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Construction of a genome-scale structural map
at single-nucleotide resolution

Jason A. Greenbaum,' Bo Pang,? and Thomas D. Tullius'-%3

7Program in Bioinformatics, Boston University, Boston, Massachusetts 02215, USA; 2Department of Chemistry, Boston University,

Boston, Massachusetts 02215, USA

Few methods are available for mapping the local structure of DNA throughout a genome. The hydroxyl radical
cleavage pattern is a measure of the local variation in solvent-accessible surface area of duplex DNA, and thus
provides information on the local shape and structure of DNA. We report the construction of a relational database,
ORChID (OH Radical Cleavage Intensity Database), that contains extensive hydroxyl radical cleavage data produced
from two DNA libraries. We have used the ORChID database to develop a set of algorithms that are capable of
predicting the hydroxyl radical cleavage pattern of a DNA sequence of essentially any length, to high accuracy. We
have used the prediction algorithm to produce a structural map of the 30 Mb of the ENCODE regions of the human

genome.

[Supplemental material is available online at www.genome.org.]

While the linear sequence of nucleotides is the level at which
most interpretations of a genome are made, a new appreciation
of the effect of local DNA structure on genome function is emerg-
ing. Much effort has gone into the derivation of general rules
regarding the effect of the sequence of DNA on its structure.
High-resolution X-ray and NMR structures have clearly revealed
the variability of DNA structure (Dickerson and Drew 1981; Cal-
ladine 1982; Calladine and Drew 1986; Yanagi et al. 1991; Dicker-
son 1992, 1997; Grzeskowiak 1996; Olson et al. 1998; Ng and
Dickerson 2001; Barbic et al. 2003; Hays et al. 2005), and have
shown that the conformation of a nucleotide residue is depen-
dent at least on its nearest neighbors, and possibly more (Dicker-
son and Drew 1981; Dickerson 1983; Calladine and Drew 1986;
Nelson et al. 1987; Bhattacharyya and Bansal 1990; DiGabriele
and Steitz 1993; El Hassan and Calladine 1997; Johansson et al.
2000; Packer et al. 2000a,b; Gardiner et al. 2003). Although much
knowledge has been gained from the study of DNA crystal struc-
tures, high-resolution structure determinations are resource-
intensive and are applicable only to moderate-sized DNA mol-
ecules. In order to comprehensively sample the structure of all
possible DNA sequences in an unbiased manner, alternative
methods are necessary.

We report here the construction of a library of hydroxyl
radical cleavage patterns of DNA, as a means of compiling struc-
tural information for a wide variety of DNA sequences. Although
the hydroxyl radical cleavage pattern (Price and Tullius 1992)
does not yield a high-resolution three-dimensional structure of a
DNA molecule, it is a reflection of an important structural pa-
rameter, the solvent-accessible surface area of the DNA backbone
(Balasubramanian et al. 1998). The cleavage pattern thus pro-
vides an image of the shape of the DNA backbone and how it
varies with respect to nucleotide sequence. We describe the use of
a fluorescence-based sequencer to obtain cleavage patterns, and
introduce methods for normalization and quantitation of cleav-
age data. We present the design considerations of a relational
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database, ORChID (OH Radical Cleavage Intensity Database), to
hold hydroxyl radical cleavage data, as well as its population and
user interface.

We take advantage of the ORChID database to investigate
how the nucleotide sequence of a DNA molecule affects its pat-
tern of hydroxyl radical cleavage. We show here that, as ex-
pected, similar sequences yield similar cleavage patterns. How-
ever, we also find instances of long segments of DNA with low
nucleotide sequence identity that produce nearly identical cleav-
age patterns. That is, it is possible for different DNA sequences to
yield similar cleavage profiles. As the cleavage profile is a reflec-
tion of the underlying DNA structure, this indicates that consid-
erably different DNA sequences can share a common structure.
This leads to the intriguing possibility that DNA structure might
be evolutionarily conserved, irrespective of the sequence of
nucleotides.

