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pecific binding of a protein to DNA is now appreciated to be

influenced both by the sequence of nucleotides and by the
shape of the DNA double helix."* A direct connection between
minor groove width and electrostatic potential recently was
established, providing a physical basis for this type of shape
readout. Specifically, the magnitude of the electrostatic potential
in the minor groove is controlled by the width of the groove,’
with narrowing of the groove associated with more negative
electrostatic potential. Many proteins have been found to take
advantage of this property by inserting positively charged argi-
nine side chains into the groove where it is narrow.

Different DNA sequences can give rise to similar DNA shapes.”
The smaller “space” of DNA structure compared to nucleotide
sequence confounds typical sequence-based analyses of genomes,
which may miss regions of structural similarity that are not also
similar in sequence.®” For example, current computational stra-
tegies for finding protein binding sites in genomes, which rely on
nucleotide sequence identity (or similarity),® are not effective in
identifying similarities in DNA shape. To use shape recognition to
understand how a protein selects a binding site in a genome, we
need a way to map DNA shape variation at both high resolution
and on a large scale. Here we report that hydroxyl radical cleavage
of DNA provides the information required to evaluate shape and
electrostatic potential variation in a DNA molecule of any length,
including the DNA of an entire genome.
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We begin by comparing the experimental hydroxyl radical
cleavage pattern of a DNA molecule with NMR and X-ray
structures of the same DNA sequence to “calibrate” the structural
information embodied in the cleavage pattern. We next construct
a new type of cleavage pattern that includes information from
both DNA strands, to map minor groove width and electrostatic
potential. Finally, we use an experimental database of cleavage
patterns as the basis of an algorithm to computationally predict
the minor groove shape and electrostatic potential for entire
genomes.

We first forge an explicit link between cleavage and structure
through quantitative comparison of the experimental hydroxyl
radical cleavage pattern and the three-dimensional structure of
DNA. For this analysis we use the Drew—Dickerson dodecamer,
[d(CGCGAATTCGCG)],”" undoubtedly the structurally
best-characterized DNA molecule.' "

We had previously obtained a large amount of experimental
hydroxyl radical cleavage data for the Drew—Dickerson dodeca-
mer in the context of our efforts to construct ORChID, the
-OH Radical Cleavage Intensity Database.” This database con-
tains experimental cleavage patterns for more than 150 DNA
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Figure 1. Quantitative correlation of hydroxyl radical cleavage with DNA structure. (a) H4' (blue) and HS', HS” (red) are the deoxyribose hydrogen
atoms most often abstracted by the hydroxyl radical.'® (b) The extent of hydroxyl radical cleavage (black circles) at each of the 10 interior nucleotides of
the Drew—Dickerson dodecamer is compared to the sum of the solvent-accessible surface area (SASA) of the 4, 5/, and 5" hydrogen atoms of that
nucleotide (red diamonds). (These data points represent the sum of the SASAs of the blue and red deoxyribose hydrogen atoms that are shown in
panel a.) Two backbone deoxyriboses in different structural environments are highlighted in the insets (top). A wide minor groove results in high SASA
and hydroxyl radical cleavage (left); a narrow groove is associated with low SASA and cleavage. The Pearson correlation for comparison of the hydroxyl
radical cleavage pattern and SASA in Figure 1, panel b is 0.865 (p-value = 0.00123).

sequences 40 base pairs in length. As a result, all 512 unique
pentanucleotide sequences are represented in ORChID. Each of
the 40-mers in ORChID is flanked on both sides by the Drew—
Dickerson dodecamer sequence. The hydroxyl radical cleavage
pattern of the dodecamer is exceptionally well determined
because we have so many independent examples of the pattern.

The hydroxyl radical cleaves DNA by abstracting a hydrogen
atom from a deoxyribose residue in the backbone. We showed
previously that the solvent-accessible surface area (SASA) of a
deoxyribose hydrogen atom governs the extent of its reactivity
with the hydroxyl radical.'® These experiments found that the 5/,
5", and 4’ hydrogen atoms, which lie on the outer edges of the
DNA minor groove and are most exposed to solvent (Figure 1,
panel a), react most often. We also have noted that the extent
of hydroxyl radical cleavage varies at each nucleotide along
a double-stranded DNA molecule,'”'® suggesting that the clea-
vage pattern embodies information on sequence-dependent
variation in DNA shape.

