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Abstract. Visualisation of local DNA conformation is a useful tool in interpreting
and designing experiments at the molecular level. There are a number of methods
whereby local curvature as well as other conformational parameters can be
predicted. Calculation of these parameters on a genomic scale may help to clarify
the role of these elementsin genomic architecture.

Introduction

Simple methods that can guide experimenters to find conspicuous regions in DNA are of
considerable interest in view of the genomic sequence generated. Structural properties,
such as flexibility or intrinsic curvature that are not consequences of explicit sequence
motifs are of particular interest since these cannot be identified from sequence similarity
searches. Over the past years our group has been developing and testing simple mechanic
models that can describe the local behaviour of DNA in such short segments, in a sequence
dependent fashion [1-9]. These methods have been extended to the calculation and
visualization of various parameters other than curvature [10], and included into WWW-
based server programs located on the ICGEB web site.

Parametric visualization of DNA characteristics consists in mapping of numerical
data to visually presentable models. The ssimplest form of parametric visualization is the
sequence plot i.e. a graph in which numeric values are assigned to positions along the DNA
sequence. The advantage of comparing sequence plots rather than primary sequences
originates from the simple fact that plots, unlike primary sequences, can be subjected to
arithmetic operations (averaging, subtraction, etc) and their similarities can be
characterized in quantitative terms such as correlation coefficients and standard deviations.
This is essentially a parametric approach of sequence comparison which makes it possible,
e.g., to compare groups of sequences, to carry out a semi-quantitative comparison (ranking)
of sequences in structural terms, etc. using ssimple programs. The parametric visualization
of DNA sequences uses the same properties on a qualitative basis, and the conspicuous
segments can be identified by 1D, 2D or 3D plots of various parameters.

In this chapter we first describe DNA curvature as the paradigmatic concept,
followed by a short description of the server algorithms. The last part of this chapter gives
examples of applications.
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Figure 1 A. The molecular parameters describing DNA curvature are assigned to the
relative orientation of two successive dinucleotides: roll angle (?), tilt angle (?) and
twist ). In the ideal, Watson-Crick model, ?=?=0 and ? =36" (10 basepairs per
helical turn), B DNA in solution has a twist angle ? =34.3 (10.5 basepairs per helical
turn); for a detailed description of these and other parameters see [54]. B.
Macroscopic curvature of an elastic rod is characterized by a deflection angle ?, in the
case of DNA this is sometimes expressed in degrees per helica turn. C. The
experimentally determined conformation of DNA can be characterized by local roll,
tilt and twist angles, and these values can be used to reconstruct the trajectory of the

Z-axis.

1. Calculation of DNA curvature

The thinking of biologists has been profoundly influenced by the idea of loca structural
polymorphism in DNA. DNA is no longer considered as a featureless polymer but rather as
a series of individual domains differing in flexibility and curvature. Unlike in the case of
helical polymorphism (eg. B, A or Z structures), here we often deal with a localised
micropolymorphism in which the origina B-DNA structure is only distorted but is not
extensively modified [9]. The deviations from ideal, straight DNA are usualy expressed as
angles of deflection between adjacent base pairs (Figure 1A).

The terms “curved DNA” or “DNA curvature” are used in various contexts. For
instance, asymmetrical binding of proteins can induce both kinks and smooth bends in the
DNA trajectory. In this review we attempt to summarize another phenomenon, an inherent
structural micro-heterogeneity of DNA that occurs in the absence of bound proteins, and
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depends only on the DNA sequence. In contrast to alternative DNA conformations (such as
A and Z-DNA), curvature can be viewed as a slight distortion of the B-DNA geometry that
is manifested in the bending of the DNA-trgjectory. Such a curvature can be quantitatively
described using an analogy of a smoothly bent rod, and in the case of a DNA modél, it can
be expressed in terms of degree per base pair, or degree per helical turn. In the latter ase,
the repeat of the helical turn has to be specified. (Figure 1B).

Figure 2. DNA curvature as asymmetric bendability. The diagram is a top-view of
the DNA helix with the Zaxis perpendicular to the plain of the paper. DNA
bendability of subsequent trinucleotides is represented as an arrow perpendicular to
the Z-axis. In curved segments, such as the one in the figure, the distribution of the
bendability vectors is asymmetrical and the vector-sum (red arrow) is non-zero. In
most parts of the genomes the vector sum is small [5].

