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a b s t r a c t

In this study, we introduced two DNA structural characteristics, namely, bendability and hydroxyl
radical cleavage intensity to analyze origin of replication (ORI) in the Saccharomyces cerevisiae gen-
ome. We found that both DNA bendability and cleavage intensity in core replication regions were
significantly lower than in the linker regions. By using these two DNA structural characteristics,
we developed a computational model for ORI prediction and evaluated the model in a benchmark
dataset. The predictive performance of the jackknife cross-validation indicates that DNA bendability
and cleavage intensity have the ability to describe core replication regions and our model is effective
in ORI prediction.
� 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

Replicon hypothesis is a useful description of replication in pro-
karyotes, but the situation in eukaryotes is more complex. In
eukaryotes, initiation of DNA replication occurs at specific genomic
loci called origin of replication (ORI) [1–3]. Accurate replication of
the whole genome in every cell division is essential for maintaining
genomic stability. Thus, determining the location of ORI is impor-
tant for understanding how such origins are specified and utilized
in various developmental situations such as the mitotic and mei-
otic cell cycles.

As an important eukaryotic model organism, the budding yeast
has the best characterized replication origins. Budding yeast repli-
cation origins (called autonomously replicating sequences or ARS
elements) are almost exclusively intergenic and consist of approx-
imately 200 bp sequences that can be divided into A and B domains
[4]. The A domain contains an essential ARS consensus sequence
(ACS), which is essential for binding of the origin recognition com-
plex (ORC) [5–7]. The B domain tends to be helically unstable and
additionally contains a number of short sequence motifs that con-
tribute to origin activity, such as B1, B2 and B3 elements. The B1
element, found in every ARS, is adjacent to the ACS and is part of
the ORC binding site [8,9]. The B2 element presents in most but

not all ARSs and frequently overlaps with DNA unwinding ele-
ments [10,11]. The B3 element is a transcription factor binding site
found in some ARSs that influences nucleosome positioning [12].

Despite their common function of domains from different repli-
cation origins, no consensus motif with predictive value has been
found yet. Therefore, it is impossible to accurately identify a real
ORI from the vast intergenic region using sequence information.
Thus, several resource-intensive techniques have been proposed
for ORI identification, such as ARS assays, two-dimensional gels
and microarray-based detection of origin activity. However, none
of these experimental methods is practical on genomic scale.

In this study, we conducted a computational analysis of two
structural characteristics, namely, DNA bendability and cleavage
intensity around ORIs in the Saccharomyces cerevisiae genome.
We found that both DNA bendability and cleavage intensity in core
replication regions were significantly lower than those in sur-
rounding regions. Based on this finding, we developed a support
vector machine (SVM) based model for ORI prediction and
achieved a high predictive accuracy under the jackknife cross-
validation.

2. Materials and methods

2.1. Dataset

As September of 2009, the OriDB database [13] collected 732 S.
cerevisiae ORIs. Each origin site in the database is assigned a status
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(confirmed, likely, or dubious) which expresses the level of confi-
dence that the site genuinely corresponds to an origin. Origin sites
labeled ‘‘confirmed’’ are those that have been experimentally vali-
dated. In order to prepare a high quality dataset, we picked out the
322 experimentally confirmed ORIs from the OriDB. According to
the information of the Saccharomyces Genome Database (http://
www.yeastgenome.org/), 1000 bp long sequence (500 bp upstream
and 500 bp downstream of ORI, respectively) was extracted from
each of the 322 ORIs.

In order to train an ORI prediction model, we constructed a
benchmark dataset that containing 322 positive samples (core rep-
lication region ranging from 0 bp to +250 bp [13]) and 966 negative
samples (regions ranging from �500 bp to �250 bp, �250 bp to
0 bp and +250 bp to + 500 bp) extracted from the 322 experimen-
tally confirmed ORIs. No two sequences in the benchmark dataset
share more than 28% sequence identity.

2.2. DNA bendability

DNA bendability reflects the non-parallel tendency of consecu-
tive base pairs in a DNA sequence and has been successfully applied
to promoter prediction [14,15]. This index is defined as the
summation of bendability parameter profile associated with every
trinucleotide in a given DNA sequence. For example, DNA bendabil-
ity of sequence AGCTA is 0.124 (0.017[AGC] + 0.017[GCT] +
0.090[CTA] = 0.124). Detailed descriptions on DNA bendability
and the bendability parameters for each trinucleotide pattern can
be found in the previous literature [16].

