB

GenBank Accession No. and Definition of the Sequenc

Accession No. Defi

Z47798 cystatin
L76077 elongation factor 1-alp
M65021 insect stage-specific a
AH008347 KMP11
U70620 Ca21-ATPase gene
U24190 Tc40 antigen
M25364 kinetoplast-associated
AF047023/AF004380 paraflagellar rod com
X62144 P0 ribosomal protein
U11272/U06070/AF044733 poly(A) binding protei
U31282 dehydrogenase gene
M61732/X57235/M21582 neuraminidase (TCNA
M97956 beta tubulin and alph
Y09115 histone H2A
U04340 TCA33 amastin
X02838 1F8 protein
AF099099 TolT1, TolT2 and TolT
U25030 tuzin gene
L01584 calcium-binding prote
Z49222 P-glycoprotein
Y11262 dihydrolipoamide deh
AF051696 sialidase homolog (P8
L27659 histone H3

Note. The length of the perfect poly[dT-dG] repeat is expressed as
101
etected. It is worth to mention the existence of a clear
ias in the database to sequences encoding antigens or
roteins from the noninfective stage. Nevertheless, the
bsence of a correlation with particular characteristics
ould favor the interpretation that these elements are
nvolved in general processes of gene expression.

In the SI data set, the magnitudes of the frequency
eviations between the complementary poly-dinu-
leotides are similar with only one exception: the
oly[dT-dG] zpoly[dC-dA] (Table 1 and Fig. 1). The
oly[dT-dG] zpoly[dC-dA] turn up as the only pair of
omplementary poly-dinucleotides that displays a sig-
ificant deviation of frequency proportion in the SI
ata set (Z 5 3.40 P , 0.0003). This peculiarity is also
bserved when comparing the theoretical sense strands
n the contig (Z 5 2.0 P , 0.02). The location, high
uantity and asymmetrical distribution of poly[dT-

Y)n] for n $ 4 in CDS-Flanking Regions of T. cruzi

CC CG/GC CT/TC* GG GT/TG* TT*

2 2 13 3 27 84
2 2 2 2 2 2

1 2 15 0 77 42
3 3 3 3 3 7

4, E the expected values and * indicates significant deviations from

2

Presenting Poly[dT-dG] in the CDS-Flanking Regions

on Length (n) and location

11286

42310, 72127, 61193

en (GP72) 52575, 72485, 6295, 61193, 51416

10282, 91178

42428, 92408, 4110

81130, 51151

otein (KAP) 8163, 61177

ent Par1h 61147, 51208

5146

4110, 7165

61410, 41390, 71377

acute phase antigen 5168, 61549

ubulin 161330

51264

51242, 41642

92162

62111, 161649, 71849

52633, 52308

CUB2.8) 42399, 52388

4246, 41284, 41416, 51438, 141798

ogenase 41435

) 4180

41354

the subindex indicates the respective location relative to the CDS.
[(X

n $
es

niti

ha
ntig

pr
pon

n

),
a t

3

in (

ydr
5.2

n;



d
e

S

u
n
c
e
q
d
t
e
d
t
s
d
o
c
a
f
s
c
R
b
s
g
u
p
a
o
q
v

s
m

b
(
d
c
o
w
d
D
b
R
p
t
e
s
q
w
w
s
D
p
l
d
a
[
c
d
h
p
s
(

p
p

p
(
[
t
s
a

Vol. 287, No. 1, 2001 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS
G] zpoly[dC-dA] suggest a functional role for these
lements.

pecific Complexes with [dT-dG]15 and [dC-dA]15

Oligodeoxynucleotides and Nuclear Extracts
of T. cruzi Epimastigotes

Poly[dT-dG] zpoly[dC-dA] repeats can adopt partic-
lar conformations (21–23) that are specifically recog-
ized by proteins (21, 24) involved in different pro-
esses such as recombination and transcriptional
vents. In order to determine whether the highly fre-
uent and asymmetrical strand distributed poly[dT-
G] repeats constitute specific target for gene regula-
ory proteins, we attempted EMSA using nuclear
xtracts from T. cruzi epimastigotes. Due to the evi-
ence that binding of specific proteins in trypanosoma-
ids mainly requires the target DNA to be single-
tranded, we tested not only the double-stranded ([dT-
G]15 z [dC-dA]15) but also the [dT-dG]15 and [dC-dA]15

ligodeoxynucleotides as probes. While in the assayed
onditions the double stranded probe did not produce
ny specific complex, a variety of band-shifts were seen
or both oligodeoxynucleotides (Fig. 2). Structural and
equence components of specificity were analyzed in-
luding different competitors in the binding reactions.
NA and M13 DNA were added to distinguish between
inding due to RNA or single strand DNA non-
equence specific binding proteins. The intergenic re-
ion tcpgp2-ptr1, which has a 28-bp poly[dT-dG], was
sed both as single or double stranded to study the
utative effect of the target context. Finally, poly[dT]
s a polypyrimidine sequence and two random oligode-
xynucleotides were assayed to distinguish the se-
uence component of specificity. Titration experiments
arying the amount of competitors were done (data not