Finally, we use the ORChID database to construct an algo-
rithm that allows the prediction of the hydroxyl radical cleavage
pattern of any DNA sequence to high accuracy. The speed of this
algorithm makes it feasible to produce a structural map of a large
genome. Here we report the use of this algorithm to construct a
structural map of the 30 Mb of the ENCODE regions of the hu-
man genome.

Results

We began the construction of a database of hydroxyl radical
cleavage patterns by obtaining two different libraries of single-
stranded DNA molecules (Supplemental Table S1). One library,
R40, was a collection of 158-nt-long DNA molecules synthesized
with a segment of 40 random nucleotides (nt) in the center. The
other library, pentamer, consisted of 14 members (123 or 118 nt
in length), each of which contained a subset of all the 1024
possible pentanucleotides (Supplemental Fig. S1). In both librar-
ies, the test sequence at the center was flanked by a common
palindromic sequence on either side (Fig. 1A), to aid in data nor-
malization.

We used PCR to generate the complementary strands of the
single-stranded DNA molecules in each library. The duplex librar-
ies were inserted into a plasmid and used to transform Escherichia
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flanking sequences

| test sequence | i

s———— [ I
5' spacer 3' spacer

TATCGCGAATTCGCGAT A

TATCGCGAATTCGCGATA

Figure 1. (A) Design of the DNA molecules used to construct the R40
library. The test sequence (an insert of 40 random nucleotides) is located
near the center of the DNA strand, flanked by common sequences on
both sides. The pentamer library was constructed in a similar manner,
with individual pentamer sequences (see Supplemental Fig. S1) serving as
the test sequence. (B) Typical electropherogram of a sample from the R40
library. The R40 test sequence is boxed, and the common flanking se-
quences are shaded. Each peak in the pattern represents cleavage by the
hydroxyl radical at one nucleotide of the DNA molecule. The area of a
peak is proportional to the extent of cleavage at that nucleotide (Shadle
et al. 1997). Note that the cleavage patterns of the common palindromic
flanking sequences at the 5’ (left) and 3’ (right) ends are similar for a
particular member of the library. This also holds true for different library
members (data not shown).

coli. Colonies were picked and grown up, plasmid DNA was iso-
lated, and individual members of the library were sequenced. The
insert region of a library plasmid was amplified by PCR, using a
fluorescently labeled primer for one strand and an unlabeled
primer for the other, to generate a singly end-labeled duplex
DNA molecule. The labeled DNA molecule was then subjected to
cleavage by the hydroxyl radical, denatured, and electrophoresed
on an automated sequencer. An example of a typical cleavage
pattern is shown in Figure 1B. The fluorescence trace of the cleav-
age pattern was analyzed with peak-fitting software to measure
the integrated area of each peak (Shadle et al. 1997). The nucleo-
tide sequence and cleavage pattern were stored in a database for
further analysis. We present experimental details for each of
these steps in the Methods section, and in the Supplemental
Material.

Database layout and design

Careful consideration was taken to store the data in a meaning-
ful, intuitive manner, while minimizing redundancy. To achieve
this, one central table was established to which most other tables
have a relationship (Supplemental Fig. S2). Within the central
Sample Table, information, including the sequence, individual
peak areas of the hydroxyl radical cleavage pattern, gel id, and gel
lane, is stored. Both raw and normalized cleavage data are incor-
porated into the database.

To enhance the usability of the ORChID database, some of
the more commonly queried data were combined into views,
exemplified by trimers (Supplemental Table S2) and trimer sum-
mary (Supplemental Table S3). Corresponding views exist for N-
mers ranging from monomers through septamers. An important
use of these views involves the hydroxyl radical cleavage predic-
tion algorithm that is discussed below. The algorithm is based on
a sliding N-mer window model and thus requires the mean area
for each peak of each N-mer for its calculations. Collection of
these mean peak areas in the Summary views greatly reduces the

complexity of the SQL statement that is used to access the rel-
evant data.

Database usage

The ORChID database can be accessed directly through Post-
greSQL’s psql interface or through a graphical Web interface at
http://dna.bu.edu/orchid. From the Web interface, the user has
the option to query the database by sequence ID, by nucleotide
sequence, or by entering any properly formed SELECT statement.
A separate page allows the user to make plots of cleavage inten-
sity data for any sequence or pair of sequences that exist in the
database. This functionality permits one to explore the database
and investigate the properties of hydroxyl radical cleavage data.

