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SUMMARY

DNA in cells is predominantly B-form double helix. Though certain DNA sequences /n vitro may
fold into other structures, such as triplex, left-handed Z-form, or quadruplex DNA, the stability
and prevalence of these structures /in vivo are not known. Here, using computational analysis of
sequence motifs, RNA polymerase 1l binding data, and genome-wide potassium-permanganate-
dependent nuclease footprinting data, we map thousands of putative non-B DNA sites at high
resolution in mouse B cells. Computational analysis associates these non-B DNAs with particular
structures and indicates that they form at locations compatible with an involvement in gene
regulation. Further analyses support the notion that non-B DNA structure formation influences the
occupancy and positioning of nucleosomes in chromatin. These results suggest that non-B DNAs
contribute to the control of a variety of critical cellular and organismal processes.
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Potassium permanganate footprinting combined with high-throughput sequencing revealed
abundant formation of “melted bubbles”, Z-DNA, quadruplex and other non-B DNA structures in
mouse and human cells. Non-B DNA formation is dramatically coupled with chromatin re-
organization and particular transcription programs, indicating high regulatory potential of non-B
DNA structures across a mammalian genome.

INTRODUCTION

The sequence of bases in DNA is generally in canonical right-handed B-form double helix,
but not always. Pursuant to the elucidation of B-DNA structure, a variety of other structures
with different strand arrangement and stoichiometry were identified /n vitro in synthetic
polymers or repetitive sequences using biophysical and biochemical methods. Later more
sensitive and refined assays demonstrated the focal formation of non-B DNA structures in
plasmids and oligonucleotides (Sinden, 1994) including melted bubbles, left-handed double
helical Z-DNA, extruded cruciforms, triple helical H-DNA and G-quadruplexes (G4)
(Bacolla and Wells, 2004; Murat and Balasubramanian, 2014; Zhabinskaya and Benham,
2013) (Figure 1). To form and perdure against B-DNA, these structures all require special,
often non-biological /n vitro conditions (pH, modified bases, ions, etc.) (Kouzine and
Levens, 2007). Nevertheless, because transcription, replication, recombination and DNA
repair, /n vivoand in vitro, demand at least transient, focal unwinding of double-stranded
DNA (dsDNA) (Chen et al., 2016; He et al., 2016), they all have the potential to provoke
DNA structural isomerization.

Torsional stress from untwisting (negative supercoiling), propagated through the DNA fiber,
exerts a broadly distributed destabilizing stress that may promote alternative DNA
structures, physiologically (Kouzine et al., 2013a; Naughton et al., 2013; Teves and
Henikoff, 2014b). Although the average level of supercoiling across the genome is low
(Sinden et al., 1980), in small regions containing active transcription units, the torsional
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stress may be high. Indeed, when embedded in plasmids and examined /in vivo (especially in
bacteria), strong evidence supports the adoption of alternative conformations by sequences
with non-B potential (Jaworski et al., 1987; Kouzine et al., 2008; Krasilnikov et al., 1999;
Panayotatos and Fontaine, 1987). Based on biochemical and biophysical principles and
experiments /n vitro, various algorithms have been devised to identify Sequence Motifs of
non-B DNA (SMnB) that might fold into non-B DNA structures (Cer et al., 2011; Kikin et
al., 2006; Wang et al., 2013), and in some cases to assign a probability of such isomerization
in naked DNA (Figure 1). Genome sequencing has revealed pervasive SMnB, especially in
metazoans (Cer et al., 2011; Du et al., 2014a; Huppert and Balasubramanian, 2007;
Zhabinskaya et al., 2015). However, little is known about the prevalence and stability of
non-B DNA /n vivo nor of the biological parameters that regulate transitions between B-
DNA and other conformations in cells (Kouzine and Levens, 2007; Nawy, 2015; van Holde
and Zlatanova, 1994). Computationally, SMnB are enriched in gene regulatory regions—
promoters, untranslated regions, telomeres and origins of replication— and so may be
associated with transcription, replication or recombination (Bochman et al., 2012; Huppert
and Balasubramanian, 2007). Non-B DNA structure formation has been proposed to account
for genome damage (Bacolla et al., 2016; Belotserkovskii et al., 2013; Kovtun et al., 2007;
Wang et al., 2008) and to help regulate DNA-dependent processes (Baranello et al., 2012;
Kouzine and Levens, 2007). But the degree to which these motifs direct structures that are
realized /n vivo remains largely unassessed.

The evolutionary conservation of SMnB and the cellular consequences manifested upon
pharmacologic disturbance of non-B DNA stability, or by perturbing proteins that interact
with SMnB, invite consideration of the biological roles for unusual DNA conformations (Du
and Zhou, 2013; Kendrick et al., 2014; Murat and Balasubramanian, 2014; Shin et al.,
2015). In one case, the Far UpStream Element (FUSE) of the human MYC gene, dynamic
changes in DNA conformation are coupled with promoter output by FUBP1 and FIR,
proteins that interact with non-B DNA (Kouzine et al., 2008; Liu et al., 2006b). However,
the paucity of /n vivo experimental genomic data has confounded evaluation as to whether
non-B DNA formation is an occasional epiphenomenon or a general principle of genome
action (Kouzine and Levens, 2007; Nawy, 2015). To sustain progress in this field, techniques
allowing the fine mapping of unusual DNA conformations throughout the genome in living
cells are necessary.

Permanganate footprinting has long enabled the characterization of single stranded DNA
(ssDNA), in vitroand in vivo, especially at transcription bubbles formed by RNA
polymerases (Bui et al., 2003; Giardina et al., 1992; Gogos et al., 1990; Holstege and
Timmers, 1997; Johnston and Rich, 1985; Krumm et al., 1992). To map non-B DNA
genome-wide, we combined permanganate footprinting with high-throughput sequencing.
Oxidation of nucleotides, even in transiently unwound regions, traps the unpaired state,
conferring sensitivity to single-strand specific nucleases. Because different classes of non-B
have distinct patterns of base unpairing, each display characteristic patterns of sensitivity to
permanganate and subsequent nuclease cleavage (Figure 1) that potentially enable inferences
of the frequency and nature of non-B DNAs across the genome.
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Here we map permanganate-dependent nuclease hypersensitive sites to show the existence
of many non-B DNA structures /n vivo in the genomes of mouse and human cells, and /in
vitrowhen genomic DNA is supercoiled. The non-B DNA structures throughout the
mammalian genome Jn vivo are temporally and locally associated with particular chromatin
configurations, gene functions and cell states that may contribute to our understanding of
genome biology.

Overview of the approach

To detect unusual DNA structures genome-wide /7 vivo, we interrogated existing SSDNA-
Seq data (Kouzine et al., 2013b). The ssDNA-Seq procedure uses potassium permanganate
and single-strand specific nuclease treatments to introduce double stranded breaks in DNA
regions enriched for unpaired bases /7 vivo. These breaks are labeled with biotin, the DNA
is sonicated, streptavidin-selected and sequenced.

Previously ssDNA-Seq was applied both to resting- and lipopolysaccharide-interleukin 4
activated murine B-cells; activation induces a dramatic global increase in transcription
(Kouzine et al., 2013b). The binding of RNA polymerase Il (RNAPII) at transcription start
sites (TSSs) was completely congruent with the single-stranded DNA of transcription
bubbles in the open transcription complexes of activated B-cells (Figure 2A, top). Many foci
of single-stranded reactivity did not co-localize with RNAPII and were unassociated with
active transcription (Figure 2A, middle and bottom, black arrows) raising questions about
DNA conformation at these sites. Notably, single-stranded DNA occurred at a highly
conserved sequence of exon 1 of Adam 12 (Figure 2A, bottom) that has been studied and
proposed to function as silencer in gene expression upon Z-DNA formation (Ray et al.,
2013).

Not all ssDNA sites are due to RNAPII

The experimental genomic distribution of all single-stranded DNA sites (STAR Methods)
was compared with the distribution expected using a random background model (Figure 2B,
left). The density of sSDNA at transcription start sites was higher than expected by chance,
reflecting the transcription bubbles of RNAPII at promoter-proximal sequences (Kouzine et
al., 2013b). The regions upstream of promoters also had high levels of ssDNA (Figure 2B,
right). Recent genome-wide maps of DNA topology show that transcriptional activity is
associated with torsional deformation of DNA that propagates at least 2 kb upstream of
TSSs (Kouzine et al., 2013a; Naughton et al., 2013; Teves and Henikoff, 2014b). This torque
can melt DNA and stabilize non-B DNA conformations at susceptible sequences remote
from transcribing RNAPII (Brooks and Hurley, 2009; Kouzine et al., 2008) especially at
highly transcribed genes. To validate this expectation, tag-density upstream of TSSs was
analyzed as a function of gene expression, as assessed by RNA-Seq (Figure 2C) and by
RNAPII ChIP-Seq (Figure S1A); as predicted, the level of sSDNA in regions upstream and
separate from TSSs, correlates with the transcriptional activity of the associated genes
(Spearman’s correlation: 0.3).
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In addition to programing efficient transcription of their associated genes, many active
promoters direct low-level transcription in the opposite direction, just upstream of the TSS
(Core et al., 2008; Seila et al., 2008). Might the transcription bubbles of these divergently
transcribing RNAPIIs explain the enriched ssSDNA upstream of TSSs observed in Figure 2C?
To answer this, regions upstream of promoters were classified by the presence or absence of
SMnB. While more ssDNA tags were associated with SMnB-positive regions than with
motif-less regions (Figure 2D, left), RNAPII-binding to upstream regions (by ChlP-Seq) was
unrelated to the presence or absence of SMnB (Figure 2D, right). The simplest explanation
of the high ssDNA signal upstream of active genes is therefore formation of non-B DNA
structures at SMnB driven by dynamic negative supercoils emanating from nearby
transcription.