FIG. 2. EMSA specificity analysis of the complexes formed by nuc
robes: (A) [dT-dG]15 and (B) [dC-dA]15. Lane 1, labeled probe. Lane 2,
30,000 cpm approx.). Lanes 3–12, binding reactions in the presence
dT-dG]15; 5, 300-bp double stranded NcoI fragment from the interge
he former competitor previously heated at 90°C for 3 min and snap-
sM13 DNA; 99, ssM13 DNA previously heat denatured; 10, [dT]15; 11
nd 12, MP1 oligodeoxynucleotide (CGCCGGGCGTGTGCTGCCAAA
102
hown) and illustrative results are shown at 100-fold
olar excess (Fig. 2).
Using the [dT-dG]15 probe (Fig. 2A), at least three

and shifts with different specificity were observed
noted as TG1, TG2, and TG3). Both unlabeled [dT-
G]15 and [dC-dA]15 were able to compete the three
omplexes. When the complementary oligodeoxynucle-
tide was used, a variation in the migration pattern
as observed probably due to the formation of the
sDNA. TG1 and TG2 complexes correspond to specific
NA-protein interactions, as they were not displaced
y the three different oligodeoxynucleotides used. An
NA-binding protein may be involved in the TG3 com-
lex since it is competed by yeast tRNA. Reasons for
he enhanced formation of complex TG3 in the pres-
nce of the oligodeoxynucleotides remains to be under-
tood. Interestingly, the double stranded intergenic se-
uence could not displace any of the complexes, and
hen heat denatured produced an aggregation in the
ell. TG1 and TG2 complexes were Proteinase K sen-

itive in different extent, and resistant to RNase and
Nase activity (data not shown). A different mobility
attern was obtained using the [dC-dA]15 probe. At
east three band shifts, a faster minor one, an interme-
iate and a sharp upper complex were observed (noted
s CA1, CA2, and CA3 in Fig. 2B). Both unlabeled
dC-dA]15 and [dT-dG]15 were able to compete the three
omplexes. CA1 and CA2 complexes were completely
isplaced by the yeast tRNA competitor. CA3 showed
igh specificity, as it was not competed by the em-
loyed competitors. CA3 complex was Proteinase K
ensitive, and resistant to RNase and DNase activity
data not shown).

It is interesting to mention that the specific com-
lexes TG1, TG2 and CA3 were formed even in the
resence of high ionic strength (1 M KCl). Our ap-

r extracts from T. cruzi epimastigotes and the repetitive dinucleotide
ding reactions with 5 mg of nuclear extract and 1 ng of labeled probe
different competitors (100-fold molar excess). Lane 3, [dC-dA]15; 4,
region tcpgp2-ptr1, which presents a 28-bp poly[dT-dG]) stretch; 6,

led on ice for 5 min; 7, tRNA; 8, tRNA previously heat denatured; 9,
R4 oligodeoxynucleotide (TAATCCGCATGCGTTGCACAGGTAGT);
GCTGACC).
lea
bin
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CC
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he repetitive poly(Pu-Py) motif could be involved. As
xpected, single-stranded DNA binding protein (SSBP)
rom E. coli (Promega) was able to interact with [dT-
G]15 and [dC-dA]15 probes but the band shift was
liminated when any of the competitors were used. In
ddition, similar EMSA patterns were observed for
ifferent T. cruzi strains (Tulahuen and Y strains)
data not shown).

It is not possible to rule out that these proteins could
e involved in RNA maturation. In trypanosomatids, a
et of proteins participating in splicing and RNA pro-
essing (25, 26 and references therein) has been iden-
ified. RNA-binding proteins are of crucial relevance in
hese organisms since regulation of gene expression
ccurs primarily at the posttranscriptional level.
The high frequency and the distribution of the poly-

inucleotide sequences described here points out a
unctional role of these elements in genome processes.
articularly, the abundance, location, asymmetrical
istribution as well as the in vitro behavior of poly[dT-
G] zpoly[dC-dA] as a specific target for single stranded
uclear binding protein(s) strongly suggest an impor-
ant role in T. cruzi genome physiology and constitute

novel contribution to the understanding of genome
egulation in these organisms.
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