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Abstract

As RNA Polymerase II (Pol II) transcribes a gene, it encounters an array of well-ordered
nucleosomes. How it traverses through this array in vivo remains unresolved. One model proposes
that torsional stress generated during transcription destabilizes nucleosomes ahead of Pol II. Here,
we describe a method for high resolution mapping of underwound DNA using next-generation
sequencing, and show that torsion is correlated with gene expression in Drosophila melanogaster
cells. Accumulation of torsional stress, through topoisomerase inhibition, results in increased. Pol
II at transcription start sites. Whereas Topo I inhibition results in increased nascent RNA
transcripts, Topo II inhibition shows little change. Despite the different effects on Pol II
elongation, topoisomerase inhibition results in increased nucleosome turnover and salt solubility
within gene bodies, suggesting that the elongation-independent effects of torsional stress on
nucleosome dynamics contributes to the destabilization of nucleosomes.
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Introduction

The wrapping of DNA around octameric histone proteins to form nucleosomes accomplishes
the feat of packaging DNA within the nucleus with the consequence of restricting DNA
access. This is problematic for DNA-templated processes including replication and
transcription!. For transcription, cells have evolved to maintain promoter regions relatively
depleted of nucleosomes, allowing DNA access to transcription factors and the RNA
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Polymerase II (Pol IT) machinery?3. However, as Pol II leaves the promoter region, it
encounters a well-ordered nucleosomal array23. In vitro, a single nucleosome effectively
blocks Pol 11 elongati0n4‘6, but within the cell, Pol II transcribes chromatin templates with
high efficiency. How does Pol II transcribe through the nucleosome? One model proposes
that transcription generates torsional stress that destabilizes nucleosomes ahead of Pol II,
allowing for efficient progression.

During transcription, the double helix is melted to form the transcription bubble, and
resistance to Pol II rotation relative to DNA creates torsional stress that manifests as positive
and negative supercoils downstream and upstream of Pol II, respectively’-3. Torsional stress
has been detected in vivo, primarily through binding of psoralen and its derivatives, which
preferentially intercalates into DNA that is underwound from negative supercoiling®.
Psoralen binding has been used to visualize global unconstrained supercoiling in Drosophila
polytene chromosomes!?, and to map genome-wide supercoiling in yeast!! and human
cells'213, Whereas one study showed that supercoiling remodels large-scale chromosomal
domains!3, how torsion affects nucleosomes at the gene level remains unclear. In vitro,
negative supercoiling promotes nucleosome assembly, whereas positive supercoiling inhibits
it but in vivo evidence is lacking. Understanding this interplay has potential clinical
implications, as widely used cancer chemotherapeutic anthracycline drugs that intercalate
into DNA and induce positive torsion have recently been shown to increase nucleosome
turnover and eviction around active promoters!3:16,

To test the effect of transcription-generated torsional stress on nucleosome dynamics and
Pol 1I kinetics in Drosophila cells, we measured torsional states at the gene level, and have
perturbed torsion by inhibiting topoisomerases, enzymes that relieve supercoils. The
resulting changes in torsion, Pol II levels, nascent RNA and nucleosome occupancy,
solubility and turnover reveal an intricate balance between efficient Pol II progression and
maintenance of the nucleosomal template.