In Figure 1, panel b we compare the extent of hydroxyl radical
cleavage for each nucleotide of the Drew—Dickerson dodecamer,
with the sum of the SASAs of the 5/, 5”, and 4" hydrogen atoms of
that nucleotide as determined from X-ray structures. Where the
minor groove is wide and deoxyribose backbone hydrogens are
exposed, cleavage is high (Figure 1, panel b, left inset); where the
groove is narrow and backbone hydrogens are diminished in
exposure, cleavage is low (Figure 1, panel b, right inset). This plot
demonstrates that hydroxyl radical cleavage accurately reports
the sequence-dependent variation in the shape of the DNA
backbone. We call this type of hydroxyl radical cleavage pattern
ORChID], to indicate that it represents the - OH radical cleavage
pattern of one strand of the DNA duplex.

We next sought to develop a method to map the shape of
the DNA minor groove, since minor groove width and electro-
static potential are important recognition elements for protein
binding.>*'? However, whereas the ORChID1 pattern and
SASA are properties associated with individual nucleotides in one
of the strands of the double helix (Figure 1), the minor groove

width depends on both DNA strands. To construct a metric that
incorporates hydroxyl radical cleavage information from both
strands, we first determined the extent of cleavage for a given
nucleotide and then averaged this value with the extent of
cleavage for the residue on the opposite strand that is closest
in space across the minor groove. In B-form DNA these two
positions are staggered by three nucleotides in the 3’ direction.”
The phosphate groups of the same two nucleotides are used to
define minor groove width.** We call this new type of hydroxyl
radical cleavage pattern ORChID2, to denote that it incorporates
cleavage information from both strands of the DNA duplex. This
approach enables a direct comparison between hydroxyl radical
cleavage and minor groove width, with both structural para-
meters treated as double-strand properties.

To test the correspondence of the ORChID2 pattern with
minor groove width, we again took advantage of the structurally
well-characterized Drew—Dickerson dodecamer. We made two
comparisons, first with NMR structures of the dodecamer, and
then with X-ray structures. Although NMR structures of nucleic
acids are usually not as high in resolution as X-ray structures,
they are determined in solution and so are free of crystal packing
effects. For our analysis we used an NMR structure of the
Drew—Dickerson dodecamer'® that was determined using di-
polar coupling and chemical shift anisotropy data and is thus of
very high quality. We observe an excellent correlation of the
experimental ORChID2 pattern with the width of the minor
groove derived from the NMR structure (Figure 2, panel a).

Like the NMR experiment, the hydroxyl radical cleavage
experiment is performed in solution, where the three-dimen-
sional structure of the Drew—Dickerson dodecamer has the
same symmetry as its palindromic nucleotide sequence."> The
ORChID2 pattern therefore exhibits the symmetry that is
inherent in the palindromic sequence and structure of the
dodecamer. However, it is well-known that crystal packing effects
lead to asymmetry in the crystal structure of the dodecamer.”*
To compare the ORChID2 pattern to the minor groove width
determined from various X-ray structures,'”'>**7*" we
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Figure 2. (a) Quantitative correlation of the experimental ORChID2
cleavage pattern (black circles), with electrostatic potential (red diamonds)
and minor groove width (green squares) determined from a set of five
NMR structures of the Drew—Dickerson dodecamer. The Pearson
correlation for comparison of the ORChID2 pattern with minor groove
width (7 nucleotide positions) is 0.9917 (p-value = 1.21 x 10™>); that of
ORChID2 with electrostatic potential (7 positions) is 0.868 (p-value =
0.01). (b) Quantitative correlation of the experimental ORChID2
cleavage pattern (black circles), with electrostatic potential (red dia-
monds) and minor groove width (green squares) determined from eight
X-ray structures of the Drew—Dickerson dodecamer. Minor groove
width and electrostatic potential are symmetrized to reflect the symme-
try of the Drew—Dickerson sequence. The Pearson correlation of
the ORChID2 pattern with minor groove width (7 positions) is 0.997
(p-value = 7.27 x 10~7); that of ORChID2 with electrostatic potential
(7 positions) is 0.881 (p-value = 8.67 X 1073).

