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ABSTRACT. Intrinsically bent DNA is an alternative conformation 
of the DNA molecule caused by the presence of dA/dT tracts, 2 to 6 
bp long, in a helical turn phase DNA or with multiple intervals of 10 
to 11 bp. Other than flexibility, intrinsic bending sites induce DNA 
curvature in particular chromosome regions such as replication origins 
and promoters. Intrinsically bent DNA sites are important in initiating 
DNA replication, and are sometimes found near to regions associated 
with the nuclear matrix. Many methods have been developed to localize 
bent sites, for example, circular permutation, computational analysis, 
and atomic force microscopy. This review discusses intrinsically bent 
DNA sites associated with replication origins and gene promoter 
regions in prokaryote and eukaryote cells. We also describe methods for 
identifying bent DNA sites for circular permutation and computational 
analysis.

Key words: Intrinsically bent DNA; Replication origin; Promoters; 
Prokaryotes; Eukaryotes



550

©FUNPEC-RP www.funpecrp.com.brGenetics and Molecular Research 7 (2): 549-558 (2008)

F. Gimenes et al.

INTRODUCTION

The DNA molecule is not always found in a linear structure inside the nucleus. The 
DNA sequence may assume three-dimensional conformations depending on its sequence, 
which may include cruciform shapes, loops, and curves (Calladine et al., 2004).

The most important characteristic responsible for intrinsic curvature or bent DNA is 
the presence of adenine/thymine-rich tracts periodically spaced along the DNA molecule with 
repetitions or multiples of 10 bp (Haran and Crothers, 1989). A probable explanation for the 
formation of this curvature is the interaction of the A/T base pairs, which allows the formation 
of a cross link between one oxygen atom of thymine and one nitrogen atom of adenine in two 
consecutive pairs. This cross link connection allows base pairs with consecutive A/T tracts to 
maintain a closed structure (Calladine et al., 2004) and promotes a natural curvature of the 
helix. Researchers have described curvatures in DNA with other combinations of these tracts 
(Bolshoy et al., 1991) and also some DNA sequences lacking A/T tracts (Fujimura, 1988).

Bent DNA sites are involved in specific regions of the genome where the DNA and 
proteins interact, with outcomes such as gene recombination (Iarovaia et al., 2006; Barbosa 
et al., 2008), replication origins (Altman and Fanning, 2004; Fiorini et al., 2006a, Balani et 
al., 2006; Gimenes et al., 2008), transcription (Marilley and Pasero, 1996; Bash et al., 2001; 
Fiorini et al., 2001; Reis et al., 2004; Gouveia et al., 2008), nucleosome compaction (Virstedt 
et al., 2004), fragile sites (Palin et al., 1998), and tandem repeated sequences (Pasero et al., 
1993). Intrinsically bent DNA is localized near or at scaffold/matrix attachment regions (S/
MARs; Brylawski et al., 2000; Fiorini et al., 2006b), thus demonstrating that DNA conforma-
tion is important for the functioning of biological processes.

Intrinsically bent DNA sites can be detected by several assays, including electropho-
retic behavior (Fiorini et al., 2006b), computational analysis, and force atomic microscopy 
(Marilley et al., 2007). The detection of curvature sites near or within chromosome regions 
allows for the establishment of a relationship between structure and function. This study re-
views the main detection methods for identifying bent DNA sites and the occurrence of these 
structures associated with replication origins and promoters in prokaryotic and eukaryotic 
organisms.

DETECTION OF BENT DNA 

Computational analysis

Structural bends in a DNA sequence can be located by computational analysis using 
specific software that displays the results in both graphic and 3-D modeling formats. These 
analyses support electrophoretic behavior analysis, as well as other assays for bend detec-
tion.

The dinucleotide wedge model of Trifonov and Sussman (1980) suggests that the cur-
vature occurs due to alterations in the AA steps. Another model, the junction model, proposed 
by Levene and Crothers (1983), suggests that intrinsically bent DNA sites are only located 
at the junction between the A-tracts and the surrounding sequence. A combination of these 
models, the mixed sequence model, indicates that DNA curvature is caused by multiple slight 
bends between adjacent bases outside the A-tracts (Young and Beveridge, 1998).
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Curvature peaks and the 2-D projection of the 3-D trajectory from specific fragments 
can be obtained from computational programs such as Map15a and 3d15m1 (Pasero et al., 
1993; Fiorini et al., 2001). These programs use the Eckdahl and Anderson algorithm (1987) 
and the helical parameters of Bolshoy et al. (1991), Pasero et al. (1993), and Marilley and 
Pasero (1996). The ENDS ratio parameter (ratio of the axis outline of the helix to the smallest 
distance between the extremities of the fragment) is generally used for putative bend detection 
(Bolshoy et al., 1991; Pasero et al., 1993). The window width and the base pair window can 
be altered according to the fragment weight. 