High-resolution genome-wide assay to detect torsion states

Several methods have recently been developed for large-scale detection of supercoils in
yeast11 and in human cell lines!2 13, but resolution has been insufficient to delineate
torsional states at the nucleosome level. Therefore, we adapted a micro-array-based
method!! to next-generation sequencing. We exposed Drosophila S2 cells to Trimethyl-
psoralen (TMP) and covalently cross-linked both strands upon exposure to 365 nM UV
light. Following DNA extraction and shearing to an average size of 250 bp, we enriched for
cross-linked DNA fragments by multiple rounds of denaturation followed by Exonuclease I
(Exo I) digestion, which preferentially digests single stranded DNA (Supplementary Fig.
la)!!. After end ligation of Illumina barcoded adapters!”?, we digested the 5 strand with A
exonuclease until the cross-linked nucleotide inhibited further digestion (Fig. 1a). Using a
primer complementary to the paired-end adapter, we performed 10 rounds of primer
extension that end at the cross-linked site. When the A exonuclease digestion was omitted,
no single-stranded extension products were observed (Supplementary Fig. 1b). We then
extended the ssDNA products with ribo-Gs using Terminal Transferase, and ligated a double
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stranded adapter that has a 5’ CCC overhang. After a round of primer extension followed by
cycles of library amplification, we sequenced from the CCC overhang end to map the cross-
linked site (Fig. 1a). We refer to this method as TMP-seq. As a control for sequence bias, we
added TMP to purified genomic DNA, crosslinked by UV light exposure, and processed in
parallel to TMP-treated S2 cells. We then mapped the nucleotide position of the cross-links
from samples and genomic DNA onto the genome and fit a kernel density distribution
around each site!®. A representative region in chromosome 3R is shown (Supplementary
Fig. 1c, top). The Hsp70C locus shows TMP binding upstream of the transcription start site
(TSS) (Supplementary Fig. 1c, bottom) as confirmed by qPCR analysis of the Hsp70 gene
(Supplementary Fig. 1d), consistent with previous studies!%20, To normalize for TMP
sequence biases, we calculated the log-ratio of each sample to the genomic DNA control.
We then averaged the normalized TMP-seq signals around the TSS and transcription end
sites (TES) for all genes for each replicate, with a representative data set shown (Fig 1b).
This shows that TMP signals are high upstream of genes and low within gene bodies (Fig.
1b, top). Furthermore, actively transcribed genes showed higher TMP levels at promoter
regions than silent genes (Fig. 1b, bottom), consistent with previously published psoralen

mapping studies!1~13.

Topoisomerase inhibition alters torsion genome-wide

Toposiomerases relieve the torsional strain generated during transcription. We individually
inhibited Topo I and Topo II in S2 cells using Camptothecin and ICRF-193, respectively,
and measured changes in torsion levels using TMP-seq. We averaged the normalized TMP-
seq signals genome-wide and found altered levels relative to control (Fig. 2a), suggestive of
accumulated torsional strain in the absence of topoisomerase activity. The increased signal
upstream of the TSS is consistent with increased negative torsion whereas decreased TMP
binding within gene bodies suggests a relative increase in positive torsion compared to
control. We then displayed the change in TMP-seq relative to control as heat maps with
genes ordered by decreasing expression in control samples2!, and found that the gene body
effect is larger in transcribed genes than in silent genes (Fig. 2b, Supplementary Fig. 2a),
consistent with the known role of both enzymes in transcription. Notably, Topo I inhibition
resulted in a larger effect on accumulated torsional strain compared to Topo II inhibition,
particularly for expressed genes. This is consistent with previous studies suggesting that
Topo I is the major relaxer of transcription-generated torsional strain?2-23,

Previous studies have shown that, under saturating TMP conditions, nucleosomes inhibit
TMP crosslinking!!-24. Although we used limiting amounts of TMP, it is possible that
topoisomerase inhibition results in nucleosome occupancy changes, which in turn are
responsible for the observed changes in the TMP-seq profile. We determined nucleosome
occupancy by sequencing the total micrococcal nuclease (MNase) digested chromatin for
control, Topo I-, and II-inhibited samples, and calculated the Pearson’s correlation for each
gene between nucleosome occupancy and TMP-seq data in the 1 kb region surrounding the
TSS. We then plotted the histogram of Pearson’s correlations (Supplementary Fig. 2b), and
found that there is an overall slight anti-correlation (36% of genes have r <—0.2) between
nucleosome occupancy and TMP intercalation in untreated control cells, as expected from
previous studies!!24. However, after Topo I or II inhibition, the correlation distributions did
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not shift. Furthermore, when we calculated the difference in nucleosome occupancy before
and after topoisomerase inhibition, we saw very little change (Supplementary Fig. 2c),
suggesting that the change in TMP-seq profile after topoisomerase inhibition is not a
consequence of changes in nucleosome occupancy.