Characterization of non-B DNAS in vivo

SMnB are defined by sequences with special sequence characteristics and/or symmetry
(Figure 1) (Bacolla and Wells, 2004; Sinden, 1994). However, the mere occurrence of these
features does not insure that a potential structure forms /n7 vivo as no sequence-based method
can take into account the variations in biological conditions that sponsor or oppose structure
formation. Nevertheless, the features associated with a particular conformation /n vivo
should be extractable using meta-analysis of ssDNA tags from a sufficiently sampled
population of cells.

To correlate ssDNA tags with particular unusual DNA structures, the SMnB associated with
Z-DNA (716,462 motifs total), G4 (482,833 matifs total), H-DNA (728,355 matifs total),
cruciform (602,450 motifs total), and Stress-Induced Duplex Destabilized DNA (SIDD,
1,057,816 motifs total) were first predicted computationally, and then separately overlapped
with the genomic map of ssDNA tags (STAR Methods). The ratio of experimental tags near
the sequences of interest versus tags delivered from appropriately randomized data was
computed to find the enrichment. All classes of potential non-B DNA forming sequences,
except for cruciforms, were significantly enriched for the sSDNA signal in the data collected
from activated B-cells (Figure 2E). The very low experimental enrichment for cruciform-
forming SMnB (Cohen’s effect size: 0.07, negligible) is consistent with thermodynamic
calculations that cruciforms extrude infrequently (Zhabinskaya and Benham, 2013). Hence
cruciforms were not further analyzed.

To estimate the extent of unusual DNA structure formation in the genome of mouse
activated B-cells, the number of SMnB experimentally enriched for the sSDNA signal
(STAR Methods) was compared to the total number of analyzed SMnB (Tables 1 and S1);
up to 9% of the computationally identified SMnB were associated with unpaired bases /in
vivowith a false discovery rate of 0.05 (Figure S1B). Negative-control experiments
validated the accuracy and specificity of our experimental and analytical methods. Neither
ChIP-Seq with unspecific 1gG nor randomized data were associated with ssSDNA signal
related to SMnB (data not shown). The ssSDNA-Seq signal reflected the presence of unusual
DNA conformations and not simply accessibility to the potassium permanganate, because
DNase | hypersensitive sites (DHS) containing SMnB were more enriched for ssDNA-Seq
than DHS lacking SMnB, even when matched for DNase | sensitivity (Figure S1C). Such
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enrichment was not observed in the datasets from resting B-cells (Figure 2E). These results
indicate that ssDNA-Seq detects a variety of non-B DNA structures and suggests that the
formation of these structures /n vivo depends on transcription.

Structural profiles of non-B DNAs in vivo

The ssDNA in non-B DNA structures (Figure 1) impose characteristic patterns of expected
permanganate modification and subsequent S1 nuclease cleavage (Bui et al., 2003; Holstege
and Timmers, 1997; Jiang et al., 1991; Kato et al., 2003; Kouzine et al., 2004). For example,
the transition from B- to Z-DNA is accommaodated by flipping out of base pair(s) at the
junctions between the left- and right-handed double helices (Ha et al., 2005). Thus, the
ssDNA-Seq tag distribution for this structure should be pairs of peaks bracketing the
respective SMnB (Jiang et al., 1991) depending on the exact sequence, as thymidine reacts
with permanganate more than cytosine. To validate such expectations, the distributions of
ssDNA tags at different SMnB were determined. To obtain the sSDNA signatures of SMnB
free of confounding RNAPII transcription bubbles, SMnB overlapping RNAPII ChiP-Seq
peaks (Table S2) were excluded from the initial analysis, to be analyzed separately (Table 1).
[SINE elements that would otherwise overwhelm unique sequence signals were also
removed (Roberts et al., 2014) (STAR Methods)]. As expected, the ssSDNA-Seq profiles of
Z-DNA, G4 and SIDD motifs in mouse activated B-cells (Figure 3A) were distinct and
generally conformed to the predicted stereotypical structures. The bell-shaped and rather
damped genomic profile of ssDNA-Seq tags at SMnB with potential H-DNA in vivo, likely
reflects triplexes of varying lengths (Bacolla and Wells, 2004). As a negative control,
random genomic locations near to, but offset from the authentic SMnB sites were selected,
the ssDNA-Seq tag distribution at these sites was computed; no tags were enriched at these
randomized sites (Figure 3B). In resting B-cells that support only low levels of transcription,
the tag density was not increased for any class of SMnB (Figure S2A) indicating that
transcription may promote non-B DNA conformations in activated B-cells. Direct
sequencing of sonicated genomic DNA, as well as ssDNA-Seq of potassium permanganate
untreated cells (STAR Methods, Figure S2B and S2C), verified that sSDNA-Seq tags
required chemical modification of non-B DNA. We conclude that ssSDNA-Seq detects and
resolves a variety of non-B DNA structures that are distinct from RNAPII transcription
bubbles.

We sought to use ssDNA-Seq and subsequent analyses to identify non-B DNA structures
even in regions of the genome laden with RNAPII (Table 1, Tables S1 and S2). The size of
the transcription bubble is defined by the active site of RNAPII, and so a large excess of
ssDNA-Seq tags relative to RNAPII ChIP-Seq tags would seem attributable to nearby
alternative DNA structures. Accordingly, the ratio between ssDNA-Seq tags and RNAPII
ChIP-Seq tags at TSSs was analyzed and found to increase with the number of SMnB
(Figures S2D, S2E and S2F). This approach identified non-B DNA sites despite nearby
transcriptional bubbles (Tables 1 and S1B, and STAR Methods). A limitation of the method
is that clusters of non-B DNA structures are not necessarily expected to display clear
individual peaks. ssDNA-Seq signals of individual structures in broad zones harboring
multiple SMnB cannot be confidently disambiguated at current sequencing depths. At some
genomic sites, the SMnB for distinct structures overlap. 3%, 11%, 12%, and 18% of Z-
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DNA, G4, SIDD and H-DNA, respectively, overlap with other non-B DNA structures over
50% of their length; when such overlap occurs, higher resolution mapping will distinguish
whether both structures co-exist or if one prevails. If supercoiling is the major driver of B-
DNA destabilization, energetics favor mutual exclusivity of these structures that compete
with each other to absorb the mechanical potential stored in under-wound DNA
(Zhabinskaya and Benham, 2013). Overall, the analysis of sSSDNA-Seq tags provides a
framework to identify and map unusual DNA conformations at high resolution that
combines experimental and computational methods.

Deconstruction of unusual DNA in vivo

To gain insight into the correspondence of structures detected /7 vivo with those reported /n
vitro, we developed a strategy to force SMnB throughout the genome, to adopt non-B DNA
structures /n vitro based on the assumption that transcription-generated dynamic
supercoiling is a major driver of non-B DNA structure formation at SMnB. (Previous studies
have used non-B DNA structures as sensors of torsional stress upstream of active promoters
both /n vitroand /n vivo (Dayn et al., 1992; Jude et al., 2013; Kouzine et al., 2004; Kouzine
et al., 2008). To ask if supercoiling could sponsor non-B structures formation on a genome-
wide scale, DNA from mouse B-cells was fragmented using restriction enzymes, ligated into
circles, and supercoiled to the expected physiological value (Kouzine et al., 2008) with
topoisomerase | in the presence of ethidium bromide (Kouzine et al., 2004). ssDNA-Seq was
then applied to the whole genome supercoiled /n vitro (Figure 3C), analyzed as described
above and compared with the results obtained /n7 vivo. The ssDNA profiles associated with
SMnB having potential for Z-DNA and SIDD formation (Figure 3D) within the DNA
supercoiled /in vitro resembled the profiles observed /n vivo (Figure 3A); implying that these
same structures form /n vivo. As a control, the ssDNA sequencing tag distribution near
computationally predicted CTCF binding sites in mouse genome was analyzed (Ziebarth et
al., 2013). The CTCF transcription factor was selected as negative control for three reasons:
1) it binds thousands of genomic sites; 2) its binding sites are similar in length to SMnB; and
3) its sequence resembles the low complexity of SMnB (Essien et al., 2009). As expected,
ssDNA-Seq tags were not enriched at CTCF sites, neither in mouse activated B cells nor in
the artificially supercoiled genome (Figure 3E).