An example of this application is shown in Figure 1A and B, for a hypothetical seg-
ment of 670 bp, using a 120-bp window width and a 10-bp step. Figure 1A shows two main 
peaks of bent sites (b1 and b2) with ENDS ratio values of 1.23 and 1.45, respectively. Values 
greater than or equal to 1.10 signify reduced mobility indicative of bent DNA (Milot et al., 
1992). The 2-D trajectory showing the ∆G values (which predict the stability of the DNA 
duplex) was performed for this fragment using the 3D15m1 software (Figure 1B). Through 
this analysis, it is possible to verify that the variation of free energy around the bend regions is 
negative compared to straight sequences.

Figure 1. Computational analysis of a hypothetical 670-bp fragment with two bending sites. A. ENDS ratio 
analysis showing the peaks of major curvature with values greater than or equal to 1.10. B. 2-D projection of the 
3-D trajectory of the hypothetical fragment. Circles of different sizes and black to gray intensities represent the 
Gibbs free energy variation (∆G) along the sequence, which predicts the double helix stability.
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Circular permutation

This assay is used to determine whether bent DNA sites promote curvature in a dis-
tinct sequence context and to determine the bending-center sites on permuted fragments (Wu 
and Crothers, 1984; Kim et al., 1989).

The fragment containing the bent site is cloned into the center of a duplicated polylinker 
of pBendBlue vector (Sperbeck and Wistow, 1998). The vector containing the insert is cleaved 
by restriction enzymes, with cleavages occurring once in each polylinker, and the resulting 
fragments are electrophoresed on polyacrylamide gels at 4°C without any intercalating agent 
such as ethidium bromide (Figure 2A-C). 

Figure 2. A schematic representation of a DNA fragment circularly permuted. A. The open bars represent the 
analyzed fragment to be inserted in the middle of the duplicated polylinker of the permutation plasmid, like 
pBendBlue. The closed bars represent the bent DNA site to be mapped. Cleavages with restriction enzymes A, B, 
C, D, and E produce a fragment with the same weight, but with the bent site permuted. The insert is cloned between 
the restriction sites X and Y. B. The 2-D projection of the circularly permuted fragments. C. Pattern of permuted 
fragment migration on polyacrylamide gel electrophoresis. 
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The cleavage generates a set of fragments of identical length, but with the bent site 
at different positions relative to the fragment ends (Figure 2A and B). The fragment with the 
bending site in the center shows the maximum retardation on the polyacrylamide gel com-
pared to fragments where the bending site is at the end (Figure 2C).

The mobility pattern of each fragment can be obtained through the calculation of the 
R-value (ratio of apparent/real fragment size observed in each gel system). R-values between 
0.90 and 1.09 indicate no alterations in mobility, those greater than or equal to 1.10 indicate 
reduced mobility, and those less than 0.90 indicate fast mobility (Fiorini et al., 2006a). 

BENT DNA SITES IN PROKARYOTIC REPLICATION ORIGIN 

Prokaryotic cells contain circular chromosomes where DNA replication starts from a 
single origin; this contributes to a fast replication process (Wang and Sugden, 2005; Robinson 
and Bell, 2005). The DNA sequence motifs, such as DnaA box, protein-binding, and those that 
direct the opening of the DNA in the bacterial replication process (for a review, see Messer, 
2002), as well as other motifs within these, may be associated with intrinsic curvatures. 

The analyzed molecular structure of DnaA protein in bacterial cells reveals high af-
finity when curved DNA regions exhibit negative supercoiling (Remus et al., 2004; Clarey et 
al., 2006; Erzberger et al., 2006). Curved DNA and negative supercoiling are necessary for the 
creation of the single structure at oriC that allows the cell to properly initiate DNA replication. 
Additionally, it has been shown that the SeqA protein in bacterium, which represses DNA rep-
lication activity, promotes helical changes in DNA structure that causes positive supercoiling 
of the segment (Klungsoyr and Skarstad, 2004). 