To quantify the accumulation of torsional stress for each gene, we calculated a torsion index
for each gene by averaging the TMP-seq values for 1 kb upstream of the TSS and
subtracting the average TMP-seq value for 1 kb downstream of the TSS. We then calculated
the torsion difference (TD) by subtracting the torsion index of control samples from the
Topo I- or Topo II-inhibited samples (see Methods) and displayed the TMP-seq data as heat
maps with genes rank-ordered by the absolute value of TD for either Topo I or Topo II
inhibition (Supplementary Fig. 2d). This analysis shows that most genes experience altered
torsional stress, with varying degrees, from topoisomerase inhibition.

Topo inhibition alters Pol Il kinetics

Torsional stress is believed to inhibit Pol 1%, To test the effect of torsional stress on Pol I
kinetics, we profiled the low-salt soluble Pol II, which we have shown previously to be
highly enriched for the stalled species?!-26. The stalled Pol I is a subset of Pol II that has
initiated but has paused about 50 bp downstream of the TSS27-2°. Notably, inhibition of
either Topo I or Topo II led to increases in stalled Pol II just downstream of TSSs (Fig. 3a,
top, Supplementary Fig. 3a—b, blue signal tracks), suggesting that topoisomerase inhibition
affects Pol II pausing kinetics. When Pol II levels are displayed as heat maps, increases in
stalled Pol II are seen at the TSS of most genes (Fig. 3b). Furthermore, Topo I inhibition
resulted in increased Pol II levels within gene bodies compared to control, in contrast to
Topo II inhibition (Fig. 3a, bottom), suggesting altered Pol II elongation kinetics upon Topo
I inhibition.

We then determined the kinetics of the elongating Pol IT using Pol II-bound nascent RNA as
proxy because nascent RNA is the most recent product of an elongating Pol II. Using a
biochemical fractionation assay that enriches for chromatin-bound nascent RNA30-31
followed by high-throughput sequencing, we mapped nascent RNA levels before and after
topoisomerase inhibition (Supplementary Fig. 3a—b, brown signal tracks). In parallel, we
performed nascent RNA analysis for S2 cells heat shocked at 37°C for 15 minutes to
confirm the validity of the assay, as heat shock is well known to rapidly decrease Pol II
levels genome-wide32-33. When we averaged the normalized counts for all genes
surrounding the TSS and TES for control, Topo I, and Topo II inhibited samples, we found
that Topo I inhibition resulted in overall increased nascent RNA production near the 5" end
(Fig. 4a). In contrast, Topo II inhibition showed no overall change relative to control (Fig.
4a). When we displayed these changes as heat maps surrounding the TSS and TES, we
found that Topo I inhibition affects primarily the transcribed genes, whereas Topo II
inhibition results in heterogeneous changes in nascent RNA levels (Fig. 4b). Notably, the
gain in nascent RNA for Topo I inhibition is most prominent within 1 kb of the TSS,
whereas the TES shows little change, suggesting that less Pol II reaches the end of the gene
than has initiated. Indeed long genes show decreased nascent RNA at the 3’ end compared to
short genes (Supplementary Fig. 4a). Such increased nascent RNA after Topo I inhibition
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has been previously described for the DHFR gene in CHO cells?* and the Hif-1a in human
cells>. Topo II inhibition results in decreased nascent RNA of only the most highly
expressed genes (Fig. 4b), consistent with a secondary role for Topo II in transcription!2. As
an assay control, we measured the change in nascent RNA levels after heat shock and found

2 as well

decreased levels genome-wide (Supplementary Fig. 4b, top), as previously shown?
as increased expression of the highly induced Hsp genes (Supplementary Fig. 4b, bottom).
We further repeated the nascent RNA isolation and performed qPCR on select genes that
showed increased, decreased, and no change in nascent RNA levels upon Topo I or I

inhibition. We found reproducible effects using qPCR (Supplementary Fig. 4c).