The most widely useful feature of the Web interface is the
ability to calculate a predicted hydroxyl radical cleavage pattern
for any given sequence. From the Prediction Page, the user inputs
a DNA sequence of nearly any length, and receives tabular
and graphical output of the predicted hydroxyl radical cleavage
pattern in a few seconds. Several options for prediction are pro-
vided, including the use of different prediction algorithms and
output settings. Details of the prediction algorithm are discussed
below.

Reproducibility of hydroxyl radical cleavage data

To quantitatively assess the quality of the hydroxyl radical cleav-
age data that we obtain by our experimental scheme, we took
advantage of the pair of identical flanking sequences that are
present in each member of the two DNA libraries (Fig. 1). We
extracted from the ORChID database 112 examples of indepen-
dently measured cleavage patterns for the common dodeca-
nucleotide sequence d(CGCGAATTCGCG) and evaluated the re-
producibility of the cleavage pattern. Figure 2 depicts the mean
cleavage intensity for each position in the sequence, with the
standard deviations indicated as error bars. The per-position stan-
dard deviations range from 0.14 to 0.35, which is between 5%
and 13% of the complete range of values in the cleavage pattern,
2.67. The majority of the positions have a standard deviation of
0.26 or less, which translates to <10% of the range. The range of
standard deviations we observe is consistent with previous work
on quantitative analysis of hydroxyl radical cleavage patterns
(Shadle et al. 1997).
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Figure 2. Reproducibility of the cleavage pattern of the common flank-

ing sequence (see Fig. 1). The mean cleavage intensities, taken from 112
instances of the common flanking sequence cleavage pattern, are plotted
as bars, with standard deviations shown as error bars.
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Degeneracy of hydroxyl radical cleavage data patterns

After confirming that a particular DNA sequence produces a con-
sistent hydroxyl radical cleavage pattern, we next asked whether
two or more different DNA sequences can share a common
cleavage pattern. If this were found to be true, it would indicate
that divergent DNA sequences could share a similar local struc-
ture.

To investigate this question, we divided the sequences in the
ORChID database into overlapping N-mers ranging from 8 to 34
nucleotides (nt) in length, and calculated Pearson correlations
for all pairwise cleavage pattern comparisons. Similarly, for each
pair of N-mers, we calculated the degree of nucleotide sequence
identity. We then determined the relationship between sequence
identity and cleavage pattern similarity (Supplemental Table S4).
Given the notion that similar DNA sequences share a common
structure, one would expect that sequences with a high degree of
identity would also exhibit similar cleavage patterns. However,
we found that overall, the Pearson correlation of sequence iden-
tity and cleavage similarity is rather low, ~0.36 for the N-mer
lengths we studied.

By dividing these data into subsets of similar sequence iden-
tity and then binning into discrete levels of cleavage similarity
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(Supplemental Tables S5-S7), we obtain a clearer sense of the
relationship between cleavage pattern similarity and sequence
identity. Despite the low Pearson correlation between these two
parameters (Supplemental Table S4), the heatmaps shown in Fig-
ure 3 clearly illustrate that they are tightly linked.

The most interesting aspect of this analysis is the outliers. At
low levels of sequence identity, there still are many examples of
cleavage pattern pairs that have a highly significant correlation
coefficient between them. This demonstrates that it is possible
for sequences with low identity to produce similar cleavage pat-
terns. Conversely, at higher levels of sequence identity, there are
some pairs of sequences that exhibit relatively low correlation
between their cleavage patterns. This observation indicates that
the cleavage pattern of a particular sequence can be significantly
affected by the substitution of only a few nucleotides. This last
observation is consistent with previous work (Diekmann et al.
1987; Koo and Crothers 1987), which demonstrated that single
nucleotides substituted for adenine in the center of an A-tract
sequence could completely abolish the curvature of that DNA
molecule, therefore drastically changing the overall shape and
structure as the result of a modest change in sequence.