The Xylella fastidiosa chromosome exhibits rich phased AT tracts, CAnT motifs, and five 
putative DnaA box sequences (R1-R5), as well as a box of 24 nucleotides with 8 ACC repetitions 
(Monteiro et al., 2001). These regions are important for both protein-binding and the opening of the 
DNA during the bacterial replication process. Gimenes et al. (2008) have reported three bent DNA 
sites (b1, b2, and b3) located in the rpmH-dnaA intergenic region, in the dnaA gene, and in the oriC 
5’ end, respectively. The authors noted that the bent DNA sites induced a curved DNA structure in 
those regions and are probably involved in DNA replication initiation for this organism.

Recently, numerous studies with nucleotide sequences of Archaeobacteria have revealed 
that replication initiation of genomic DNA contains similarities with the eukaryotic genome (Mylly-
kallio et al., 2000; Vas and Leatherwood, 2000), but that there are no commonly found consensus tract 
sequences among these organisms (Aladjem and Fanning, 2004; Cvetic and Walter, 2005). These 
results suggest that structural motifs could be involved in the Archaeobacteria replication process.

In resume, in prokaryotic replication initiation the binding of an initiation protein at 
the replication origin causes a helix opening adjacent to the region containing AT-rich seg-
ments (Bramhill and Kornberg, 1988). Specific protein-binding sequences in prokaryotic rep-
lication origins can present conserved structural domains, such as curved DNA, which plays 
an important role in DNA replication (Eckdahl and Anderson, 1990; Hosid et al., 2004). 

BENT DNA SITES IN EUKARYOTIC REPLICATION ORIGIN 

During the last decade, molecular biology has made a lot of progress in the identifi-
cation of initiation sites of DNA replication in eukaryotes. However, in higher eukaryotes, it 
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is difficult to define the replication origins, because of the complexity of these organisms. In 
lower eukaryotes, replication origins are understood best, such as for Saccharomyces cerevi-
siae, where intrinsically bent DNA sites have been found in the autonomously replicating se-
quences (Marahrens and Stillman, 1992; Vernis et al., 1999); this indicates a structural element 
to increasing the affinity to DNA protein in AT-rich tracts (Williams et al., 1988). 

Schizosaccharomyces pombe, with a similar chromosomal organization to metazoans 
(Robinson and Bell, 2005), has contributed to a better understanding of the structure of the 
replication origin for multicellular organisms. In the replication origin, nucleotide sequences 
of 600-800 bp have been identified that contain AT-rich tracts. These elements are larger than 
those of S. cerevisiae, and it is not possible to identify consensus sequences in the autono-
mously replicating sequences (Okuno et al., 1999; Kelly and Brown, 2000). 

Marilley et al. (2007) found a strong intrinsic curvature in the Spars1 origin of Schizo-
saccharomyces pombe through electrophoresis, computational analysis, and atomic force mi-
croscopy. In this yeast, the orp4p protein was identified in the HMG1(Y) chromatin protein. 
This protein is a homolog of orc4 in S. cerevisiae (Chuang and Kelly, 1999). The high mobility 
groups are protein-binding bent DNA sites (Stros, 2001). 

Du et al. (1995) have shown that restriction fragments of the 5’NTS rRNA genes’ 
replication origin in Tetrahymena thermophila contain segments of bent DNA, suggesting that 
these structures may facilitate initiator protein interactions or the association of the origin with 
the nuclear matrix. 

If the chromatin structure is more open, such as that observed at bent DNA sites, this 
may facilitate the complex binding of the origin recognition complex and determine the local-
ization of initiation sites (Gerbi et al., 2002). The origin recognition complex is evolutionarily 
conserved; it is present in all eukaryotic cells and has six proteins, which show a relationship 
between structure and function (for a review, see Bell, 2002). The presence of replication fac-
tors that make up several replication sites and the association of these sites with the nuclear 
matrix (S/MAR) show that the chromosome structure in this process is essential (Anachkova 
et al., 2005; Fiorini et al., 2006b). 

Gene amplification provides a useful model for studying the replication origin structure 
and the control of the initiation replication. The models that have been studied most involve 
chromosomes that contain the chorion genes of Drosophila melanogaster (Claycomb and Orr-
Weaver, 2005) and DNA puffs of sciarid flies, such as Rhynchosciara americana (Yokosawa 
et al., 1999; Soares et al., 2003). In Rhynchosciara americana, multiple bent DNA sites were 
found in the replication origin encompassing the C3-22 gene (Fiorini et al., 2006a). 