The discovery of DNA curvature was a slow process. The first evidence that there is
an influence of base composition on the average twist between adjacent base pairs came
from DNA X-ray fiber diagrams, 20 years after the double- helix paper of Watson and Crick
[11]. Subsequent studies by gel-electrophoresis [12], nucleotide/digestions [13] and finally
the first X-ray structure of DNA [14] confirmed this view. In 1980, Trifonov and Sussman
suggested a correlation between the helical repeat of the DNA and spacing of certain
dinucleotides (especially AA and TT) along the sequence which indicated that a substantial
part of eukaryotic DNA may in fact be curved [15]. Subsequent experimental data by
Marini et a. [16] indicated that periodic A-tracts repeating in phase with the helical repeats
cause curvature, which was confirmed both by electron microscopy [17] and by enzymatic
circularisation experiments [18]. By the mid nineties, the concept of DNA curvatue
became generally accepted, and even the apparent controversy between X-ray
crystallography and solution experiments could be reconciled by the discovery that divalent
cations induce a sequence dependent curvature in DNA [3].

A “curvature model” is a way to derive sequence-dependent DNA geometry
parameters from experimental data. The models are different both in terms of the
experimental data and the method of calculation. For example, it is common to fix some of
the base-pair parameters at the values corresponding to straight B-DNA while letting others
vary in a sequence-dependent fashion. In addition, the angles can be assigned to
dinucleotides or to trinucleotides; these datasets are referred to as dinucleotide or
trinuclectide scales. (All the models described here refer to double-stranded DNA
molecules with “classic” phosphate orientations.)



1.1 The Wedge Model

The wedge model s called a “nearest neighbour model” since the geometry of a stack of
two base pairs is considered to be defined by the two constituent nucleotides, and the
influence of more distant neighbours is ignored [19]. The mode is based on ge-
electrophoresis data, described in terms of dinucleotide parameters, roll and tilt angles.

1.2 The Junction Model

The junction model was proposed based on gel-mobility experiments using
oligonucleotides with “phased” (suitably spaced) adenine tracts [20, 21]. According to this
model, curvature is caused by a deflection at each junction between the axes of the normal
B-DNA and the B'-DNA of the poly dA, poly dT. The model assumes that the deflection at
junction is aresult of negative base-pair inclination in adenine tracts and zero inclination in
the intervening B-DNA segments, and that this difference generates the bend [21].
According to Haran et al. [22] the wedge and the junction models are not necessarily
incompatible. It appears, however, that there are events of curvature that neither the
junction model nor the wedge model can sufficiently explain. For example, some GC-rich
motifs, such as GGGCCC and CCCGGG have been showed opposite direction of bending
[3] to those predicted from both models.

1.3 The Elastic Rod Mod€

The elastic rod model is based on DNAsel digestion data [1]. This enzyme bends the
substrate towards the magjor grove, so the resulting model allows only one direction of
bending, towards the roll angle. The original method described DNA bending in terms of a
dimensionless parameter, “relative bending propensity” determined for trinucleotides[1, 4].
Subsequently, a physica model of sequence-dependent anisotropic-bendability (SDAB)
was developed [9]. SDAB considers DNA to be an elastic rod, in which the flexibility of
each segment (di- or trinucleotide) is anisotropic, namely, greater towards the major groove
than it B in other directions. As DNAsel cannot distinguish between a priori bent and
dynamically “bendable” sites, curvature according to this model is both static as well as
dynamic in nature and can be recognized by the phased distribution of bent/bendable sites
along the sequences. This can be visualized as a vectorial property along the sequence
(Figure 2) which is conceptually analogous to the hydrophobic moment calculations in
protein sequences.