In contrast to their heterogeneous length profile /n vivo, the peaks of SMnB with H-DNA
forming potential /n vitro were sharper suggesting a lower level of structural diversity
indicating that /n7 vivo, condition (i.e the local superhelical density) or structure-specific
factors may modify the length, reactivity or isomerization of H-DNA. The ssDNA-Seq meta-
profile of SMnB with G4 potential was generally similar /n vivoand in vitro though much
weaker /n vitro reflecting a smaller signal to background ratio. This suggests that G4
structures are less readily formed from double-stranded DNA /7 vitro even if subjected to
torsional stress. The kinetic barrier to the melting G-rich tracts in B-DNA opposes the high
stability and perhaps metastability of G4es; high G4-levels in vivo suggest that they may not
be in thermal equilibrium with B-DNA.

Lastly, we investigated whether the signatures of non-B DNA were apparent at individual
structures, or were recognized only via meta-analysis. Relaxed and supercoiled plasmids
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bearing different SMnB were analyzed by ssDNA-Seq to determine if torsional stress
potentiates the formation of particular structures (STAR Methods). Sequences with Z-DNA,
SIDD, or G4 forming potential were embedded in the previously described pFLIP plasmid
(Kouzine et al., 2004) and subjected to ssDNA-Seq (Figure S3). The ssDNA-Seq tag
patterns generated for SMnB with Z-DNA and SIDD forming potential (Figure 4) resembled
the composite profiles derived from meta-analyses of the sSDNA-Seq performed /n vivo, and
the profiles of genomic DNA supercoiled /in vitro (Figure 3A and D). However, the sSDNA
signal at the G4-susceptible motif was weak, again indicating that G4 was not efficiently
folded from dsDNA (Figure 4). The greater prevalence of SSDNA-Seq tags at SMnB with
potential for G4 formation /in vivo compared with /n vitro, suggests that there are factors or
conditions in cells that destabilize these sequences when in B-form or that stabilize them as
G4. For example, G4 DNA could be associated with ssSDNA on the lagging strand at
replication forks (Murat and Balasubramanian, 2014). The /in vivo G4 signal could reflect
folding of canonical or variant G4.

Thus ssDNA-Seq detected and distinguished different non-B DNA structures with high
specificity /n vivo. In addition, these results indicate that intracellular supercoiling might be
the main factor which drives the formation of many unusual structures.

The amplitude of the sSDNA-Seq tag densities at structures forming /in vivo generally
exceeded those of structures forming /in vitro. In vivotorsional stress might be channeled
only into SMnB unfettered by chromatin; /n vitro the stress would be distributed between all
SMnB, with each formed structure reducing the stress available to the others. Thus there
should be significant interplay between chromatin and ssDNA-Seq profiles.

Interplay of non-B DNA structures and chromatin

What is the interplay between unusual DNA structures and constraining chromatin?
Nucleosome cores appear to interact only with B-DNA,; so alternative DNA structures would
be excluded from nucleosomes (Garner and Felsenfeld, 1987; Ruan and Wang, 2008; Wong
et al., 2007). Thus nucleosomal arrays might be differently organized depending on whether
constituent SMnB are folded into non-B DNA structures or not. SMnB may influence
chromatin in two ways. First, the intrinsic DNA sequence requirements for particular non-B
DNA structures might either reinforce or oppose the intrinsic sequence preference of
nucleosomes (Struhl and Segal, 2013), thereby influencing nucleosome occupation (the
probability that a particular base pair is nucleosome bound across a cell population) even
when these sequences are in B-DNA. Second, when folded, non-B DNA structures might
sterically exclude nucleosomes and thereby contribute to nucleosome positioning (the
probability that a nucleosome in a population of cells starts at a particular base pair (Sadeh
and Allis, 2011)). Thus non-B DNAs might enforce or oppose specific chromatin states
associated with a particular pattern of gene activity.

To test whether non-B DNA conformations enforce nucleosome positioning, the preferred
locations of nucleosomes in a population of cells were obtained by MNase-Seq (Schones et
al., 2008). The distribution of nucleosomes around different SMnB is displayed in Figure 5.
The upper row shows regions that include unfolded SMnB, that are not enriched for ssSDNA-
Seq tags. Although unfolded, these SMnB show different nucleosome occupation than their
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flanking sequences. The nucleosome occupancies were mildly to severely reduced at all
SMnB (Figure 5, upper row) indicating either that these sequences intrinsically disfavor
nucleosome binding or that these sites sporadically assume alternative structures that
redistribute nucleosomes, but this redistribution persists long after the structures relax to
duplex DNA.

The bottom row (Figure 5) displays the nucleosome profiles for SMnB enriched for sSDNA
tags, indicative of non-B DNA structure formation. These regions showed precisely
positioned nucleosomes at the margins of the SMnB, indicating that these structures
effectively position and organize nucleosomes. At formed Z-DNA, nucleosomes overlapped
the B-Z junctions which may be explained by biochemical evidence that /n vitro, Z-DNA
may be situated at the nucleosomal DNA entry/exit sites (Mulholland et al., 2012). Genome
browser inspection of prominent Z-DNA structures indicated that a nucleosome gets
positioned sometimes at the left and sometimes at the right junction of Z-DNA with the
flanking B-DNA (Figures S4A and S4B). Meta-analysis that superimposes these cases
generates an unresolved fusion of the overlapped nucleosomes (Figure S4C).

We conclude that while in B-DNA conformation the genome-wide ensemble of SMnB
contributes directly to nucleosome occupancy; when formed, non-B DNA structures strongly
influence nucleosome positioning.

Non-B DNA structures and transcriptome characteristics

Our analysis suggests that non-B DNA structures occur throughout the genome, and are
often associated with active genes that pump mechanical energy into DNA. Activators and
repressors of transcription that interact with non-B DNA (Brooks and Hurley, 2009; Cogoi et
al., 2014; Kang et al., 2014) are able to respond to the strain introduced into the DNA fiber
by transcription or chromatin remodeling. Although a mechanism of this type was
previously shown to operate as a molecular cruise control through a SIDD site (FUSE) of
human MYC (Kouzine et al., 2008; Liu et al., 2006b), little is known about the prevalence,
principles and patterns of gene regulation by non-B DNAs.

To explore the biological and regulatory significance of non-B DNA, all promoters of
protein-coding genes bearing non-B DNA structures were tabulated and sorted using Gene
Ontology and functional annotation (Table S3). Notably, the promoters of developmental
regulatory genes were found to be enriched for non-B DNAs (Figure 6A) with high
statistical significance.

Developmental genes are temporally and spatially restricted, and so these unusual DNA
structures might help to define their expression patterns. Abnormal or forced expression of
developmental regulators could also result in developmental anomalies, and recrudescent
expression in adults may contribute to oncogenic transformation, as with HOX genes (Hou
et al., 2012), so these genes are off in most situations. Yet, developmental genes often reside
in facultative heterochromatin and are expressed at low levels. The non-B DNA that overlaps
the TSS of each promoter within the HOX A cluster (Figure 6B) may be incompatible with
transcription complex assembly and thus explain the paucity of RNAPII at these sites. If so,
the dynamic equilibrium between canonical duplex B-DNA and non-B DNA structures may
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be used to limit the expression of developmental genes whose output would be tuned by the
balance between the mechanical forces imparted by transcription and chromatin remodeling,
and the binding of proteins, RNAs or small molecules that favor or disfavor particular DNA
structures. Perdurance of non-B DNA after active transcription would provide a means to
damp expression over an extended interval. Such persistence would explain how these
structures constitutively repress basal transcription levels (Hoffmann et al., 2016; Lam et al.,
2013; Ray et al., 2013; Shen et al., 2013). These results suggest a regulatory role for non-B
DNA in development. We speculate that many of these genes may share a common
requirement to reduce their expression variability, especially at low levels.

Non-B DNA structures and cancer-related genes

Genes that control oncogenic processes such as cell division and cell death may have
evolved multiple safeguards and checkpoints to prevent deleterious fluctuations in
expression. Our analysis shows that the promoter regions from a set of oncogenes and
malignancy related genes (Vogelstein et al., 2013) were significantly enriched for ssDNA-
tags in non-B structures apart from transcription bubbles (Figure 6A). Next, Raji human
Burkitt lymphoma cells were analyzed by ssDNA-Seq (Table S1), to find the genes
associated with cancer that bear non-B DNA structures in their promoters /n vivo (Figure
S5). These results provide /in vivo evidence for non-B DNA structures at the promoters of six
genes (Figure S5) previously proposed to be regulated by non-B DNA in other studies
(STAR Methods).