symmetrized the groove width®® on the basis of the inherent
symmetry of the Drew—Dickerson dodecamer sequence. Sym-
metrization is a standard approach to separate crystal packing
from sequence-dependent effects on DNA structure.”® We find
an excellent correlation between the experimental ORChID2
pattern and the symmetrized minor groove width derived from
the X-ray structures (Figure 2, panel b). We also compared the
ORChID?2 pattern with the minor groove width derived from all-
atom Monte Carlo simulations of the Drew—Dickerson dodecamer***
and observed an excellent correlation (Supplementary Figure 1).

To test the generality of the correspondence of cleavage
pattern with structure, we searched the ORChID database for
sequences that also have X-ray structures. We found the 9-mer
sequence GATATCGCG, which is contained in the dodecamer
[d(CGCGATATCGCG)], for which the X-ray structure has
been determined.”’ Despite the more limited experimental
cleavage data available from ORChID for this sequence com-
pared to the Drew—Dickerson dodecamer, we find an excellent
correlation between the ORChID2 pattern and the X-ray-derived
minor groove width (Supplementary Figure 2).

To extend the comparison of ORChID2 to more nucleotide
sequences, for each tetranucleotide in the Protein Data Bank

(PDB) we plotted the minor groove width* versus the experi-
mental ORChID2 value derived from the ORChID database
(Supplementary Figure 3). For DNA in protein—DNA com-
plexes we find a very good correlation of average ORChID?2 value
with minor groove width (Pearson correlation = 0.653, p-value
<1 x 10" '®). For free DNA molecules the correlation is similar
(Pearson correlation = 0.638, p-value = 4.06 X 10~®), despite the
fewer number of free DNA structures in the PDB.

Since it has been shown that electrostatic potential depends
on minor groove width, the results depicted in Figure 2 and
Supplementary Figures 1 and 2 suggest that the ORChID2
pattern also embodies information on the local variation of
minor groove electrostatic potential. To test this idea we solved
the nonlinear Poisson—Boltzmann equation to calculate the
electrostatic potential at points in the center of the DNA minor
groove.”** We symmetrized the electrostatic potential pattern
that was calculated from X-ray-derived structures to remove
crystal-packing effects. We did not symmetrize the electro-
static potential pattern derived from the NMR-based struc-
tures. As we anticipated, the ORChID2 pattern and elec-
trostatic potential are highly correlated, both for NMR and
X-ray derived structures (Figure 2). We find a similarly high
degree of correspondence between the ORChID2 pattern
and electrostatic potential for the sequence GATATCGCG
(Supplementary Figure 2).

The results shown in Figure 2 and Supplementary Figure 2
establish that the experimentally determined ORChID2 pattern
represents a quantitative map of minor groove width and electro-
static potential. To use ORChID2 to map structural and electro-
static variation in genome-scale DNA molecules, we have devel-
oped a method to computationally predict the ORChID2
pattern. We have shown previously that a prediction tool based
on experimental ORChID1 patterns, which considers the prop-
erties of a single DNA strand, can be used to predict the
ORChID1 pattern for any DNA sequence, of any length, with
high accuracy.” We developed a related algorithm that compu-
tationally predicts the ORChID2 pattern for any DNA sequence
of interest. The algorithm is very efficient, so predictions can be
made for genome-length DNA sequences. We have deposited a
data set consisting of the ORChID2 pattern for the human
genome in the UC Santa Cruz genome browser. Because of its
high correlation with minor groove electrostatic potential
(Figure 2), the ORChID2 pattern represents the structure-depen-
dent variation of electrostatic potential in the DNA minor groove
throughout the human genome, at single base-pair resolution. This
tool allows the role of DNA shape in protein—DNA recognition
to be evaluated at the whole-genome scale. We note that our
approach is applicable to any genome for which sequence in-
formation is available.