We then analyzed the change in stalled Pol II and nascent RNA by TD and displayed the
heat maps with genes ordered by decreasing TD. With the exception of the genes that have
the lowest TD, most genes experience increased stalled Pol II after Topo I or II inhibition
(Fig. 3c), suggesting that increased torsional stress triggers increased Pol II stalling near the
TSS. When arranged by TD, the increase in nascent RNA near the 5’ end but not at the 3/
end after Topo I inhibition becomes evident (Fig. 4c), further suggesting that Topo I is
important for both Pol II initiation and elongation. The lack of change in nascent RNA after
Topo II inhibition suggests that Topo II acts mainly at the 5’ end on initiated Pol II.

We also used our nascent chain mapping data to identify genes that expression due to
topoisomerase inhibition by measuring changes in complete nascent RNA transcripts. About
90% of genes showed little or no change in expression with topoisomerase inhibition based
on nascent RNA level. However, of those that changed more than 30%, the most prominent
changes were just upstream of the 3’ end for both Topo I (Supplementary Fig. 5a) and Topo
IT (Supplementary Fig. 5b). It is possible that torsional differences that we observed around
the TES (Fig. 2) modulate pausing and transcript release at these genes, and that both
topoisomerases facilitate this process. Furthermore, when the nascent RNA data are
displayed with genes arranged by change in stalled Pol II, genes that increase in stalled Pol
II after Topo I inhibition show the highest increase in nascent RNA near the TSS, whereas
Topo II inhibited samples show a mild increase in nascent RNA only for genes that have
gained the most stalled Pol II (Supplementary Fig. 5c). Taken together, these analyses
support a general role for both Topo I and II in Pol II initiation kinetics and for Topo I in Pol
I elongation kinetics.

Topo inhibition increases nucleosome low-salt solubility

A previous study has shown that Pol II-generated supercoils affect large-scale chromosome
organization, forming underwound and overwound domains!3. However, how torsion affects
organization of individual nucleosomes within genic regions is unclear. Chromatin of genic
regions is characterized by reduced inter-nucleosomal interactions such that, after MNase-
digestion, these nucleosomes become readily soluble in low salt, whereas condensed
chromatin requires high salt for solubilization30-37. We therefore asked whether inhibition of
topoisomerases affects nucleosome organization by extracting low-salt soluble chromatin
followed by sequencing?!-3¢. After mapping reads >120 bp onto the genome (Supplementary
Fig. 3a-b, green signal tracks), we averaged the normalized counts for 2 kb surrounding the
TSS and TES of all genes for control and Topo I- or Topo II-inhibited cells. We also
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performed the same analysis for total nucleosomes to determine changes in occupancy

(Supplementary Fig. 3a—b, black signal tracks). For total nucleosomes, topoisomerase
inhibition led to only a slight increase in overall occupancy near 3’ ends of genes (Fig. 5a,
Supplementary Fig. 2c). However, low-salt solubility of nucleosomes dramatically increased
within gene bodies while promoter regions experienced decreased solubility (Fig. 5b). This
suggests that, although nucleosome occupancy is subtly affected, topoisomerase inhibition
markedly alters the inter-nucleosomal interactions that determine salt solubility. When
displayed as heat maps by control expression, the low-salt solubility of transcribed genes is
seen to increase, unlike that of silent genes (Fig. 5c). However, when genes are ordered by
TD, low-salt solubility of nucleosomes increased with increasing TD after Topo I inhibition,
whereas Topo II inhibition resulted in a uniform increase in low-salt solubility (Fig. 5d).
These analyses suggest that torsional stress affects the organization of genic nucleosomes. In
contrast, nucleosome occupancy is not affected by torsional stress (Supplementary Fig. 6).

To determine whether changes in transcriptional competence affect low-salt solubility of
nucleosomes after topoisomerase inhibition we displayed changes in low salt soluble
nucleosomes as heat maps with genes ordered by decreasing change in stalled Pol 11
(Supplementary Fig. 7a). For both Topo I and Topo II, we observed increases in low-salt
solubility for genes with stalled Pol II, suggesting that altered Pol II kinetics also affect
chromatin organization.