This analysis supports our proposal that non-B DNA structures may report a gene’s activity
back to its promoter region and help to set expression levels or to modulate inappropriate
transcription of specific genes. The importance of non-B DNA structure formation in the
promoter regions of cancer-related genes is further suggested by the conservation of this
feature between mouse and human cells (Figure 6C).

DISCUSSION

This work shows that the genomes of living cells are replete with active non-B DNA
elements, providing a resource and an impetus to study the biology of alternative DNA
structures.

Previously, non-B DNAs have been examined mainly using /n vitro biochemical and
biophysical approaches. Often experiments used special plasmids or oligonucleotides, and
chemical conditions (involving pH and metal ions) that maximized alternative structure
formation, but did not recapitulate the /7 vivo environment. Some studies used single
stranded molecules to bypass the DNA melting required to form non-B DNA (Chambers et
al., 2015). Such studies established the chemical certainty of non-B DNAs, but leave moot
the formation of alternative structures /n vivo and shed little light on their biological roles.
Fluorescent probes have detected triple helical and G4 DNA in fixed cells by light
microscopy, but with resolution insufficient to map, quantify, and analyze individual sites
(Biffi et al., 2013; Gorab et al., 2009; Hoffmann et al., 2016). Genomic DNA recovered by
immunoprecipitation /n vitro with a G4-specific antibody did not inform about the presence
and abundance of this structure while in chromatin (Lam et al., 2013). A study of
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formaldehyde cross-linked chromatin, re-cross-linked /n vitroin the presence of a Z-DNA
binding protein left similar issues unresolved. The use of two formaldehyde treatments
might alter the dynamic interplay between B-DNA and non-B DNA (Li et al., 2009).
Structure-specific antibodies and structure-binding ligands support the occurrence of non-B
DNA at a few loci in mammalian cells (Kendrick et al., 2014; Liu et al., 2006a; Wittig et al.,
1992), but the utilization of these high-affinity probes during prolonged incubations with
permeabilized cells, isolated nuclei or genomic DNA, raises concerns that the probe itself
may drive alternative DNA structures to supra-physiological levels (van Holde and
Zlatanova, 1994).

Although LM-PCR of DNA recovered from potassium permanganate-treated cells has
established the existence of non-B DNA /7 vivo at a handful of sites, this is insufficient to
certify the generality of these results (Michelotti et al., 1996). Similarly, experiments in both
prokaryotes and eukaryotes using candidate SMnB engineered into episomes (Dayn et al.,
1992; Jaworski et al., 1987; Kouzine et al., 2008; Krasilnikov et al., 1999) have found non-B
DNA formation to be exquisitely sensitive to DNA topology, flanking sequences, and the
cellular milieu. Non-B DNA formation has also been inferred from mutations arising in or
near SMnB that appear to be associated with non-B DNA structures (Bacolla et al., 2016;
Du et al., 2014b; Inagaki et al., 2009; Kovtun et al., 2007; Wang et al., 2008). However, such
genetic scars do not testify as to the steady-state frequency, prevalence or perdurance of the
non-B DNA structures, nor do they discriminate between structure versus sequence as the
driver of genetic damage. While SMnB have been largely purged from prokaryotic genomes,
their persistence in metazoans suggests a physiological role for these sequences. In at least
one instance, non-B DNA structures have been shown to shield against genetic damage; Z-
DNA formation in proximity to CCTGXCAGG repeats acts as a “pop-off valve” absorbing
negative supercoils that otherwise promote repeat expansion (Edwards et al., 2009).

These data and analytic methods may facilitate further genome-wide investigation of the
interplay of DNA structure and function on a genome-scale. Meta-analysis of the genomic
sequences recovered by ssDNA-Seq after permanganate treatment of cells or after
supercoiling genomic DNA /n vitro, and using computational approaches that recognize
non-B DNA potential, ascribe unpaired bases to particular non-B DNAs with high
specificity. Besides the non-B DNA conformations recognized in this study, less well-
characterized alternative structures may exist /n vivo. If such structures contain sSDNA, their
fingerprints are embedded within our datasets. With deep enough sequencing, it may be
possible to classify the structure at a single element according to its ssDNA-Seq profile, and
so characterize the complete “conformation-ome” of living cells.

Non-B DNA structures in regulatory pathways

Non-B DNA structure formation and transcription are coupled on a global scale, suggesting
that transcription is the major duplex-destabilizing process that drives non-B DNA structure
formation. That the enrichment of non-B DNAs upstream of TSSs mirrors the distribution of
transcription-generated dynamic supercoiling, suggests that mechanical stress caused by
transcription may be a prerequisite for alternative structure formation at many sites (Kouzine
et al., 2008). In principle, DNA replication may do the same (Lopes et al., 2011; Yu and
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Droge, 2014). Some metastable non-B DNA structures formed during replication survive
through mitosis (Lemmens et al., 2015).

Almost absent among the cohort of non-B DNA structures in the genome are extruded
cruciforms. Remarkably, a rigorous genome-wide thermodynamic calculation concludes that
within the same topological domain, cruciforms do not compete effectively for formation
against Z-DNA or SIDDs to relieve torsional stress (Zhabinskaya and Benham, 2013),
accounting for very low levels of extruded cruciforms /n vivo (Sinden et al., 1983).
Importantly G4 formation from B-DNA seemed not to be driven by supercoiling alone
(Figure 3D and 4). The paucity of ssDNA signal at the SMnB with G4 forming potential /n
vitro under conditions of high torsional stress suggests that other processes cooperate to
destabilize this G-C-rich B-DNA and enable G4 formation. Inability of G4 SMnB to fold
into G4 from B-DNA did not reflect a limitation of G4-predictive algorithm since human
genomic sequences that were verified to form G4 structures from denatured DNA in vitro
(Chambers et al., 2015) were similarly underrepresented in the /n vitro supercoiled dataset
(Table S4).

Although the coupling between transcription and non-B DNA formation may prove to be
quite general, the functional consequences of refolding an individual segment of DNA from
double helix to an alternative structure /in vivo would be expected to be highly context
dependent. For example, many scenarios may be imagined for non-B DNAS to inhibit,
activate or modify gene regulation both physiologically (Baranello et al., 2012; Brooks and
Hurley, 2009; Kouzine et al., 2014; Liu et al., 20064a; Liu et al., 2006b; Ray et al., 2013) and
pathologically (Belotserkovskii et al., 2007; Grabczyk and Usdin, 2000). In the same manner
that a-helices and B-sheets are modules of protein architecture subserving a range of
biochemical functions, so non-B DNA structures in combination with other DNA motifs,
their associated factors and chromatin components, may help to customize gene activity
across a range of timescales from nearly instant homeostatic regulation (Kouzine and
Levens, 2007) to evolutionary times (Zhao et al., 2010).

Evidence of specialized /n vivo functions for non-B DNA exists. First, here we have shown
these structures fine-tune chromatin organization within cells. Because the positioning and
occupancy of nucleosomes serve as potent regulators of DNA-templated processes (Struhl
and Segal, 2013), non-B DNA structures that locally and dynamically organize flanking
nucleosomes may exert this mode of gene control (Figure S6A). Second, while B-DNA is an
intrinsically stiff polymer that resists bending (Figure S6B) and twisting (Figure S6C), non-
B conformations expose hinge-like single-stranded segments (Figures S6B and S6C) that
facilitate protein-DNA interactions in the densely occupied gene control regions (Tomonaga
et al., 1998). Third, non-B DNA structures recognized by a non-B DNA-specific
transcription factor (Brooks and Hurley, 2009; Cogoi et al., 2014; Kang et al., 2014; Murat
and Balasubramanian, 2014) may monitor the moment-to-moment duplex destabilizing
stress generated by transcription (Figure S6D), enabling real-time feedback (Kouzine et al.,
2008; Liu et al., 2006b). In addition, unusual DNA structures would block binding by B-
DNA-specific transcription factors (Michelotti et al., 1996). Indeed, in the last several years,
non-B DNA, alone or complexed with a stabilizing partner, has been implicated in
constitutive repression in circumstances when even basal gene expression levels are
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deleterious (Hoffmann et al., 2016; Ray et al., 2013; Shen et al., 2013; Wang et al., 2014),
perhaps by excluding conventional transcription factors (Figure S6E). Fourth, the
processivity of the transcriptional machinery and chromatin dynamics are coupled with
DNA topology near TSSs (Baranello et al., 2016; Ma et al., 2013; Teves and Henikoff,
2014a). Buffering of supercoiling by non-B DNA formation (Figure S6F) would alter the
mechanical properties of the template and tune the transitions between the steps of early
transcription (Kouzine et al., 2014).

The plethora of non-B DNAs associated with active genes in vivo as revealed by ssDNA-Seq
suggests dynamic interplay between DNA structure and the operation of the transcription
and chromatin machineries to control gene activity (Figure S6G); elucidating this interplay
will expose and enhance opportunities to manipulate DNA structure for therapeutic purposes
(Brooks and Hurley, 2009; Du and Zhou, 2013; Murat and Balasubramanian, 2014).