To demonstrate the application of ORChID2 to genome-
scale recognition of DNA shape, we have analyzed sets
of nucleosome-bound sequences that were identified in the
yeast>" and Drosophila®* genomes. Appreciation of the involve-
ment of chromatin structure in gene regulation has focused
widespread attention on the underlying basis for nucleosome
positioning.>® Previous work has most often attempted to
find nucleotide sequence motifs that are associated with
positioned nucleosomes,”*"** with limited success. How-
ever, although sequence motifs have been identified that lead
to bends or kinks that facilitate nucleosome binding,4 similar
structural patterns can result from different sequence motifs.®
Because the hydroxyl radical cleavage pattern has been shown
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to be capable of uncovering structural similarity among sets of
diverse nucleotide sequences,’ we used the ORChID2 pattern
to reveal structural motifs in genomic DNA sequences that form
nucleosomes.

When DNA wraps around the histone octamer, the minor
groove faces the histone core every 10 base pairs, a strikingly
periodic structural feature. X-ray structures of nucleosome
core particles reveal a corresponding periodic variation in the width
of the minor groove of nucleosome-bound DNA (Supplementary
Figure 4). We calculated the ORChID2 patterns for 23,076
DNA sequences from yeast that were found experimentally to be
occupied by nucleosomes®" and averaged these patterns. The resulting
composite ORChID2 pattern has a clear 10 bp periodicity (Figure 3,
panel a). We find a very good correlation between minor groove width

and the ORChID2 value for each nucleotide in the nucleosome-
binding sequences (Figure 3, panel c). Minima in the ORChID2
pattern occur at nucleotide positions at which the minor groove
is most narrow in the nucleosome structure (Supplementary Figure S).
We performed a similar analysis for a data set consisting of
25,654 sequences bound by nucleosomes in Drosophila.>* We
found a very similar periodic ORChID2 pattern (Figure 3, panel
b) and correlation of ORChID2 values with minor groove width
(Figure 3, panel d). Despite the very different G/C contents of
the Drosophila melanogaster and Saccharomyces cerevisiae nucleo-
some-bound sequences (Figure 3, panel e), the two ORChID2
patterns are highly similar to each other (Figure 3, panel f).
What is especially noteworthy about the distinctive ORChID2
patterns of nucleosome-binding sequences is that they reveal
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measurements from nucleosome X-ray structures 1KXS and 2PYO (Supplementary Figure 4) were aligned by dyad center to the ORChID?2 patterns
from panels a and b, respectively, and plotted for yeast (c) and fly (d). There is a significant correlation of the ORChID2 value with minor groove width
for both yeast and fly nucleosome-bound sequences (inset, panels c and d). (e) Yeast and fly nucleosome sequences have significantly different G/C
content distributions (P < 2.2 X 10~ "%, Wilcoxon rank sum test), but their overall ORChID2 patterns are highly correlated (f). All correlation plots
(panels c, d, f) are based on one-half of the nucleosome dyad and are center-aligned by the dyad axis. Gray shading indicates the standard error around the

best-fit line.

1317 dx.doi.org/10.1021/cb200155t |ACS Chem. Biol. 2011, 6, 1314-1320



ACS Chemical Biology

periodic structural features that are present in naked genomic
DNA sequences that correspond to the more extreme structural
deformations that DNA adopts when wrapped around the
histone octamer.