2.3. Cleavage intensity

Cleavage intensity indicates the likelihood of DNA cleavage by
hydroxyl radicals and provides a map of local variation in the
shape of DNA backbone [17–19]. It can be calculated from param-
eters for a set of tetranucleotide patterns in a given DNA sequence.
The parameters of tetranucleotides were derived by Greenbaum
et al. from experiments in which DNA sequences were exposed
to hydroxyl radicals [17]. However, this type of hydroxyl radical
cleavage pattern considers properties of a single DNA strand of
the double helix, and therefore could not measure the minor
groove width, which depends on both DNA strands and is an
important recognition element for protein binding [20–22]. Re-
cently, Bishop et al. [23] developed the ORChID2 algorithm
(http://dna.bu.edu/orchid/) to predict cleavage intensity by incor-
porating hydroxyl radical cleavage information from both strands
of the DNA duplex. The algorithm can calculate the cleavage inten-
sity for each nucleotide in a DNA sequence.

2.4. Support vector machine

Support vector machine (SVM) is an effective method for super-
vised pattern recognition and has been widely used in the realm of
bioinformatics [24–29]. The basic idea of SVM is to transform the
data into a high dimensional feature space and then determine
the optimal separating hyperplane. In this work, the SVM imple-
mentation was based on the freely available package LibSVM
2.81 written by Chang and Lin [30]. The radial basis kernel function
(RBF) was used to obtain the best classification hyperplane. The
regularization parameter C and the kernel width parameter c were
optimized using a grid search approach.

2.5. Performance evaluation

The performance of the prediction model was evaluated using
sensitivity (Sn), specificity (Sp) and accuracy (Acc), which are
expressed as follows:

Sn ¼ TP
TP þ FN

ð1Þ

Sp ¼ TN
TN þ FP

ð2Þ

Acc ¼ TP þ TN
TP þ FN þ TN þ FP

ð3Þ

TP, TN, FP and FN represent the number of the correctly recog-
nized ORI, the number of the correctly recognized non-ORI, the
number of non-ORI recognized as ORI and the number of ORI
recognized as non-ORI sequences, respectively. Meanwhile, the
quality of a classifier can be evaluated by measuring the area under
the receiver operating characteristic curve (auROC). The value of
auROC score ranges from 0 to 1, with a score of 0.5 corresponding
to a random guess and a score of 1.0 indicating perfect separation.

3. Results and discussion

3.1. DNA structural profiles in replication origin regions

To investigate the structural properties in replication origin
regions, we firstly analyzed the bendability of DNA sequences
surrounding ORI. We calculated DNA bendability for every trinu-
cleotide in genomic regions from �500 bp to +500 bp relative to
ORI and plotted the average DNA bendability profiles using a slid-
ing window approach with a window size of 50 bp and a step size
of 1 bp (Fig. 1). We found that bendability scores within core rep-
lication regions (0 to +250 bp) were significantly lower than those
within surrounding regions (P < 3.2e-16, Mann–Whitney U-test)
and this structural difference is independent of the window size
for smoothing (Supplementary Fig. S1).

We next calculated DNA cleavage intensity for all the DNA posi-
tions from �500 bp to +500 bp relative to ORI using the ORChID2
algorithm [23]. Using a 50 bp sliding window with 1 bp offset,
the average DNA cleavage intensity score was plotted in Fig. 2.
We found that cleavage intensity in the core replication regions
was statistically lower than did the linker regions on both sides
(P < 4.3e-11, Mann–Whitney U-test) and the intensity of the ob-
served cleavage intensity signal is also independent of the window
size for smoothing (Supplementary Fig. S2).

Interestingly, both bendability and cleavage intensity demon-
strated a strong signal at approximately 180 bp downstream of
ORI. To demonstrate whether the signal corresponds to some

Fig. 1. DNA bendability profile in core replication region and surrounding regions.
DNA bendability was smoothed using a 50 bp sliding window with 1 bp step. The
horizontal axis represents the nucleotide position, which ranges from �500 bp to
+500 bp relative to ORI (denoted as 0). The vertical axis represents DNA bendability
score.
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known motifs, we analyzed the region ranging from 160 bp to
200 bp downstream of ORI using MEME [31] and found a sequence
consensus AA[AG]CA[TA]AA[AG][AT]. It has been proved that this
motif can be recognized by ORC1–5 proteins, which depend on
unusual DNA topology for binding [32].

3.2. Effect of AT content

Functional dissection analyses have demonstrated that core
replication regions are AT-rich and contain several A+T-rich ele-
ments [33–37]. Thus, it is necessary to perform a control analysis
and investigate whether the lower bendability and cleavage inten-
sity scores in core replication regions were consequences of high
AT content or not. By preserving dinucleotide composition, we
shuffled the core replication regions in the benchmark dataset
and generated 322 (equal to the number of experimentally con-
firmed ORIs) random sequences with the same length of 250 bp.
By using a 50 bp sliding window with 1 bp displacement, we plot-
ted the average bendability and cleavage intensity scores for ran-
dom sequences (Fig. 3).