STAR METHODS
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to, and will be fulfilled by the
Lead Contact, Dr. David Levens (levensd@mail.nih.gov).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells and Growth—Mouse CD43~ (B6) resting B cells were isolated from splenocytes by
negative selection and activated for 72 hr at 37°C in RPMI and 10% fetal calf serum plus
LPS (50 mg/ml final concentration) and IL4 (2.5 ng/ml final concentration). Apoptotic cells
were removed with a Dead Cell Removal Kit followed by Ficoll gradient with >90% live-
cell purity. Burkitt’s lymphoma Raji cells were purchased from ATCC and maintained in
RPMI and 10% fetal calf serum at 37°C. Cells were arrested at an early point of G1 phase in
the cell cycle by treatment with 1.5% (v/v) DMSO for 96 hr (Sawai et al., 1990). Cells were
released from DMSO in fresh medium. Experiments were conducted 6 hours later.

Single strand DNA-Sequencing (ssDNA-Seq)—ssDNA-Seq was performed as
previously described (Kouzine et al., 2013b). 8x107 cells were washed with PBS at 37°C
and resuspended in 15 mM Tris-HCI (pH 7.5), 60 mM KCI, 15 mM NaCl, 5 mM MgCly,
and 300 mM sucrose. Cells were treated with 40 mM KMnOQOy for 70 s at 37°C and reaction
was quenched by the addition of 50 mM EDTA, 700 mM B-mercaptoethanol, 1% (w/v)
SDS, and 40 mg/ml RNase, DNase-free. Samples were incubated for 1 hr at 37°C; proteins
were digested overnight at 37°C by 300 ug/ml (final concentration) proteinase K. DNA was
extracted twice with phenol, once with phenol:chloroform, and precipitated in the presence
of 2 M ammonium acetate and two volumes of ethanol. The pellet was washed with 70%
ethanol and resuspended in 1 ml of 10 mM Tris- HCI (pH 8.0) and 1 mM EDTA (TE) buffer.
Cells treated with permanganate under our experimental conditions remain fully viable for at
least 15 minutes, as essayed by Trypan Blue staining (Strober, 2015). In parallel, as a control
experiment, cells were treated with water instead of permanganate (we refer to this sample
as “Input”) and processed as described above.
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To block any free 3° DNA ends formed during sample preparation, genomic DNA was
treated with 120 uM cordycepin-5’-triphosphate sodium salt and 800 U of Terminal
transferase (TdT) in 1X TdT buffer in a final volume of 3 ml. The reaction was performed at
37°C for 1 hr. DNA was extracted with phenol:chloroform and precipitated in the presence
of 2 M ammonium acetate with two volumes of ethanol. The DNA pellet was resuspended in
1 ml of TE buffer and DNA samples were divided into four microtubes (each tube
containing 250 pl of DNA solution) and digested for 30 min with 0, 100, 200, or 300 U of
S1 nuclease or mung bean nuclease in a final volume of 600 pl. DNA was purified as
described above and dissolved in 100 pl of TE buffer. The average DNA fragment size after
nuclease digestion was determined by agarose gel electrophoresis. Permanganate-treated
samples, which yield a 3-5 kb average size of fragments after nuclease digestion, were
chosen for further processing. In a final volume of 400 uL, 50 pg of DNA was biotinylated
by 3’-end tailing reaction in 1X TdT buffer with 4,000 U of TdT, 0.5 mM dCTP and 0.08
mM Biotin-16-dUTP at 37°C for 15 min. Reactions were stopped by adding 20 mM EDTA,
and purified as described above. Samples were dissolved in 200 pl of TE buffer.

The DNA samples digested with nuclease and labelled with biotin were sonicated to
generate DNA fragments between 150 and 450 bp. Sonication was performed with Bioruptor
(Diagenode) at high power by pulsing 20 times for 20 s and incubating on ice for 30 s
between each pulse. The biotinylated fragments were pull down with streptavidin-coated
beads according to the manufacturer’s protocol. After 5 washes with 10 mM Tris-HCI (pH
7.5), 1 mM EDTA, and 2 M NacCl, samples were incubated in 10 mM Tris-HCI (pH 7.5), 1
mM EDTA, 1 M NaCl, and 2 M B-mercaptoethanol at 75°C for 3 hours to disrupt biotin-
streptavidin complexes (Jenne and Famulok, 1999). DNA was purified with a QlAquick
PCR Purification Kit.

To remove biotinylated tails, DNA was incubated with 30 U of S1 nuclease in 100 pl of 1X
S1 buffer for 30 min at 37°C. DNA was purified with a QIAquick PCR Purification Kit.
DNA fragments were subsequently blunt-ended with End-It DNA end repair kit and A-tailed
with Tag DNA polymerase in the presence of 200 mM of dATP for 40 min at 70°C. After
each reaction, samples were purified by phenol:chloroform extraction. Illumina adaptors
were ligated with T4 DNA ligase, and the reaction was purified once with AMpure XP
magnetic beads (Beckman Coulter). Samples were PCR amplified for 18 cycles with KAPA
HiFi DNA polymerase mix and run on a 2% agarose gel and size-selected at 200-300 bp.
Sequencing data were acquired on the Illumina GAII or HiSeq2000 (Illumina).

Mapping of nucleosome positioning, MNase-Seg—Nucleosome positions were
determined by MNase-seq (Schones et al., 2008). In brief, 2x107 mouse activated B-cells
were washed twice with ice-cold PBS and lysed in 1 ml of ice-cold lysis buffer (10 mM
Tris-HCI, pH 7.5, 10 mM NaCl, 3 mM MgCl,, 0.5% NP-40, 0.15 mM spermine, 0.5 mM
spermidine). After 5 min of incubation on ice, cells were centrifuged at 1000 g for 5 min at
4°C. The pellet of nuclei was washed twice with ice-cold MNase digestion buffer (10 mM
Tris-HCI, pH 7.4, 15 mM NaCl, 60 mM KCI, 0.15 mM spermine, 0.5 mM spermidine) and
resuspended in 1 ml of MNase digestion buffer supplemented with 1 mM CaCl,. Aliquots of
100 pl of nuclei solution were treated with 0, 0.01, 0.02, 0.04, 0.08, 0.15, 0.3, 0.6, 1.0 and
2.0 U of MNase at 37°C for 5 min. Reactions were quenched by adding 0.5% SDS, 100 mM
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EDTA and 100 pg/ml Proteinase K (final concentrations) and samples were incubated
overnight at 65°C. DNA was extracted twice with phenol:chloroform and precipitated with
0.3 M sodium acetate and 2 volumes of ethanol 100%. DNA pellet was washed with 70%
ethanol, and dissolved in 20 pl of TE buffer. To resolve the nucleosome ladder, DNA was
subjected to electrophoresis on 0.6% agarose gel and examined by gel staining with SYBR
green. A slice of agarose gel covering mononucleosome DNA was cut out (only from lines
containing 3 to 8 bands in the nucleosome ladder) and DNA was purified by QIAquick Gel
Extraction Kit. The resulting DNA was subjected to library preparation and Illumina
sequencing as described above.

Supercoiling of Mouse Genome in Vitro—Genomic DNA was isolated from a total of
4x107 mouse activated B cells by RNase and proteinase K treatment in lysis buffer (10 mM
Tris-Cl, pH 8.0, 100 mM EDTA, 0.5% SDS), followed by repetitive phenol:chloroform
extraction and ethanol precipitation. Purified DNA was divided in 2 aliquots separately
digested with Apol or Tagl restriction enzymes. After complete digestion and purification,
fragmented DNA samples were separately ligated by T4 DNA ligase at a DNA concentration
of 0.4 pg/ml. The efficiency of ligation was analyzed by 2-D agarose gel electrophoresis:
circular DNA has faster mobility in the second direction in comparison to linear fragments
or nicked circle when chloroquine is present in the running buffer. Linear DNA fragments
were subsequently removed by Lambda Exonuclease digestion. After purification, each
DNA sample was again split into the two aliquots: samples 1 and 2. Samples 1 were treated
with Topoisomerase | as recommended by the supplier. Samples 2 were treated with
Topoisomerase | in the presence of ethidium bromide at 8 pg/ml. This topoisomerase-
ethidium bromide technique produced topoisomers of circular DNA with an average
superhelical density of —0.06 + 0.01 (Singleton and Wells, 1982). Relation between ethidium
bromide concentration and superhelical densities of DNA was established in the pilot
experiments with plasmid DNA (Kouzine et al., 2004). Relaxed DNA of samples 1 were
pooled together as well as supercoiled DNA of samples 2.