Topo inhibition increases nucleosome turnover within genes

Previous studies have shown that positive torsion inhibits nucleosome assembly in vitro!4
and alter chromatin accessibility to nucleases ex vivo3, leading the authors to propose that
positive torsion disrupts the nucleosomal template within gene bodies. To test this in vivo,
we inhibited topoisomerases individually and measured nucleosome turnover by CATCH-
IT, which allows for profiling of newly synthesized H3—H4 particles after a re-assembly
process occurs during turnover3?. After methionine depletion, S2 cells were labeled with the
analog Azidohomoalanine in the presence of either Camptothecin or ICRF-193. Both
labeling and topoisomerase inhibition were performed for 15 minutes at room temperature,
and CATCH-IT was performed as previously described?!-3?. Representative regions of
mapped reads are shown (Supplementary Fig. 3a-b, red signal tracks). Inhibition of Topo I
or Topo II led to a decrease in turnover of the +1 and promoter nucleosomes but to an
increase within gene bodies (Fig. 6a). To view the change in nucleosome turnover on a
gene-by-gene basis, we displayed the difference in CATCH-IT between topo-inhibited and
control samples as a heat map with genes arranged by decreasing expression in control.
Topo I inhibition increased the overall nucleosome turnover within gene bodies but the
effect for transcribed genes was greater than for non-transcribed genes (Fig. 6b, left). In
contrast, Topo II inhibition led to increased nucleosome turnover within gene bodies
regardless of expression levels (Fig. 6b, right). When genes were ordered by TD,
nucleosome turnover increased similarly, with the exception of genes with the lowest TD
values (Fig 6c¢). These results suggest that once a threshold of torsional stress is reached,
nucleosomes become destabilized.
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We have previously shown that increased expression results in increased nucleosome
turnover2!. That nucleosome turnover increased after Topo I and II inhibition, despite Topo
II inhibition showing no changes in Pol II elongation, suggests that Pol II elongation and the
torsion it generates have separable contributions on nucleosome turnover. To further
examine these contributions, we analyzed the nucleosome turnover data relative to changes
in stalled Pol II (Supplementary Fig 7b). We find that changes in nucleosome turnover
caused by topoisomerase inhibition are associated with both increased and decreased
expression, which implies that changes in turnover are not simply consequences of torsion-
induced Pol II stalling. Rather, we propose that Pol II transit drives torsion, which in turn
alters nucleosome stability.

Discussion

In this study, we have examined the effect of accumulated torsional stress on nucleosomes
and Pol IT in vivo. We have developed a genome-wide sequencing based assay to determine
DNA torsional states genome-wide at nucleosome resolution in Drosophila cells. Using this
assay, we have shown that inhibition of topoisomerases leads to rapid accumulation of
torsional strain, which is accompanied by changes Pol II kinetics and chromatin properties.
The stalled Pol II accumulates immediately downstream of the TSS after inhibition of either
Topo I or Topo II, but the elongating Pol II, as measured by nascent RNA production, is
affected differently. Topo I inhibition results in increased nascent RNA levels near the 5/
end of genes. In contrast, Topo II inhibition only affects nascent RNA levels of highly
expressed genes, while most genes remain unaltered, suggesting that only Topo I acts within
gene bodies to regulate Pol II elongation kinetics. We have shown that, despite the changes
in expression and Pol II kinetics after topoisomerase inhibition, accumulation of torsional
stress results in increased nucleosome turnover within gene bodies genome-wide, providing
direct evidence for an in vivo influence of DNA torsion on nucleosome dynamics that is
separable from Pol II elongation-associated dynamics. Our data support a model whereby
the transient wave of positive torsion downstream of Pol II destabilizes genic nucleosomes
to allow progression, and the transient negative torsion stabilizes nucleosome formation
behind Pol II to maintain chromatin structure38. In this way, a delicate balance between
nucleosomal destabilization, maintenance, and Pol II progression is achieved (Fig. 7).