We next examined particular examples of cleavage patterns
of some of the outlier sequences. Figure 4 depicts two 10-mers
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Figure 3. Cleavage/sequence correlation at various levels of sequence identity. Heat maps were created with Matrix2png (Pavlidis and Noble 2003),
using the data from Supplemental Tables S5, S6, and S7 as input. (A) 10-mers; (B) 20-mers; (C) 30-mers. The intensity of each rectangle indicates the
number of pairs of sequences in that cell, ranging from black (lowest) to white (highest).
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mental datasets is striking, particularly
given the simplicity of the model.

To estimate the accuracy of the pre-
diction algorithm, the predicted cleav-
age patterns of 78 members of the
ORChID database were compared to the
corresponding experimentally deter-
mined patterns. Before the cleavage pat-
tern of a given library member was pre-
dicted, its experimental cleavage pattern
was removed from the database, and re-
turned thereafter. This “leave-one-out”
cross-validation ensured that the predic-
tion algorithm had an unbiased data set
with which to work. In addition to the
Sliding Trimer Window algorithm, we
evaluated similar algorithms using

0 2 4 6 8

Nucleotide

Figure 4. High similarity in cleavage patterns for two sequences with low sequence identity. Plotted
are the hydroxyl radical cleavage patterns of two 10-mer sequences that share no common nucleotides
(sequence identity = 0%). Note the significant correlation (R = 0.94) of the two patterns. (See Supple-

mental Table S8 for sequences.)

having completely different sequences (i.e., 0% identity), but
with a Pearson coefficient of 0.94 between their cleavage pat-
terns. Supplemental Figure S3 shows another example, two 20-
mers with 10% sequence identity, yet a cleavage pattern correla-
tion coefficient of 0.81. (The sequences of these four DNA
molecules are listed in Supplemental Table S8.) These two ex-
amples illustrate the idea that two or more divergent sequences
can share similar cleavage patterns over a relatively long stretch
of DNA.

Prediction of the hydroxyl radical cleavage pattern

Hydroxyl radical cleavage data have the potential to provide
structural information on long segments of DNA, including ge-
nomic DNA. However, the experimental determination of hy-
droxyl radical cleavage patterns for the complete genomic se-
quence of an organism is a forbidding task. We used the ORChID
database to develop algorithms to predict the hydroxyl radical
cleavage pattern of a DNA sequence of arbitrary length. The out-
put of these algorithms can be used for several purposes, includ-
ing the construction of structural maps of genomes, and the
identification of regions of conserved structure within and
among them (Greenbaum et al. 2007).

The prediction algorithms all involve treating a DNA se-
quence as being made up of overlapping N-mers. As an example,
we discuss the Sliding Trimer Window algorithm. We also have
implemented several related higher-order prediction algorithms.
An overview of the Sliding Trimer Window algorithm is pre-
sented in Figure 5. This algorithm works by dividing the target
sequence into overlapping trimers, and then retrieving the
corresponding cleavage data from the ORChID database. We
obtain the predicted hydroxyl radical cleavage intensity for each
nucleotide in the sequence by taking the average of the
three cleavage intensities at each position that are contributed
by the three overlapping trinucleotides that are associated
with that nucleotide. Figure 6 depicts the predicted and observed
patterns for one sample from the ORChID database, for which
the Pearson correlation between experimental and predicted pat-
tern is 0.91. The correlation between the predicted and experi-

10 monomer through tetramer windows.
The results of this validation are summa-
rized in Table 1. As expected, when
more sequence is taken into account, the
algorithm’s predictive value increases
(Supplemental Fig. S4).

A structural map of the ENCODE regions of the human
genome

An important feature of our prediction algorithms for structural
studies of genomes is their speed. As an example, on a 3.2 GHz
Pentium 4 workstation, the Sliding Trimer Window algorithm
predicts ~320,000 cleavage intensities per second. This translates
to ~2.5 h to predict the cleavage intensities of the 3 billion base
pairs that comprise a haploid human genome. As members of the
ENCODE Consortium (The ENCODE Project Consortium 2004),
we have used the algorithm to predict the cleavage patterns of
each of the ENCODE regions, covering 30 Mb of the human
genome. The ENCODE ORChID data are available for download
(http://tinyurl.com/2g8vtz) and viewing (http://genome.ucsc.
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Figure 5. Sliding trimer window algorithm. The sequence to be pre-
dicted is shown below the bar graph. It is divided into overlapping tri-
nucleotides. The hydroxyl radical cleavage intensity data for each trimer
are retrieved from the ORChID database and are listed below each nucleo-
tide. The values in each column are averaged to produce a predicted
hydroxyl radical cleavage intensity, which is represented as a bar at the
top. Note that the two terminal nucleotides at each end rely on data from
only one or two trinucleotides, rather than three.
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approach can be made into a high-