Although the periodic ORChID2 nucleosome pattern (Figure 3,
panels a and b) is not correlated with the pattern for shuffled
sequences (Supplementary Figure 6), the pattern itself is weak.
The range in ORChID2 values for the consensus nucleosome
pattern is ~0.03, while the range for the Drew—Dickerson
pattern is ~3. The weakness of the pattern likely is the con-
sequence of averaging many thousands of ORChID2 patterns to
give the consensus nucleosome-associated ORChID2 pattern.
To investigate how ORChID?2 patterns of individual nucleosome
binding sites correspond to the consensus pattern, we scanned
the consensus pattern across all 23,076 yeast nucleosome-bound
sequences and calculated the Pearson correlation for each
sequence. As a control we scanned the consensus pattern across
shuffled versions of the same sequences. We performed the same
analysis for the set of 25,654 Drosophila sequences and plotted
the distribution of correlation scores for each (Supplementary
Figure 7). Distributions of correlation scores for both real and
shuffled sequences are shifted to the right of zero, suggesting that
most nucleotide sequences have a positive correlation with the
weak consensus pattern. However, the real genomic sequences
are shifted significantly more to the right (p-value <2.2 X 1079
and have a longer right tail compared to the shuffled sequences,
showing that they are more similar to the consensus. We
speculate that genomic sequences on the far right of the distribu-
tion, for which the ORChID2 pattern most closely resembles
the consensus periodic pattern, form stable and well-phased
nucleosomes and therefore might serve as nucleation sites for
nucleosomal arrays.

While this paper was being revised, a method was published
for computational prediction of minor groove electrostatic
potential, using uranyl photocleavage of DNA as input data.>®
Uranyl yields an essentially mirror-image cleavage pattern com-
pared to hydroxyl radical. Uranyl, a positively charged ion, binds
directly to the negatively charged phosphates in the DNA back-
bone and cleaves most in regions where the minor groove is
narrow.”® In contrast, the hydroxyl radical cleaves least where
the minor groove is narrow (Figure 1, panel a). We used the
authors’ web server to predict the electrostatic potential of
the Drew—Dickerson dodecamer based on uranyl cleavage data.
We found a Pearson correlation of 0.79 (p-value = 6.11 x 10>,
10 nucleotide positions) when we compared the uranyl-based
prediction with a Poisson—Boltzmann calculation of the electro-
static potential from eight X-ray structures of the dodecamer, a
result comparable to ours using ORChID2 (Figure 2).

Representing genome sequences as strings of letters obscures
the structural biology of DNA that is the true basis for protein
recognition. We have shown here that a chemical probe (the
hydroxyl radical) can be used to link high-resolution three-
dimensional structure with DNA shape and electrostatic poten-
tial variation at the scale of an entire genome. Our results open
the way to applying the powerful idea of shape-directed DNA
recognition” to the analysis of genomes.

B METHODS

Experimental Hydroxyl Radical Cleavage Data. We extracted
from the ORChID database (http://dna.bu.edu/orchid) 112 copies of
the hydroxyl radical cleavage pattern of the Drew—Dickerson

dodecamer sequence that had been experimentally determined in
diverse sequence environments. We have shown previously that the
experimental hydroxyl radical cleavage data for this sequence are highly
reproducible, with a standard deviation of less than 13%.°

X-ray Structures. We used eight different X-ray crystal structures
of the Drew—Dickerson dodecamer for structural analysis and compar-
ison with ORChID1 and ORChID2 patterns (see Supporting In-
formation). We chose these eight structures because they have no
chemical modifications or unpaired bases. We calculated solvent-acces-
sible surface areas, minor groove widths, and electrostatic potentials (see
below) for each of the eight structures and then averaged these values for
comparison with ORChID2.

NMR Structures. We used a set of five NMR structures of the
Drew—Dickerson dodecamer (PDB ID: INAJ) for structural analysis
and comparison with the ORChID2 pattern (see Supporting Information).
We calculated minor groove widths and electrostatic potentials (see below)
for each of the five structures that were submitted as a single PDB entry and
then averaged these values for comparison with ORChID2.

Calculation of Solvent-Accessible Surface Area. We used the
Lee and Richards algorithm,®” as implemented in Surfv,*® with a probe
size of 1.4 A, to calculate the solvent-accessible surface areas of the
deoxyribose hydrogens from the X-ray coordinates of the Drew—
Dickerson dodecamer. Hydrogens were added to the structure as
described.* We obtained the best correlation between SASA and
cleavage pattern when we considered the sum of the SASA of the 4,
§’, and §” hydrogen atoms, which are the sugar hydrogens located
toward the edge of the minor groove (Figure 1, panel a).

