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GC content has been shown to be an important aspect of human genomic function. Extending
beyond the scope of GC content alone, there is a class of regions in the genome that have especially
high GC content and are enriched for the CG dinucleotide—called CpG islands. CpG islands have
been linked to biologically functional genomic elements. DNA structure also contributes to
biological function. Recent studies found that some DNA structural properties are correlated with
CpG island functionality [5, 14]. Here, we use hydroxyl radical cleavage patterns as a measure of
DNA structure, to explore the relationship between GC content and fine-scale DNA structure. We
show that there is a positive correlation between GC content and the solvent-accessible structural
properties of a DNA sequence, and that the strength of this correlation decreases as genomic
resolution increases. We demonstrate that regions of the genome that have highly solvent-accessible
DNA structure tend to overlap functional genomic elements. Our results suggest that fine-scale
DNA structural properties that are encoded in the genome are important for biological function, and
that the highly solvent-accessible nature of high GC content regions and some CpG islands may
account for some of their functional properties.
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1. Introduction

GC content—the fraction of G or C nucleotides within a given window—is variable
across the human genome [17, 36]. This observed heterogeneity in sequence
composition has been implicated as a marker for some functional genomic regions. One
example of this is CpG islands, which are regions of the genome characterized by high
GC content and enrichment of the CG dinucleotide [11]. CpG islands have been linked
to many regulatory processes [7, 18, 24, 33, 37-39].

Beyond the primary order of nucleotides in a genome that is used to define GC
content and CpG islands, the local structural profile of DNA has been implicated in a
number of biological processes. Recent studies suggest that DNA structure is important
for some of the same processes as CpG islands: namely DNA-protein interactions [20],
promoter function [1, 29], epigenetically controlled gene regulation [4, 23, 32, 34, 40],
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and DNase I hypersensitivity [14]. However, the precise relationship between GC
content, fine-scale DNA structure, and genome function remains unclear.

A critical first step in assessing this relationship is the ability to predict the local
DNA structural profile for genomic sequences. Hydroxyl radical cleavage patterns of
DNA have been used to study structural properties for a wide variety of sequences [13,
19, 30]. The cleavage pattern of naked DNA is a reflection of an important structural
parameter, the solvent-accessible surface area of the DNA backbone [2]. The cleavage
pattern thus provides a high-resolution quantitative measure of the shape of the DNA
backbone and how it varies with respect to its sequence. We have recently shown that
using a database of experimentally-determined hydroxyl radical cleavage patterns, the
cleavage pattern of any DNA sequence can be predicted with a high degree of accuracy
[13].

Although GC content has recently been implicated in defining hydroxyl radical
cleavage patterns of DNA [35], this analysis was conducted at a relatively low genomic
resolution of 333 base pairs. Single-nucleotide, genome-scale DNA structure predictions
are feasible [13], which makes exploring the relationship between GC content and fine-
scale DNA structure possible. Since different DNA sequences can have similar local
structural properties [10, 13], directly correlating GC content with DNA structure is an
important experiment. Results from the ENCODE Pilot Project provide a rich resource
for functional annotations in 1% of the human genome [3]. These developments
facilitate the investigation of the relationship between GC content, DNA structure, and
functional elements in this 1% of the human genome.

Here, we compare GC content to DNA structure (measured as hydroxyl radical
cleavage patterns) at various genomic resolutions, with an emphasis on fine-scale DNA
structure. We then measure the occurrence of significantly over-represented DNA
structural motifs with known functional annotations. Our results show that GC content
only weakly influences fine-scale DNA structure, and that local structural properties may
be important in conferring biological functionality to genomic regions like CpG islands.

2. Materials and Methods

2.1. DNA sequence and functional annotation data sources

The DNA sequence for NCBI build 36 (March 2006), hgl8 version of the ENCODE
regions within the human genome was downloaded from the UCSC genome browser
(http://genome.ucsc.edw/ENCODE/) [21, 22].