ssDNA-Seq on the Mouse Genome Supercoiled in Vitro—Supercoiled and relaxed
DNA were incubated at 37°C for 1 hr in 20 mM Tris-HCI (pH 7.6), 100 mM KCI, 1mM
MgCl, and then were treated with permanganate (6 mM) at 37°C for 70 s. The reactions
were quenched by the addition of B-mercaptoethanol to 1.0 M. Permanganate treated
samples were purified by phenol:chloroform extraction and precipitation in the presence of 2
M ammonium acetate with two volumes of ethanol. Samples were then processed following
the ssDNA-seq protocol starting from the blocking of linear DNA fragments with
cordycepin-5’-triphosphate and TdT treatment. To determine the efficiency of permanganate
and nuclease treatment, biotinylation and purification, we measured the final yield of DNA
for relaxed and supercoiled DNA samples. Experiments in which relaxed DNA was
undetectable by NanoDrop were chosen for library construction and subsequent sequencing.

ssDNA-Seq on the Relaxed and Supercoiled Plasmids—Plasmid pFLIP — vector
backbone, and pFLIP-FUSE - plasmid containing SMnB with SIDD forming potential
(FUSE) from the upstream promoter area of c-Myzc, have been described (Kouzine et al.,
2004). pFLIP-Z plasmid was constructed by cloning SMnB with Z-DNA forming potential
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at the 5’-UTR of ADAM-12 from the pTZ19U+30/+190 plasmid into the Hindlll and EcoRI
sites of pFLIP (Ray et al., 2013). pTZ19U+30/+190 was a kind gift of Alpana Ray. pFLIP-
quadruplex was constructed by cloning quadruplex susceptible SMnB (CT4 element) into
the BamH1 and Pstl sites of pFLIP (Tomonaga and Levens, 1996). Plasmids were relaxed by
Topoisomerase | treatment, or supercoiled by the topoisomerase-ethidium bromide technique
(Singleton and Wells, 1982). The average superhelical density of supercoiled fraction was
-0.06 + 0.01 as determined using agarose gel electrophoresis in the presence of chloroquine
(Kouzine et al., 2004). Z-DNA formation and melting of FUSE in the vector backbone was
confirmed by gel electrophoresis topological analysis and by chemical probing of ssSDNA
regions (Kouzine et al., 2008). We were not able to detect quadruplex formation in the
pFLIP-quadruplex. Treatment with permanganate (6 mM) at 37°C for 60 s was done in 20
mM Tris-HCI (pH 7.5), 10 mM KCI for pFLIP-FUSE plasmid and in 20 mM Tris-HCI (pH
7.5), 100 mM KCI, 1mM MgCl;, for pFLIP, pFLIP-Z and pFLIP-quadruplex. The reactions
were quenched by the addition of B-mercaptoethanol to 1.0 M and purified using QIAquick
PCR Purification Kit. Samples (2x10% plasmid per cell) were added to the mouse genomic
DNA prepared from the cells treated with permanganate just before the blocking of linear
DNA fragments with cordycepin-5’-triphosphate and TdT treatment. Samples were then
processed following the ssDNA-Seq protocol and deep sequenced.

QUANTIFICATION AND STATISTICAL ANALYSIS

Identification of occurrences of sequence motifs of non-B DNA (SMnB) in
silico—Occurrences of sequence motifs of non-B DNA (SMnB) were identified /n silico in
the mouse (mm9) and human (hg19) genomes. Potential Z-DNA motifs were predicted
using the Z-Hunt online server with default settings (Champ et al., 2004). Quadruplex
sequence motifs were predicted using QuadParser (Huppert and Balasubramanian, 2005)
with at least three guanine bases required in each of four runs of guanine monomer repeat
and gap size between repeats of 1 to 7 bases. Both G- and C-patterns were searched in order
to identify potential G-quadruplex regions on both strands. Overlapped quadruplex motifs on
the same strand were merged into a single motif. Genomic sequences susceptible to H-DNA
and cruciform structures were predicted using Inverted Repeats Finder (IRF, version 3.05)
(Warburton et al., 2004) with minimum alignment scores of 16, matching weight 2,
mismatching penalty 6, indel penalty 20, match probability 80, indel probability 10,
maximum stem length 100, and maximum loop length 8; for H-DNA the mirror repeats’
option (*-mr’) was turned on. The repeats found by IRF were further filtered to find potential
H-DNA and cruciform motifs — the motif length was limited to 80 bp, loop length to 4 bp,
and percent of matching nucleotides to at least 90% for both motif types, in addition
potential H-DNA motifs were required to be at least 90% - purine or 90% - pyrimidine
sequences. Stress induced duplex destabilization (SIDD) sites are regions where DNA strand
separation is favored at equilibrium under negative superhelical stress (Wang et al., 2004).
They are defined as having minimum destabilization energy no more than 3.0 kcal/mol
calculated using the SIDD prediction algorithm (Zhabinskaya and Benham, 2011) at
temperature 310°K and superhelical density o = —0.055. Finally, for all motif types, we
filtered out SMnB that are longer than 100 bp (250 bp for SIDDs) from the analysis.
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Processing of high throughput sequencing data—Sequencing data were
preprocessed using Illumina Analysis Pipeline (image analysis and base calling) and the
obtained short reads (tags) were aligned to the mouse (mm39) or human (hg19) genome using
Bowtie (ver. 0.12.7), allowing up to 3 mismatches with the reference genome (Langmead et
al., 2009). Only tags that have a unique genome-wide best match were kept. Redundant tags
from each lane were removed to minimize potential PCR bias. The data from the mouse
supercoiled genome were processed the same way, i.e. we did not separately align tags from
ligated fragments of distal restriction sites of Apol and/or Tagl. To generate the UCSC
Genome Browser (http://genome.ucsc.edu) tracks, each tag was extended to 100 bp in the 3’
direction, the coverage map was built using a 10 bp bins and the data were normalized to 1
million tags per sample. Tracks were smoothed in the UCSC genome browser.

Islands: Identification of significant signal islands was performed using SICER software
ver. 1.03 with the random background model and the following parameters: window size =
100 bp, gap size = 100 bp, E-value = 10,000 (Zang et al., 2009). The total number of
identified islands is listed in Table S2.

Plasmids: Sequencing data containing plasmids’ data (pFLIP-FUSE, pFLIP-Z and pFLIP-
Quadruplex) were preprocessed using lllumina Analysis Pipeline and the obtained short tags
were aligned to the respective index build from the plasmid circularized sequence using
Bowtie tools, no mismatches were allowed with respect to the plasmid sequence. To
normalize the plasmid data, we normalized the sum of tags that align both to each plasmid
sequence and the reference genome (mouse or human) to 1 million tags per sample.

Identification of non-B DNA structures (ssDNA*™ SMnB)—We used two basic tests
to identify ssDNA* SMnB, one for local and distinct signals related to single motifs (Test 1)
and one for wide signals related to clusters of motifs (Test 2). Each phase is described
separately. The total number of identified ssDNA* SMnB is presented in Table S1.

We note that short interspersed elements (SINEs) often harbor non-B-DNA sequence motifs;
to avoid overwhelming the characterization of non-B elements in unique sequences with
structures present in the highly abundant and repetitive SINEs, we filtered out each SMnB
that has any SINE element located within a 500 bp window centered at the SMnB (Roberts
et al., 2014). The structures within or immediately adjacent to SINEs and other repetitive
elements will be the subject of a separate analysis.

In addition to the sSDNA signal near non-B DNA structures, the signal is also expected to
accompany transcription bubble formed by RNAPII (Kouzine et al., 2013b). To untangle
possible superposition of these two sources of ssDNA signal in our data, we considered
separately situations where RNAPII is absent (Test 1 and 2) or present (variant Test 1A and
2A) in SMnB (within 500 bp window centered at the SMnB motif). The total number of
identified non-B DNA structures (ssDNA* SMnB) for both cases is presented in Table S1.

Test 1: Narrow signals, no RNAPIL.: For each occurrence of SMnB, we counted the
number of sequencing tags in two windows: the signal window of 500 bp length centered at
the motif midpoint, and the local background window of 2 x 250 bp length whose two parts
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are located on both sides of the signal window and are adjacent to it. We computed a p-value
of observed number of tags in signal window assuming the total number of tags in both
windows using binomial distribution and taking into account tags’ mappability in these
windows. If the mappability in the signal windows was too low (below 20%) the motif was
removed from the analysis. To test whether the ssDNA signal at SMnB was higher than
expected by chance we used a permutation test. However, SMnB are not uniformly
distributed across a genome. To control for this, we computed the total number of unique
tags in all signal and background windows across the genome. We then randomly distributed
the same number of tags in these windows and computed the number of randomized tags in
signal and local background windows for each SMnB and the corresponding p-values. Based
on real and randomized data we computed p-value thresholds for a range of False Discovery
Rate FDR values. The results showed in this paper correspond to FDR of 5% (Figure S1B).