There are a number of computer programs that can predict curvature from sequence.
One of the first algorithms available for curvature calculations was BEND written by
Goodsell and Dickerson [23]. The algorithm can handle both dinucleotide and trinucleotide
descriptions, and uses a simplified procedure wherein the successive deflection angles (roll,
tilt) are summed up as vectors. This is a well-known approximation that is acceptable
however only for low angle values. The BEND algorithm calculates curvature for segments
of 11 nucleotides, and outputs a plot of curvature versus sequence position. The algorithm
was incorporated into the EMBOSS suite of sequence analysis programs [24] under the
name BANANA (which is areference to curved B-DNA of A and non-A tracts), and is also
available on-line [25]. The Haifa University server [26] for DNA structure calculation is
built around the program Curvature [27]. The DIAMOD program was written by Mensur
Dlakic for PC [28] and handles most curvature models. Finally, several precomputed



parametric genome maps are available in the Genome Atlas of the Technical University of
Denmark [29, 30].
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Figure 3.: Data flow of the bend.it, plot.it and model.it servers. Each overlapping
triplet (or dinucleotide) in a DNA sequence is assigned a corresponding parameter
value in a “sliding window” fashion. The resulting numerical vector can then be
averaged within a given window (default value is 31bp or approximately three
helical turns) and displayed either as a 1C parameter vs. sequence plot, or as a 2D
correlation plot from two different parameter sets. (Three-dimensional DNA
trajectories are built from basepair geometry parameters without averaging).
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Figure 4. Output examples of the plot.it server. A three-dimensional correlation
plot of the Anadara trapezia (ark clam) beta globin gene (complete cds.
genbank:L16978). The vertical Z-axis denotes the number of actual segments
represented by data on the XY plane. This type of correlation plot is useful in
situations where analysisis performed on along DNA sequence
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Figure 5. Output examples of the bend.it server. A. profile plots of bendability
(blue) and curvature (red) along the 350bp L. tarantolae kinetoplast sequence.
Profile plots provide a visual aid to locate “interesting” regions along a DNA
sequence. B. correlation (2D) plot of curvature vs. bendability of the same sequence.

2. Prediction of DNA properties other than curvature

From the computational point of view curvature is a local property of DNA that can be
represented by numeric values assigned to each position of a DNA sequence. The same
philosophy can be extended to a large number of other DNA properties that can be assigned
to a short segment of DNA. There are a few common approximations underlying many
parametric descriptions: a) The property is local, i.e. a given nmer in DNA will have the
same property irrespective of its sequence environment (“context"). This may be true for
molecular properties depending only on the nucleobases, but is a very rough approximation
for complex, statistically derived properties like conformational preferences since, for
instance, even dinucleotides are known to adopt a few different conformations depending
on their neighbours. b) Segments within DNA (nucleotides, dinucleotides) contribute
independently to a given property. This makes it possible to use smple linear or log/linear
models to experimental data.

As an example, bending propensity parameters for trinucleotides were deduced from
DNAsel digestibility vs. sequence data based on the following principles [1]. (i) Locality:
DNase | interacts with the window of 6 nucleotides around the cleaved bond and its cutting
efficiency depends only on this window. (ii) This window is represented as four
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overlapping trinucleotides, and one single structural parameter p(a) of the trinucleotides,
constituting the enzyme-DNA contact surface, will influence the cutting rate (this is an
obvious simplification, since local effects, such as specific residue contacts between the
enzyme and the DNA molecule, are not considered); (iii) the bending propensity p(a) of
each trinucleotide contributes independently to the probability of DNase | cutting, Ry. The
model thus assumes that the contribution of one element (trinucleotide) does not depend on
any other element being present or absent in the window around the cut. So Ry for the 6 nt
window can be written as the product of the n different and assumedly independent p(a)
probabilities:

R ??4 p@), D
? 1

Equating Ry with the experi menfally determined frequencies of cleavage, Ry, leads to a
linear system of equations

F2?2hp@), @

Similar approaches have been used to extract numeric parameters from a wide variety of
different experimental data. As an extreme case, DNAsel digestibility data can be obtained
on large, continuous DNA fragments, other parameters, such as stability etc. were derived
from measurements on short oligonucleotides. Regarding the origins of the data, parameters
can be obtained either from measurement or from database statistics, such as evaluation of
3D structures or sequence data. From the computational point of view, the parameters are
represented either as tabulated values, or they are computed “on the fly”, based on the
sequence information itself.
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Figure 7: Region of 74 kb around the switching point of chromosome 21 of
L. major. L7171 and L3640 are two cosmids containing the overlapping
fragments of chromosome 21. The two grands and the encoded genes are
represented in different colors. The curvature analysis of the 40 kb around
the switch region is shown in the lower window.