throughput method for determining

structural features of DNA molecules. By

, organizing this information into a data-
i base, we have been able to study the ef-
fect of the sequence of a DNA molecule

on its structure and make several key ob-

servations. We discovered that it is pos-

sible for highly divergent DNA se-

quences to produce closely related hy-

droxyl radical cleavage patterns; this is

an indication that these stretches of

‘ DNA have a similar backbone shape. For
_ - example, there are 36 pairs of decamer
' sequences in the ORChID database that
have only one nucleotide in common,

yet have a Pearson coefficient of >0.9

when their cleavage patterns are com-
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Figure 6. Predicted hydroxyl radical cleavage pattern. The hydroxyl radical cleavage pattern of
sample ID 25201 from the ORChID database was predicted using the Sliding Trimer Window algorithm
(see Fig. 5). The predicted pattern (broken line) is compared to the experimental pattern (solid line).
The experimental and predicted patterns have a correlation coefficient of 0.91.

edu/encode/) via the UCSC Genome Browser (Karolchik et al.
2003). We have used the ENCODE ORChID cleavage pattern data
to develop new methods to search for common structural fea-
tures in functional regions of the genome (Greenbaum et al.
2007).

Discussion

While methods like X-ray crystallography and NMR produce de-
tailed structural information for DNA, they are severely limited
both by the time required and the length of the DNA molecule
that can be studied. Although many crystal and NMR structures
of DNA are currently available (Berman et al. 1992, 2000), most
of these are no longer than 12 base pairs (bp) in length. Further-
more, it has been suggested that crystallization conditions en-
force a static structure that may not be truly representative of
DNA in solution (Dickerson et al. 1987; DiGabriele et al. 1989;
Dlakic et al. 1996; Ganunis et al. 1996; Berman 1997; Ghosh and
Bansal 2001). Despite recent advances in NMR (Zhou et al. 1999),
the length of a DNA molecule that can be studied by this method
is still rather limited.

Here we have described an alternative method for the ac-
quisition of DNA structural information based on the collection
of a library of hydroxyl radical cleavage patterns of DNA. Our

Table 1. Correlation between predicted and experimental
cleavage patterns

N-mer length Mean R SD  Minimum R Maximum R Range

Monomer 0.46 0.15 0.00 0.71 0.71
Dimer 0.66 0.11 0.41 0.84 0.43
Trimer 0.78 0.08 0.57 0.93 0.36
Tetramer 0.88 0.07 0.68 0.96 0.28

This table summarizes the results of the cross-validation of a series of
Sliding N-mer Window prediction algorithms. The mean correlation co-
efficients taken over 78 pattern pairs are listed. Note the increasing cor-
relation as the model length increases.

pared (Supplemental Table SS5). Lower-
ing the Pearson coefficient threshold to
0.8 increases the number of structurally
similar sequence pairs nearly 10-fold, to
355. These results indicate that the struc-
tural similarity of highly divergent se-
quences is common.

An intriguing implication of this finding is the role that
DNA structural similarity may play in the binding of proteins to
DNA. Most known transcription factor-binding sites (Matys et al.
2006; Vlieghe et al. 2006) are between 8 and 12 bp in length, and
the vast majority of these sites are highly variable. Our work has
shown the potential for divergent DNA sequences to adopt a
similar backbone conformation over a stretch of 20 nt or so. It
therefore is reasonable to propose that some DNA-binding pro-
teins may be backbone conformation-specific (i.e., using indirect
readout), rather than DNA sequence-specific. The development
of algorithms to identify sequences with degenerate cleavage pat-
terns may therefore prove useful in understanding how transcrip-
tion factors locate their binding sites in genomic DNA. As well,
since it has previously been shown that certain DNA sequences
can act by virtue of their structure (Bracco et al. 1989; Kim
et al. 1995; Angermayr et al. 2002), methods to identify such
structures would benefit from incorporating hydroxyl radical
cleavage data.