Test 2: Wide signals, no RNAPII.: SMnB are often clustered together. Clusters of non-B
DNA structures are not necessarily expected to display clear individual signals. Different
structures can be formed in different subpopulations of cells and the whole region can be
generally destabilized yielding a complex average profile that obscures the difference
between specific non-B DNA structures and local background. Thus a variation in the
detection test was needed to deal with clusters of SMnB. First, we filtered out SMnB whose
potential ssSDNA signal can be also related to transcription, as described above. To determine
the tags’ count cut-off (as opposed to p-value in Test 1), we repeated the simulation step
from the previous phase restricted to the signal windows only and counted the number of
randomly distributed tags near SMnB. Based on the counts from real and random data we
selected the tags’ cut-off that corresponds to FDR of 5%.

Test 1A and 2A: Extension to Tests 1 and Test 2 for motifs overlapping with

RNAPIL.: To identify non-B DNA structures formed near RNAPII binding sites we
performed an additional test. We computed the log-ratio of ssSDNA to RNAPII tags’ count in
a 500 bp window centered at TSS for all protein coding genes that do not have any SMnB in
that window. If the log-ratio of SSDNA to RNAPII is high enough, then the level of sSSDNA
in a given window cannot be simply attributed to transcription bubble formed by active
RNAPII but rather it should be also attributed to alternative structure formation. Based on
the distribution of the computed log-ratio values at the TSS we set a threshold, which equals
two standard deviations above the mean, as a cut-off for excessive level of ssDNA signal
given RNAPII signal. Then for every SMnB that overlaps with RNAPII binding site (motifs
that were omitted in Test 1 and 2) we compared a log-ratio of sSDNA to RNAPII with the
above-defined threshold in addition to the tests performed in Tests 1 and 2 described above.

Additional details

. As we already showed in our previous article (Kouzine et al., 2013b), there is a
lack of ssDNA signal/tags directly within the SIDD region. This property of
ssDNA signal near SIDD sites can lead to underestimation of SIDD structural
formation. To overcome this artifact, we did not include the 100 bp region
centered at the SIDD midpoint in our analysis, i.e. the signal window in Tests 1
and 2 consisted of two 200 bp-windows separated by that 100 bp.
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. As the number of sequencing tags from different experiments from mouse B
cells differed significantly, we randomly sampled these datasets to get the same
number of tags as in sSDNA sample from mouse activated B-cell.

. We applied the same algorithm to input DNA and RNAPII ChlP-Seq data as a
control. The number of motifs identified in these cases was negligible.

. When processing data from mouse supercoiled genome, we filtered out all SMnB
located within 200 bp of any restriction sites of Apol or Tagl.

. The ssDNA* SMnB (non-B DNA structures) identified by Test 1 were used to
generate Figures 3A, 3D, 4 and S2A-C. Results shown in Figures 6A, 6C and S5
were produced using combined output from all tests.

Composite profiling of signal density—~For the purpose of building composite
profiles, SMnB were aligned along their centers for each non-B DNA type separately (strand
orientation was also preserved for quadruplex motifs, as they are strand-specific) and the
beginning of all short tags within a given window were reported relative to the motif center.
The profile was built by summing, for all SMnB in the set of interest, the number of tags
starting at each position within a window. Counts were then normalized by the size of the
SMnB set, and to 1 million tags per library. Density profiles were smoothed using the
normal kernel with 2 bp bandwidth.

Gene annotation and genomic regions—Gene annotations for mouse (mm?9) and
human (hg19) were downloaded from the ENSEMBL database (Cunningham et al., 2015),
release 60. Associated gene names stored in ENSEMBL database were used to match genes
with external datasets (e.g. list of oncogenes). We defined the TSS of a gene as the most 5’
position among all starts of gene transcripts. The upstream region of a gene was defined as
the interval starting from -2 kb and extending up to —0.2 kb upstream of the TSS of that
gene. The TSS region of a gene was defined as a window of 401 bp centered at TSS. The
promoter region is a union of upstream region and TSS region, i.e. region from -2 kb
upstream of TSS to +0.2 kb downstream of TSS. An intragenic region of a gene is a gene
body region starting from +0.2 kb downstream of TSS to transcription termination site. An
intergenic region is defined as any region of a genome that is not an upstream region, TSS
region, nor intragenic region of any annotated gene.

ssDNA and RNAPII signal density at genomic regions—The density of sequencing
signals within a given region (e.g. promoter or upstream region) was calculated as the
number of sequencing reads mapped within that region, normalized to 1 million tags per
sample.

Processing of DNase | hypersensitive sites (DHS)—DHS-Seq data in activated B-
cells were retrieved from the Short Read Archive under accession numbers SRX347261 and
SRX347262. The data were combined and processed as described above in the subsection
“Processing of high throughput sequencing data”. DNase | hypersensitive regions were
detected using SICER software ver. 1.03 with the random background model and the
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following parameters: window size = 200 bp, gap size = 200 bp, E-value = 100 (Zang et al.,
2009); total of 108,944 regions were detected.

All 200 bp windows within detected DHS were split into two groups based on their
proximity to SMnB. If a DHS window has any SMnB located within 100 bp then it is called
SMnB* DHS window, otherwise SMnB~ DHS. All windows located within 200 bp of any
SINE were removed from the analysis. For each SMnB* DHS window we randomly
selected SMnB™ DHS window of the same DNase | sensitivity measured as short read count
within that window (+/- 5%). Then we compared these two sets of DHS with respect of the
total signal (total number of reads) of ssDNA, input DNA and DNase | in activated B-cells.

RNA-Seq data—Short reads generated by Illumina pipeline were aligned against mouse
genome using Tophat (ver. 1.0.12) (Trapnell et al., 2009) with default settings. Resulting
alignments were analyzed using Cufflinks software (ver. 0.9.3) (Trapnell et al., 2010)
provided with the annotation of Ensembl 60 genes (Hubbard et al., 2009) after removing
germline antigen fragments, mitochondrial rRNA genes, miRNAs and small nuclear RNAs.
No de novo transcript assembly was attempted since only single-end short read libraries
were available. The bimodal distribution of gene expression in activated B cells suggested
the existence of two gene populations: a population of genes with low levels of expression
and a population of high expressed genes, in addition to population of silent genes. For
Figures 2C and D, we considered only genes whose region from 5 kb to 1 kb upstream of
TSS do not overlap with any other gene annotated in ENSEMBL database to avoid any
signal related to transcription of other genes. Thus, in our analysis we used 3,799
(1,119+2,680), 3,121 (793+2,328), and 2,955 (690+2,265) genes that are silent, low and
high expressed, respectively; numbers in the parentheses show the number of genes without
or with a predicted non-B DNA sequence motif (SMnB) in region from -2 kb to — 1 kb
upstream of TSS as analyzed in Figures 2C and 2D.

Nucleosome positioning—The mapped tags from MNase-Seq data were extended by
146 bp in the 3’ direction. The extended tags’ coverage was combined to build the
nucleosome profile. The profiles shown in Figure 5 represent an average coverage for
different SMnB (ssDNA™~ or ssDNA* SMnB). The average density of nucleosomes was
computed for 100,000 randomly selected sites across the genome.

Random model for non-B DNA motif occurrences—To generate a random model
for non-B DNA motif occurrences in Figure 2E, positions of SMnB were randomly sampled
for each non-B DNA type separately. However, to keep their location preference we
preserved their density in different types of genomic regions — promoter, upstream,
intergenic, and intragenic regions. We considered only the top 5% of sites with the highest
number of reads from the ssDNA-Seq assay, both for predicted and randomized sites, and
computed enrichment of sSDNA signal shown in Figure 2E only for those selected sites.

Association of ssDNA read counts with SMnB in supercoiled pFLIP plasmids
—To relate ssSDNA-Seq signals observed in some regions of supercoiled pFLIP plasmids to
non-B DNA structure formation we used scanning window statistics. We scanned a
circularized plasmid with fixed window of size 200 bp that was shifted by 50 bp. We
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counted a number of ssSDNA-Seq reads starting within a given window and we sorted the
window counts. We then tested if windows proximal to the SMnB were enriched in the top
scoring windows. Specifically, for each plasmid, we identified windows that are located in
close proximity (+/-100 bp) to the SMnB and we checked how many of these windows were
among the top scoring windows across the plasmid (9 out of 10 near SIDD in pFLIP-FUSE,
14 out of 18 near Z-DNA and SIDD in pFLIP-ZDNA, and 4 out of 17 near G4 and SIDD in
pFLIP-Quadruplex). To assess a statistical significance of association between top scoring
windows and the SMnB we used a randomized model in which reads were randomly
distributed along a plasmid and analogous sliding window statistics were computed; the
randomization was repeated 10,000 times for each plasmid that gave us a p-value estimation.
We found statistically significant relationship between high ssDNA-Seq counts and SMnB in
two plasmids — (1) SIDD in pFLIP-FUSE plasmid (p-value 0.0009), and (2) Z-DNA and
SIDD in pFLIP-ZDNA plasmid (p-value 0.003). No association was found in pFLIP-
Quadruplex.