3. The DNA-analysistools developed at ICGEB

The plot.it server produces parametric plots using various statistical
physicochemica parameters [31]. A query sequence is divided into overlapping n-mers,
and the average value of a given parameter is calculated using tabulated values. The server
uses 45 structural parameters (a full list of references is available at the site), the general
scheme of calculations is shown in Figure 3. The results appear either as simple sequence
plots or as 2-D plots in which two parameters are plotted against each other. Examples are
shownin Figure 4.

The bend.it server calculates the curvature of DNA molecules as predicted from the
DNA sequences. The calculation is based on values tabulated for dinucleotides and
trinucleotides, and the curvature (degree per helical turn) is calculated using standard
algorithms [9]. This calculation was originally based on DNA bendability parameters
derived from DNAsel digestion that characterize the (static or dynamic) bending of
trinucleotides towards the major groove [2]. Today a number of other dinucleotide [32-34]
and trinucleotide models [2, 4] are included, and the results can be visualized as 1D or 2D
plots on the screen. Both the bend.it and the plot.it servers are based on C programs
provided with GnuPlot graphic routines. Their output appears on the screen and is
optionally sent by e-mail to the user (Figureb).

The model.it server was designed to provide 3D models of DNA in response to
DNA sequence queries [35]. The results are presented as a standard PDB file that can be
viewed directly using any of the widely available molecule manipulation programs such as
Swiss-PDBviewer [36] or Rasmol [37]. In addition to straight A and B DNA models, the
server is capable of building curved DNA models using the parameter sets mentioned
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above. The server program was written using "NAB" - a high level molecule manipulation
language [38]. Coordinates of the sugar-phosphate backbone are optionally optimised with
constrained molecular dynamics using energy parameters from the AMBER package [39].
At present, the server can produce models of 700 bp in length, but models longer than 50
bp will not be optimised. Modelling of canonical, straight B or A DNA structures proceeds
inasimilar way, but without the need for backbone geometry optimisation (Figure 6).

The IS introns server was designed to provide statistical overviews on intron
groups [40]. Simple questions, like comparison of introns between various taxonomic
groups in terms of intron phases or size-distributions as well as the analysis of splice sites,
requires a carefully selected dataset as well as meticulous work that has to be repeated as
new data become available. The goal of the introns server was to establish an automatically
updated intron resource that alows the evaluation of experimentaly validated and
statistically balanced intron datasets, as well as a flexible comparison of groups according
to various criteria. In addition to sequence retrieval and BLAST similarity search, there are
options to compare taxonomic groups based on the NCBI Taxonomy Database, and to
perform on the fly statistics. The analysis capabilities of the IS server include statistical
evauation (minimum, maximum, average, standard deviation, etc.) of intron and exon
length, of the number of introns per gene, base composition, intron phases, as well as a
graphic comparison of two or more groups in terms of the above variables. In addition, the
analysis of splice sites and testing of the exon shuffling hypothesis [41, 42] are explicitly
included (Figure 7).

All the servers are provided with help files that describe the detailed instructions,
the theory, the literature citations as well as the instructions for instaling the accessory
programs such as Swiss- PDBviewer [36] or Rasmol [37].
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Figure 8. Distribution of bendability and curvature in various prokaryotic genomes
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Figure 9. Distribution of curvature around open reading frames in yeast
chromosome 1Il. Curvature profiles of all fragments 200 bp outside and 50 bp
inside the open reading frame were averaged and the result is displayed in terms of
a positional preference for curved regions with respect to start and stop codons.
The black line represents the average curvature of yeast chromosome 1.