We used the following functional annotations for comparisons with DNA sequence
and structural features. All the annotations are available through the UCSC genome
browser (see above), unless otherwise noted. For all analyses, the hgl8 version of each
annotation track was used.
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o DNase I hypersensitive sites (DHSs) represent regions of open chromatin
architecture where protein-DNA interactions occur. We used a Union set of DHSs
derived from the human GM06990 cell line, as described in [3, 14].

o Formaldehyde Assisted Isolation of Regulatory Elements (FAIRE) is an alternative
method used to locate regions of open chromatin. FAIRE sites are enriched for
regulatory elements [12].

e  Promoters were defined as the region 2.5 kilobases upstream from gene start sites.
We used the GENCODE [16] gene track to define genes.

e Ancestral Repeats (ARs) are mobile elements that inserted before the common
ancestor of most mammals. They are thought to be neutrally evolving and are
therefore typically used to represent nonfunctional regions of the human genome [9,
15,28, 31, 41]. We used the AR regions defined in [3].

e CpG islands are regions of the human genome with high GC content and higher-
than-expected CG dinucleotide density. We used the CpG islands track from the
UCSC genome browser, which was constructed using the CpG island definition
described in [11].

e Evolutionarily constrained regions are areas of the human genome that are under
purifying selection against nucleotide changes. We used the ‘moderate track’ —
which is a summary of regions identified by multiple sequence alignment and
constraint detection algorithms—described in [3, 25] for this analysis.

e Transcription start sites used here are described in [3, 8].

e As acontrol, we constructed a ‘random annotation’ by randomly selecting 500 base
pair intervals within the ENCODE regions. We repeated this process 1000 times to
create the random annotation track used here. Since this annotation set was derived
randomly, there should be no association with any given set of functional elements.

2.2. Local DNA structure prediction and GC content analysis

We used predicted hydroxyl radical cleavage patterns as a measure of local DNA
structure. Hydroxyl radical cleavage patterns were predicted using the Sliding Tetramer
Window algorithm described in [13] for all the ENCODE regions. After the cleavage
intensity at each base was predicted, we averaged the cleavage values within a window
for all possible windows within the ENCODE regions.

For GC content analysis we calculated the fraction of G or C bases within all
possible windows of various sizes within the ENCODE regions. To calculate CpG
density we counted the observed number of CG dinucleotides within the same windows.
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2.3. Annotation proximity and overlap statistics

To calculate the proximity of various windows to functional annotations we computed
the distance, in base pairs, from the closest base in a given window to the closest base
from the nearest element in the specified annotation.

To calculate the observed overlap statistics between different annotations, for
example—comparing the regions in annotation X to the regions in annotation Y, we first
computed the fraction of regions in annotation X that overlap any region from annotation
Y. We then constructed a null distribution of the fraction of expected overlaps by using
the block bootstrap method described in [3]. We calculated the mean and standard
deviation from the null distribution to assess the statistical significance of the observed
overlap. This allowed us to determine if the regions in annotation X overlap the regions
in annotation Y significantly more or less than random expectation.

3. Results

3.1. Correlation between GC content and local DNA structure

Given the data reported in [35] that shows a high correlation between GC content and
mean hydroxyl radical cleavage patterns at a window size of 333 base pairs, we first
sought to reproduce and supplement these results. We computed the Pearson correlation
between GC content and mean hydroxyl radical cleavage for windows of size N, where N
= {2, 3, 4, 5, 10, 20, 50, 100, 333, 500, 1000, 10000}, in the ENCODE regions. We
observe a positive correlation between the size of a window and the strength of the
correlation between GC content and hydroxyl radical cleavage (Figure 1A). That is,
while large windows have a high correlation between GC content and mean hydroxyl
radical cleavage, small windows—which are a reflection of the fine-scale structure of
DNA—do not.