Calculation of Minor Groove Width. We used the program
CURVES* to calculate the width of the minor groove at each nucleotide
of the Drew—Dickerson dodecamer and [d(CGCGATATCGCG)],.
We symmetrized the minor groove width pattern that was derived
from X-ray structures to reflect the palindromic nature of the Drew—
Dickerson sequence (see text, and below).

Calculation of the Electrostatic Potential. We calculated the
electrostatic potential in the minor groove®*° for the Drew—Dickerson
dodecamer and for [d(CGCGATATCGCG)],. We symmetrized the
X-ray-derived data sets to reflect the palindromic nature of the sequences
(see text, and below). The electrostatic potential was calculated with
DelPhi*** using the nonlinear Poisson—Boltzmann equation solved at
the physiologic salt concentration of 0.145 M. The electrostatic potential
was calculated in five focusing steps and plotted along the minor groove
at reference points placed approximately in the plane of a base pair at the
geometric midpoints between the two nearest sugar 4 oxygen atoms on
opposite strands.”

Symmetrization of Minor Groove Width and Electrostatic
Potential. Because the Drew—Dickerson sequence, d(CGCGAAT-
TCGCG), and the sequence d(CGCGATATCGCG) are palindromic,
we symmetrized the electrostatic potential and minor groove width data
sets that were determined from X-ray structures to reflect this symmetry,
by averaging the minor groove width or electrostatic potential values for
sequence positions that are symmetry-related. Such symmetrization is a
standard approach to separate crystal packing from sequence-dependent
effects on DNA structure.”®

Computational Prediction of the ORChID2 Pattern. Hydro-
xyl radical cleavage intensity predictions were performed using an in-
house sliding tetramer window algorithm.® This algorithm draws data
from ORChID,’ which contains more than 150 experimentally deter-
mined hydroxyl radical cleavage patterns of 40-mer DNA sequences.
ORChID1 predictions were performed on the plus strand of the DNA
sequence. We have shown previously that these predictions are fairly
accurate, with a Pearson correlation of 0.88 between the predicted and
experimentally determined cleavage intensities.®

To produce ORChID2 patterns, two ORChID1 predictions were
performed, one for the plus strand sequence and the other for the minus
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strand sequence. We then averaged the predicted cleavage intensities
for nucleotides in close proximity across the minor groove to produce the
ORChID2 value for that pair of nucleotides. These nucleotides are shifted
relative to each other by three nucleotides in the 3’ direction, a structural
characteristic of B-form DNA.” We assigned the ORChID?2 value to the
base step between the pair of nucleotides used in the calculation.

For example, to calculate the ORChID2 value for the base step ApA
on the top strand of the Drew—Dickerson DNA molecule:

§'-CpGpCpGpApApTpTpCpGpCpG-3’

3'-GpCpGpCpTpTpApApCpGpCpG-S'

we average ORChID1 values for T7 on the top strand and C4 on the
bottom strand (boldface).

We have deposited ORChID1 and ORChID2 values for the hgl9
version of the human genome in the UCSC genome browser (http://
genome-preview.ucsc.edu/cgi-bin/hgTrackUi?hgsid=2561111&g=
wgEncodeBuOrchid). These data sets are freely available to the
community.

ORChID2 Analysis of Nucleosome-Binding Sequences.
ORChID2 analysis of yeast DNA sequences that form nucleosomes
was based on 23,076 sequences of length 146—148 bp that we obtained
from a data set of yeast in vivo nucleosome-bound sequences.*!
We obtained a similar set of 25,654 sequences that were bound to
nucleosomes in Drosophila.’> We aligned the sequences about their
centers, using both the sequence and its reverse complement, calculated
the ORChID?2 pattern for each sequence, and averaged these patterns.
Because even-length sequences of length 146 and 148 cannot be
perfectly aligned to the center, the ORChID2 pattern for each such
sequence was calculated twice, once with the center base step shifted left
in the alignment, and again with the center base step shifted right. The
ORChID?2 pattern for each shifted alignment was multiplied by 0.5 and
then included in the set of ORChID2 patterns that was averaged.

B ASSOCIATED CONTENT

© Ssupporting Information. This material is available free
of charge via the Internet at http://pubs.acs.org.
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