Application examples

One of the obvious applications is to compare the distribution of curvature and other
parameters in genomic sequences. Figure 7 shows that bendability has a smooth,
symmetrical distribution in genomic DNA, similar to a bell shape. The distribution of
curvature is apparently nonsymmetrical reminiscent of a gamma function which is often
found with randomly distributed variables whose value cannot be negative - curvature is
actually such a case. Another possibility is to analyse curved segments along the entire
genome. A circular plot is a convenient way to show such distributions even though the
graphic resolution is often a limiting factor. Another possibility is to anayse the vicinity of
annotated features in genomes, as shown in Figure 9. A comprehensive anaysis of the
curvature of the B. subtilis genomic DNA reveaed the percentage of curved motifs within
the genome and how many ORFs contain curved segments [43]. As reported in Figure 10,
less than 1% of the B. subtilis genome contains curved motifs with values above 14° per
helical turn. Using this as a cut-off, the mgority of the curved DNA is found within the
ORFs while using 16°, 64% of the curved segments are within the intergenic regions
(Figure 10, inset), a tendency that continues as the cut-off is raised. In other words,
the magjority of the most curved segments are concentrated in the intergenic regions.Figure
10 shows the number of ORFs with at least one curved motif. Only 6.2% of all the ORFsin
B. subtilis shows a curvature with a cut-off value of 14°. These ORFs with at least one
curved motif, encode functionally unrelated proteins since their percentage distribution is
consistent with the distribution of the known proteins among the different classes,
following the standard functional classification reported by SubtiList (cellular processes
and cell envelope, intermediary metabolism, information pathways, other functions, [44]).
Therefore, only a small percentage of al curved motifs fall inside the coding regions,
leading to the hypothesis that a straight DNA is more efficiently transcribed. On the other
hand, it could be that intergenic regions have been selected with an intrinsic high curvature
to act as genomic signals. Indeed, it is known that, at least in lower eukaryotes such as
Saccharomyces cerevisae and Leishmania major, promoters and terminators are
constituted by flexible DNA stretches [45]. Severa coding strand switching points are
present within the chromosomes of L. major [46]. For examplein aregion of 74 kb of
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chromosome 21, the first 16 ORFs are encoded on the Crick strand, while the rest of them
are localised on the Watson strand (Figure 12). Between the two coding regions there are
1,602 nt, which are part of the so-called switching region, that do not contain neither
predicted CDS nor DNA with potential to form hairpin structures. Moreover, this region
shows a high DNA curvature with a maximum value of GC skew, as detected by the Bend-
it program [46, 47].

The physical features described for the switching point of chromosome 21
characterise also the switching points of other chromosomes of the parasite (chr. 1, 3, 4,
19), suggesting that these regions can be involved in promotion of DNA transcription or
can indicate the presence of an origin of replication. In support of the first hypothesis, very
recently it was shown, by transfectional studies, that the switching point region seems to
drive the expression of the entire chrl in Leishmania mgor Friedlin [48].

DNA isolated from normal eukaryotic cells by standard methods exhibit particular
fragility resulting in ~50 kb fragments. Breakage at hypersensitive/fragile sites is thought to
be due to nucleolytic cleavage and/or localized, non-random release of torsional stress [49-
52]. The sequence of severa breakpoints of human DNA was recently determined and by
multiple alignment, sequence similarities were found among the various breakpoints, both
in short and longer stretches of the DNA [53]. An analysis with the plot.it server showed
peculiar conformational characteristics (sharp transition or with a centre of symmetry)
located exactly at the experimentally determined breakpoints (Figure 13A) [53]. These,
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however, did not exactly coincide with the position of the short consensus motives. A
number of short consensus motives appear to have a curved conformation as predicted by
the model.it server (Figure 13B). These instances of correlation between computed and
biochemical behaviour imply that the predicted conformations may be useful in the analysis
situations where breakage and rearrangements are implicated in pathological scenarios.

5. Summary

The WWW servers at ICGEB [10] have been created for the analysis of user-submitted
DNA sequences in structural terms. bend.it calculates DNA curvature according to various
methods, plot.it creates parametric plots of 45 physicochemica as well as statistical
parameters. Both programs provide 1D as well as 2D plots that alow localisation of
peculiar segments within the query. model.it creates 3D models of canonical or bent DNA
starting from sequence data and presents the results in the form of a standard PDB file,
directly viewable on the user's PC using any molecule manipulation program. The introns
server alows datistical evaluation of introns in various taxonomic groups and the
comparison of taxonomic groups in terms of length, base composition, intron type etc. The
options include the analysis of splice sites and a probability test for exon shuffling.

The application examples cited here show that in some cases, genomic segments
identified by parametric analysis show interesting correlations even in the absence of
sequence similarity. However the correlation is generally weak, so careful analysis and
human experts are necessary for the evaluation of the results. On the other hand, parametric
plots can be excellent subjects for machine learning studies that might in turn reveal
correlations that currently escape the human eye.
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Figure 13: Analysis of breakpoint sequences in human
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from conformational energy calculations, expressed as
dinucleotide twist, roll and tilt angles. Thick arrow:
breakpoint. (plot.it server) B. Twist angles in a
sequence 40 bp, determined from NMR data (empty
circles), and as predicted based on conformational
energy calculations. Thick arrow: breakpoint. (plot.it
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