Gene enrichment analyzes of genes with non-B DNA at promoters—We
compared 2,877 protein-coding genes bearing non-B DNA structures (ssSDNA* SMnB)
detected by sSDNA-Seq in their promoter regions with the rest of genes coding proteins in
terms of their relation to cancer and their Gene Ontology (GO). List of 420 human cancer-
related genes was obtained from the Supplementary Materials of Vogelstein et al.
(Vogelstein et al., 2013). Human genes were mapped to mouse genes using the list of
‘Human and Mouse Homologs’ from the Mouse Genome Informatics (MGI) database
(http://www.informatics.jax.org/). After gene name mapping, we found 374 human and
mouse homologous oncogenes. Non-B DNA structures at promoter regions of AR, CSF1R,
HRAS, KIT, PDGFRB, RET human cancer-related genes had previously been proposed to
have regulatory function (Brooks and Hurley, 2009; Mitchell et al., 2013; Qin et al., 2010;
Ray and Ray, 2015). The statistical significance of the oncogene analysis was assessed using
the hypergeometric test (no p-value correction was needed). The GO enrichment analysis
was performed using GOrilla tool (Eden et al., 2009) with background consisting of all
protein-coding genes (22,350 genes). To give a summary of the result of GO analysis, the
full list of enriched terms was limited to “Generic GO slim” term developed by GO
Consortium (http://geneontology.org/). The list of enriched GO slim terms with p-value
below 1077 is presented in Table S3.

Comparison with G4-Seq data—We overlapped our results from the human cell line
Raji cells with a subset of quadruplex motifs verified by the experimental protocol, G4-Seq,
applied to the human genome in vitro (Chambers et al., 2015). This analysis was based on
quadruplexes observed simultaneously in the K+ and the PDS experiments. The results are
presented in Table S4.

DATA AND SOFTWARE AVAILABILITY

All high-throughput sequencing datasets, the sSRNA-Seq of mouse B cell and Raji cells,
RNAPII ChIP-Seq and RNA-Seq of mouse B cells, ssSDNA-Seq for /n vitro supercoiled
mouse genome, input DNA, control (ssSDNA, no KMnO4), and MNase-Seq, are available
from the NCBI Sequence Read Archive under ID code SRAQ072844.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights:
Single-stranded DNA (ssDNA) is a common feature of mammalian genome
The pattern of sSDNA reactivity reveals different non-B DNA structures
Non-B DNA formation drives chromatin re-organization

Non-B DNA formation is coupled to specific transcriptome output
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Figure 1. Non-B DNA structures and Sequence Motifs with propensity to adopt non-B DNA
conformation.

Though mainly right-handed B-form double helix (A), DNA strands separate during
transcription to form a non-B DNA transcriptional bubble (B) enabling RNA polymerase to
read the template strand. DNA forms other non-B DNA structures (C) from particular
Sequence Motifs (SMnB): Z-DNA, left-handed double helix at alternating purine—
pyrimidine sequences; Stress-Induced Duplex Destabilized site (SIDD) at locally A/T-rich
regions; Quadruplex (G4), four-stranded DNA that stacks planar sets of four mutually
Hoogsteen H-bonded Gs; Cruciform, an inverted sequence-repeat extruded from the central
helical axis; and H-DNA, a triple-stranded DNA that melts one-half of mirror symmetric
homopurine or homopyrimidine repeats, and then folds back and threads one of the melted
strands into the major groove of the unmelted half Hoogsteen H-bonded triplex. Each non-B
DNA conformation has a specific distribution of unpaired bases (indicated by yellow
ribbon).
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Figure 2. ssDNA-Seq detects unusual DNA structures genome-wide.
A) ChIP-Seq binding profiles for RNAPII vs. ssDNA-Seq signals at Sdcbp, Fosand Adami12

genes; normalized data as sequenced tags per million (TPM) are displayed on the UCSC
genome browser. B) ssDNA signal across different genomic regions in mouse activated B-
cells (left) and differential enrichment of sSDNA signal vs. uniform signal distribution
(right) for activated and resting B-cells. Parenthesis include the percentages in a random
background model. The upstream promoter region is defined as —2 Kb and to —0.2 Kb
relative to the transcriptional start site (TSS). The 7S5Sis a 400 bp window centered on the
transcription start site. C) sSDNA-Seq tag density from —2.0 Kb to —1.0 Kb upstream of
TSSs is related to expression intensity; silent, low and high expression genes ranked by
RNA-Seq measurement. Density of sSDNA-Seq tags normalized as reads per kilobase per
million (RPKM). See also Figure S1A. D) ssDNA-Seq tag densities from —=2.0 Kb to —-1.0
Kb upstream of TSS of active genes are closely related to the presence of SMnB (left),
whereas RNAPII binding measured by ChIP-Seq is not (right). In (C) and (D) p-values from
one-sided Wilcoxon rank sum test are shown; absolute Cohen’s d effect size of all sSSDNA-
Seq tests for active genes is above 0.2 while RNAPII test is negligible. There are 3799 silent,
3121 low, and 2955 high expression genes, of which 2680, 2328, and 2265, respectively,
have SMnB in their upstream regions (-2.0 Kb to —1.0 Kb from TSS). E) Different sorts of
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SMnB are enriched for ssSDNA-Seq tags in activated, but not resting murine B-cells or
randomly distributed motifs. Tag enrichment obtained for the sonicated genomic DNA
(input) from activated B-cells is shown. The top 5% of regions with SMnB were used for
each experimental or randomized sample. The Cohen’s d effect size for all types of SMnB in
activated B-cells is at least 0.4, except cruciform which is negligible. See also Figure S1.
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Figure 3. Characteristic sSSDNA-Seq profiles in vivo and in vitro for different sorts of SMnB
evince non-B DNA structure formation.

A) Composite profiles of sSDNA-Seq tags at SMnB enriched for ssDNA-Seq tags. The y-
axis shows the normalized density of TPM along the x-axis numbered from the center of the
aligned SMnB. Forward and reverse strand of ssDNA-Seq tags are shown in red and blue,
respectively. SMnB near RNAPII binding sites were not included in this analysis. B)
Composite profiles of sSDNA-Seq tags at random genomic locations near SMnB sites
analyzed in (A). See also Figure S2A, S2B and S2C. C) Schema of whole genome
supercoiling and subsequent sSDNA-Seq assay. D) sSDNA-Seq tag density profile from
genome supercoiled /n vitro at same SMnB as in (A). E) ssDNA-Seq tag distribution at
CTCF binding sites in mouse activated B-cells and genome supercoiled in vitro.
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Figure 4. Detection of non-B DNA structures in supercoiled plasmids.
ssDNA-Seq of regions embracing sequences with non-B DNA potential (black bars) from

relaxed or supercoiled pFLIP plasmids. Forward and reverse strand ssDNA-Seq tag counts in

red and blue, respectively. See also Figure S3.
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Figure 5. Non-B DNA structures position flanking nucleosomes.
Nucleosome occupancy near the different SMnB lacking ssDNA-Seq signal (top) or near

non-B DNA structures (bottom). Nucleosomes are represented by filled ovals colored in blue
according to the level of positioning. Dashed line indicates the average genome nucleosome
density. SMnB near RNAPII binding sites were not included in the analysis. See also Figure

S4.
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Figure 6. Non-B DNA at promoters and transcriptome characteristics.
A) Non-B DNA structures in promoter regions is characteristic of developmental and

cancer-related genes. Non-B DNA structures throughout promoters (-2 Kb to +0.2 Kb) were
identified using the computational algorithm that enables analysis despite overlapping
RNAPII binding (STAR Methods). Log of the p-value (probability that enrichment is
fortuitous) is shown. See also Table S3. B) RNAPII ChlP-Seq profile overlaid with ssDNA-
Seq signal at the HOXA cluster in the mouse activated B-cells genome. Transcriptionally
silent HOXA genes show extensive ssDNA signal at SMnB that form different non-B DNA
structures. C) Conservation of non-B DNA structures in mouse and human cancer-related
genes. See also Figures S5 and S6, and Table S1.
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Extent of non-B DNA formation in mouse genome.

Table 1.

Page 36

Total number of predicted SMnB vs. the number of identified non-B DNA structures (ssSDNA+ SMnB) in

activated mouse B-cells. See also Tables S1, S2,and S4,and Figures S1B, S2D, S2E and S2F.

Type of SMnB

SMnB not overlapping with RNAPII

SMnB overlapping with RNAPII

Analyzed SMnB | ssDNA+MnB | Percent | Analyzed SMnB | ssDNA+SMnB | Percent
Z-DNA 249752 22214 8.9% 41899 2848 6.8%
G4 263167 18397 7.0% 34958 1862 5.3%
SIDD 416444 15188 3.6% 30930 110 0.4%
H-DNA 320585 16876 5.3% 20846 233 1.1%
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