The involvement of origins within amplified segments that include bent DNA sites was 
also described in mammalian cells. Caddle et al. (1990) examined the relationship between bent 
DNA sites and replication origins localized in the dihydrofolate reductase gene intergenic region 
in an amplified segment of Chinese hamster ovary culture cells. Recently, Altman and Fanning 
(2004) showed that an ori-β initiation segment in the dihydrofolate reductase gene intergenic 
region required four specific elements for full activity of the ori-β region, one of these was an 
intrinsically bent DNA site that facilitated the initiation of replication in the ori-β site. We de-
scribed intrinsically bent DNA sites near replication origins oriGNAI3 and oriB in the Chinese 
hamster Adenylate deaminase 2 (AMPD2) amplicon (Balani et al., 2006). Coffman et al. (2006) 
also reported an intrinsic DNA bending site within several hundred base pairs of one initiation 
site present in a non-transcribed spacer region of the human ribosomal RNA gene (rDNA).
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BENT DNA SITES IN PROMOTER REGIONS

The discovery of alternative structures, such as curvature in the promoter and replica-
tion origins that were either induced by the intrinsic DNA sequence or produced by DNA flex-
ibility, permitted the establishment of a relationship between structure and function (Zhang et 
al., 2004). Bent DNA sites are one of the principal structures that influence transcription and 
nucleosome positioning in promoter regions (Wanapirak et al., 2003).

The presence of intrinsically bent sites in promoter regions provides the necessary 
conditions for protein binding to DNA. The TATA-box-binding protein binds at the TATA-box 
region in the minor groove (Lee et al., 1991; Starr and Hawley, 1991); this may be facilitated 
by the curved segment that allows the transcriptional activity. Several studies have shown a 
correlation between the rotational orientation of the curved DNA relative to the promoter and 
its ability to enhance transcription (McAllister and Achberger, 1989).

Intrinsically bent DNA was found in promoter regions of the ribosomal gene in Xeno-
pus laevis and in sequences of the intergenic region that are involved in transcription regula-
tion (Roux-Rouquie and Marilley, 2000). In yeast, using electrophoretic analyses and circular 
permutation, bent DNA sites were identified in the gene promoters GAL1-10 and GAL80 regu-
latory genes (Bash et al., 2001). 

In several eukaryotic promoters, Miyano et al. (2001) identified intrinsically bent 
DNA sites and proposed that those bent structures may be responsible for organizing the chro-
matin local conformation and for regulating the beginning of transcription. Fiorini et al. (2001) 
detected an intrinsically bent DNA site in the promoter region of the BhC4-1 gene in Bradysia 
hygida (Fiorini et al., 2001) and Reis et al. (2004) described three bent DNA sites downstream 
of this gene, showing that the BhC4-1 gene is flanked by bent sites. Another description for the 
amplified gene AMPD2 in lung fibroblast culture cells of the Chinese hamster also identified 
bent DNA sites flanking the genes in the amplicon (Balani et al., 2006).

In Rhynchosciara americana, three bent DNA sites were found in the promoter region 
and in the downstream sequence of the C3-22 amplified gene (Gouveia et al., 2008). This 
result, along with the one described for the C3-22 amplicon replication origin (Fiorini et al., 
2006a), suggest that bent DNA sites are involved in the differential replication and transcrip-
tion processes of this genomic segment.

DNA curvature was also reported in the promoter region of the human ε-globin gene 
and subsequently in other regions of the same locus (Wada-Kiyama and Kiyama, 1996; Onishi 
et al., 1998). The presence of an intrinsic DNA bend with a broad locus of curvature for the 
human cdc2 promoter indicates that this structure influences the interaction of regulatory fac-
tors with the transcription machinery (Nair, 1998). 

FINAL CONSIDERATIONS

Regulatory regions, such as promoters and segments with replication origins in eu-
karyotes and prokaryotes, present alternative three-dimensional conformations induced by 
intrinsic bent DNA sites. It has been reported by several authors that this structure has an in-
fluence on transcriptional regulation, promoting the association with transcription factors and/
or enhancing transcription. The role of this in DNA replication is not clear, but this structure 
can enable helix unwinding and also allow for the interaction of proteins that participate in the 
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replication machinery. Therefore, the study and mapping of intrinsic bent sites in these regions 
is crucial for understanding the molecular dynamics of the cell.
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