To determine if the above result is unique to the DNA in the ENCODE regions we
randomized all of the ENCODE sequences. We used a first order Markov model trained
on the real ENCODE sequences to preserve all dinucleotide frequencies. The random
sequences follow the same correlation trend as the real ENCODE sequences (data not
shown), which suggests that the observed correlations are in inherent property of DNA
and not an artifact of the ENCODE sequences chosen for this analysis.

We next focused on the relationship between CpG density and mean hydroxyl
radical cleavage over windows of size N (Figure 1B). For equivalent values of N, the
strength of the correlation between DNA structure and CpG density is less than for GC
content (compare Figure 1B to Figure 1A).
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Fig. 1. Pearson correlation coefficient () between GC content or CpG island density and hydroxyl radical
cleavage at various genomic scales. A. Correlation between GC content and predicted hydroxyl radical
cleavage. B. Correlation between CpG density and predicted hydroxyl radical cleavage. Note that all r-values
are positive.

The above results demonstrate that the correlation between GC content or CpG
density and DNA structure is variable depending on genomic scale. Importantly, when
fine-scale DNA structure is considered the correlation with GC content or CpG density is
low. Therefore nucleotide composition is not a good predictor of fine-scale DNA
structural properties. To further demonstrate this point we focus the rest of this
manuscript on an in-depth analysis of N =10. We specifically select this scale because it
represents about one turn of the DNA double helix and is the approximate size of a
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transcription factor binding site [27], which should allow for biologically relevant
interpretations of the results.

Looking at the entire distribution of GC content and mean hydroxyl radical cleavage
for a window of size 10 (Figure 2) clearly demonstrates that GC content is not a good
predictor of fine-scale DNA structure. For example, it is possible to have windows with
0% GC content and higher mean hydroxyl radical cleavage than some windows with
100% GC content (Figure 2A). Examples of cleavage profiles for windows with
different GC content are shown in Figure 2B-C.

3.2. High hydroxyl radical cleavage regions overlap with functional elements

We focused in on the highest and lowest mean cleavage intensity 10 base windows. To
do this, we calculated Z-scores for all windows using the observed mean cleavage
intensity over the window and the mean and standard deviation for all windows in the
random sequence distribution we constructed (as described in section 3.1). We used a Z-
score threshold of |Z| = 3.09, which is equivalent to a p-value of p = 0.001, to extract
windows with the highest and lowest mean cleavage values. This process resulted in
43,096 high cleavage windows and 306,089 low cleavage windows. Overlapping
windows for each set were merged so that disjoint and contiguous genomic regions are
present in the two resulting annotation sets. This merging process resulted in 14,914
high cleavage regions and 57,307 low cleavage regions.

To determine if the resulting high and low hydroxyl radical cleavage regions occur
near biologically active areas of the genome we measured their proximity to annotated
transcription start sites (Figure 3). We observe that the low cleavage regions cluster near
transcription start sites, and the high cleavage regions do so to a more pronounced extent,
suggesting that these particular DNA structural features may be associated with some
aspect of gene regulation.

To further examine the possibility that low or high cleavage regions are associated
with biological function, we employed a more rigorous statistical test. We used the block
bootstrap method [3] to measure the statistical confidence associated with how often low
or high cleavage regions overlap a number of functional annotations (see section 2.3 for
an overview of this method and section 2.1 for an explanation of each annotation).
Figure 4 shows the results of this analysis. The observed overlap of low and high
cleavage regions with a random annotation (see methods) is the same as random
expectation. Low and high cleavage regions overlap ancestral repeats significantly less
than random. The fraction of high cleavage regions that overlap with promoters and
FAIRE sites is statistically significant (p < 0.05). This result suggests that high cleavage
regions may have an association with functional regions for the genome. The
observation that 72% of CpG islands overlap high cleavage regions is highly statistically
significant (p < 10™").
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Fig. 2. Hydroxyl radical cleavage in 10 base windows binned by GC content. A. The correlation between GC
percent and hydroxyl radical cleavage is not perfect. Windows with high GC content can have low cleavage,
and windows with low GC content can have high cleavage. Example hydroxyl radical cleavage profiles for 10

base windows with high (B) and low (C) GC content.
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Fig. 3. Proximity analysis of high and low cleavage regions relative to annotated transcription start sites. High
and low cleavage regions tend to occur near annotated transcription start sites, and this effect is more
pronounced with high cleavage regions.
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3.3. CpG islands overlapping high cleavage regions are more likely to be
Sfunctional