By studying the general features of hydroxyl radical cleavage
data and organizing the data in meaningful ways, we have suc-
cessfully developed algorithms for the prediction of hydroxyl
radical cleavage patterns of DNA. Given the speed of our predic-
tion algorithms, along with the addition of more sequences to
the ORChID database and the concurrent development of
higher-order predictive models, the experimental determination
of hydroxyl radical cleavage patterns of DNA will become unnec-
essary. We look forward to the further use of ORChID data to
help to understand functional regions of genomes in terms of
their local DNA structural features.

Methods

Hydroxyl radical cleavage of DNA

Twenty microliters of fluorescently labeled DNA (see Supple-
mental Material) and 50 pL of buffer (20 mM Tris, 20 mM
NaCl at pH 8) were pipetted into a 1.5-mL Eppendorf tube.
Next, 10-uL drops of [Fe(EDTA)]?>~ (50 uM) and ascorbate (1 mM)
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were pipetted onto the wall of the tube, but not mixed. To
initiate the reaction, 10 puL of H,0O, (0.03%) was combined
with the other two reagents and mixed into the DNA sample
in buffer by vigorous pipetting. The reaction was quenched
after 2 min by the addition of 400 pL of ethanol (100%)
and vortexing. The DNA was ethanol-precipitated. The dried
DNA pellet was dissolved in 6 uL of formamide loading dye, and
the sample was electrophoresed on a denaturing polyacrylamide
gel using a Visible Genetics Long-Read Tower automated se-
quencer.

Data quantitation

The flanking common palindromic sequences (Fig. 1) were
located by visual inspection of the data set, and their posi-
tions were recorded. Next, the text file containing the fluo-
rescence intensity data was parsed and converted into a format
readable by Origin (OriginLab Software). The fluorescence
trace was plotted in Origin, and a value for the baseline was
determined by noting the fluorescence intensity just before the
first DNA fragment was observed. The raw data were then
read into PeakFit (Systat Software), and the baseline was
subtracted. The peaks in the data set were simultaneously fit
using the EMG + GMG peak function. The area of a peak
was taken to represent the amount of cleavage at that nucleo-
tide. We then used the peak areas of the flanking common
palindromic sequences to normalize the data for the test se-
quence. Further details are provided in the Supplemental
Material.

Sliding N-mer window algorithms

The method illustrated in Figure 5 is applicable to all of our
sliding N-mer algorithms. As an example, we describe here the
Sliding Trimer Window algorithm. First, the sequence for which
the cleavage pattern is to be predicted is divided into overlapping
trinucleotide sequences. The corresponding cleavage intensities
for each trinucleotide are retrieved from the ORChID database.
The average cleavage intensity is calculated for each position in
the sequence of interest, using Equation 1:

T, + T+ T}

Pi=———— M

Here, P; is the predicted cleavage intensity at position i, and T; is
the trinucleotide beginning at position i. The superscript on T
indicates the nucleotide in the trimer (e.g., T" is the first nucleo-
tide of the trimer). The ends of the pattern are calculated simi-
larly, except that cleavage data are retrieved from only one or two
trimers, rather than three (see Fig. 5).

Correlation of predicted patterns with experimental patterns

Hydroxyl radical cleavage patterns were predicted for each of 78
sequences in the ORChID database: 56 pentamer library se-
quences (14 different DNA duplexes, both strands, two indepen-
dent experimental examples of each), and 22 sequences from the
R40 library. Before a particular cleavage pattern was predicted, its
corresponding cleavage data were removed from the database;
the data were replaced in the database upon completion of the
prediction. The ends of the predicted and observed patterns were
trimmed by several nucleotides in order to include only the most
accurate predictions. Pearson correlation coefficients were calcu-
lated for the trimmed patterns versus the experimental patterns
(see Table 1).
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