We found that both bendability and cleavage intensity profiles
for random sequences are markedly different from natural se-
quences, and do not show significantly lower bendability or cleav-
age intensity score in core replication regions. These findings
strongly demonstrate that the lower bendability and cleavage
intensity scores in core replication regions are non-random events
and can not be explained by AT content alone.

3.3. Analyzing the relationship between DNA bendability and cleavage
intensity

The distribution patterns of DNA bendability and cleavage
intensity demonstrate a similarity with respect to genomic posi-
tion relative to ORI (Figs. 1 and 2). To determine whether the sim-
ilar distribution patterns were independent of or associated with
each other, we compared trinucleotide bendability scores and
DNA cleavage intensity scores of tetranucleotides. For each of the
trinucleotides having DNA bendability scores, we calculated the
average DNA cleavage intensity of all tetranucleotides containing
the corresponding trinucleotide in the core replication region.
We found that the Pearson’s correlation coefficient between the
trinucleotide bendability scores and their corresponding average

tetranucleotide cleavage intensity scores was 0.266, which sug-
gests no direct relationship between DNA bendability and cleavage
intensity.

3.4. Identification of ORI using structural features

The above results have demonstrated that DNA structural fea-
tures are dramatically different between core replication regions
and surrounding regions. Thus, we proposed a computational mod-
el to identify ORIs based on DNA structural features. In the predic-
tion experiments, we converted each sequence in the benchmark
dataset into a vector using DNA bendability and cleavage intensity.
To this end, we calculated DNA structural features using the sliding
window approach and found that a window size of 50 bp with a
step of 50 bp yields the best predictive performance. Thus, each se-
quence in the benchmark dataset was encoded by a 10-dimen-
sional vector and served as the SVM input. The first five elements
of the vector were bendability indexes and the rests were cleavage
intensities, which were all calculated in a 50 bp sliding window
with 50 bp displacement.

The jackknife cross-validation test was employed to evaluate
the performance of our model. For the jackknife cross-validation,
each sample in the benchmark dataset is in turn singled out as
an independent test sample and all the rule parameters are calcu-
lated based on the remaining samples without including the one
being identified. To demonstrate the application of our proposed

Fig. 2. DNA cleavage intensity profile in core replication region and surrounding
regions. DNA cleavage intensity was smoothed using a 50 bp sliding window with
1 bp step. The horizontal axis represents the nucleotide position, which ranges from
�500 bp to +500 bp relative to ORI (denoted as 0). The vertical axis represents DNA
cleavage intensity score.

Fig. 3. DNA bendability (A) and cleavage intensity (B) profiles for random
sequences with the same dinucleotide composition and length (250 bp) as core
replication sequences. DNA bendability and cleavage intensity were all smoothed
using a 50 bp sliding window with 1 bp step. The horizontal axis represents the
nucleotide position relative to ORI. The vertical axis represents DNA bendability (A)
or cleavage intensity (B) score.
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model to genome wide ORI prediction, the model was validated in
the benchmark dataset and compared with a model based on local
word contents of k-mer (k = 3, 4). The predictive performances are
presented in Table1 in terms of sensitivity, specificity, accuracy
and auROC. From Table 1, we found that the ORI prediction model
based on DNA structural features perform better than the pure se-
quence-based model. This indicates that DNA bendability and
cleavage intensity are informative for ORI prediction.

4. Conclusion

It is difficult to unambiguously identify ORIs from a given DNA
sequence because of their degeneracy and frequent organization in
several independent modules across the intergenic regions [36,38].
Thus, it is necessary to incorporate more features for ORI predic-
tion. In this study, two DNA structural features around ORI were
computationally analyzed in replication regions. The sequence
around ORI overall had a lower DNA bendability score and a lower
DNA cleavage intensity score than did the linker regions on both
sides. DNA replication is thought to be a highly regulated process
referring to interactions between regulatory proteins and DNA se-
quences [39]. Structural divergences between core replication re-
gions and surrounding regions may facilitate DNA unwinding,
protein binding and replication fork progression during the process
of genome replication.

By combining DNA bendability and cleavage intensity, we pro-
posed a SVM model to predict ORIs. The predictive performance
demonstrated that our model is helpful for ORI recognition and
that DNA bendability and cleavage intensity may be the hidden
codes in replication regions. We expect that DNA bendability and
cleavage intensity will shed light on genome-wide ORI prediction
and provide novel insights into regulatory mechanisms of DNA
replication.
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