The CpG islands used in this analysis all meet a common criteria that was developed
using primary DNA sequence-based metrics. We observe that most, but not all, CpG
islands overlap high cleavage windows (Figure 4), suggesting that DNA structural
features can be used to partition CpG islands into different groups. Given that high
cleavage windows have a statistically significant association with promoters and FAIRE
sites (Figure 4), the CpG island set that overlaps these windows may have enhanced
functional tendencies compared to their non-high cleavage region overlapping
counterparts.

To specifically test the above hypothesis, we first partitioned all CpG islands within
ENCODE into two groups: 1) CpG islands that do not overlap high cleavage regions, and
2) CpG islands that overlap high cleavage regions (Figure 5A). We then performed a
statistical overlap analysis with these two groups relative to other annotations and
compared the overlaps between groups (Figure 5B). All CpG islands have a statistically
significant association with promoters, DNase I hypersensitive sites, and evolutionarily
constrained regions. However, the group 2 CpG islands overlapped significantly more of
each annotation compared to the group 1 CpG islands (compare open bars to grey bars in
Figure 5B). These results suggest CpG islands that overlap high cleavage regions are
more likely to be functional.

4. Discussion

We have performed a general assessment of the relationship between GC content, DNA
structure (as measured by hydroxyl radical cleavage patterns), and genome function. Our
results demonstrate that the correlation between GC content and DNA structure varies
depending on the scale of the comparison. At low resolution scales the two variables are
correlated, but the strength of this correlation decreases as resolution increases. When a
biologically meaningful scale is considered—for example 10 bases represent one turn of
the DNA double helix and is the approximate size of a transcription factor binding site
[27]—GC content is not a strong predictor of local DNA structure. Even at scales
greater than 10 bases, CpG density does not predict local overall structure well.

We found more low hydroxyl radical cleavage regions in the ENCODE regions
compared to high regions. However, the high cleavage regions seem are more
significantly associated with functional genomic elements like promoters, FAIRE sites,
and CpG islands.

The finding that despite equality based upon a common primary DNA sequence-
based definition, not all CpG islands are the same with respect to fine-scale DNA
structure, is particularly interesting. We previously reported a common hydroxyl radical
cleavage pattern found among DNase I hypersensitive sites (DHSs) that occurs more
often in DHSs overlapping CpG islands compared to DHSs that do not overlap CpG
islands [14]. The results presented here suggest that fine-scale local DNA structural
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motifs may be associated with differentiating CpG islands that have greater functional
potential.

The set of CpG islands overlapping high cleavage regions occur within
evolutionarily constrained regions of the human genome significantly more often than do
the set of CpG islands that do not overlap high cleavage regions (Figure 5B). It is
interesting to speculate that local DNA structural features that distinguish the former set
of CpG islands can act as a substrate for natural selection. The above result, along with
recent literature perspectives [6, 26], suggests this may be a possibility. Collectively, the
results reported here illustrate the importance of considering local DNA structure when
investigating the relationship between genomic sequence and the biological functionality
encoded therein.
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Fig. 5. CpG islands with high-cleavage windows are more likely to be functional. A. 72% of annotated CpG
islands overlap at least one high-cleavage window. B. CpG islands containing high-cleavage windows overlap
significantly more promoters, DHSs, and evolutionarily constrained regions compared to CpG islands that do
not contain high-cleavage windows (* = p < 0.05 for grey bar compared to open bar in the same category;
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