Recent studies have used TMP to profile supercoiling states genome-wide in yeast!!, and in
a portion of the human genome!213, By adapting the method for high resolution sequencing
analysis, we have confirmed that promoters and regions upstream of the TSS have high
levels of TMP crosslinking, indicative of high negative torsion, while gene bodies have low
levels of TMP crosslinking, as expected when positive torsion inhibits TMP intercalation.
Whereas our TMP-seq profiles for Drosophila cells generally agree with those seen in

human cells!213

, there are some interesting differences. First, in human cells, TMP-
crosslinking peaked at the TSS and diminished beyond 1 kb upstream, leading the authors to
conclude that supercoiling is a short-range force!2. In Drosophila cells, we observed high
levels of negative torsion beyond 2 kb upstream of the TSS. The difference might be due to
the prevalent bi-directional transcription seen in mammalian genomes2’-40 that is absent in
Drosophila, which would concentrate negative torsion behind the Pol IIs at the TSS,

whereas the uni-directional transcription of Drosophila promoters would allow for
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dissipation further upstream. Second, the 3’ end of Drosophila genes experienced high levels
of TMP-crosslinking (Fig. 1c), which was further exacerbated by topoisomerase inhibition
(Fig. 2). In yeast, topoisomerases are required for both transcription termination and the
formation of the nucleosome-depleted region at the transcription end sites?%4!. Similarly,
Drosophila Hsp70 genes have Topo II both at the 5’ and 3’ end*?, suggesting that at least
with the Hsp70 gene, events at the 3’ end generate sufficient torsional strain to require
topoisomerase activity.

It has been generally accepted that inhibition of topoisomerases results in an immediate halt
in transcription due to accumulation of torsional stress. Early studies have shown that

43.44 and in vitro transcription assays

transcription of rDNA requires topoisomerase activity
using viral RNA Polymerases are greatly inhibited when topoisomerase I activity is
absent*>. We have shown that topoisomerase inhibition alters Pol II kinetics, which is a
potential mechanism for decreased expression. Topo I inhibition alters both the initiating
and elongating form of Pol II,, and after a short inhibition period, results in little change in
expression as measured by changes in complete nascent RNA transcripts. This result seems
contradictory to the dogma that topoisomerase inhibition leads to transcription inhibition.
However, various other studies inhibiting only Topo I have yielded mixed effects on
transcription®=48_ Topo I inhibition has been shown to increase Pol II and nascent RNA
near the TSS but not at the 3’ end of the Dhfr gene in cultured CHO cells3#, and to increase
the release of paused Pol II and anti-sense transcription of HIF-1 gene in human cells3?.
These studies suggest that the highly conserved Topo I may also have a conserved effect on
Pol II kinetics. In contrast to Topo I, Topo II inhibition resulted in altered Pol II elongation
kinetics of only the most highly expressed genes, confirming that Topo I is the main relaxer
of transcription-generated torsional strain and Topo II acts together with Topo I in highly
expressed genes!2-22:23,

It is noteworthy that the torsion-induced increase in nucleosome turnover is observed only
beyond the first nucleosome downstream of the TSS (+1 nucleosome). In fact, relative to the
genome-wide average, the +1 nucleosome, and promoter nucleosomes, showed decreased
turnover upon topoisomerase inhibition. The +1 nucleosome has the highest density of
stalled Pol I1*%, suggesting a specialized interaction between Pol II and the +1 nucleosome.
Indeed, MNase-protected fragments spanning the +1 nucleosome and the footprint of Pol II
are enriched immediately downstream of the TSS?!, It is possible, therefore, that under
topoisomerase inhibition, the interaction between Pol II and the +1 nucleosome is further
stabilized, resulting in increased stalled Pol II at the TSS and the decreased turnover at the
+1 nucleosome following topoisomerase inhibition. Furthermore, the decreased turnover of
promoter nucleosomes may reflect the altered Pol II initiation kinetics after topoisomerase
inhibition. But how are the effects of torsional stress generated at the TSS propagated
beyond the +1 nucleosome? Mathematical modeling of transcription-generated torsion
suggests that transcription of 5 bp is sufficient to propagate a wave of positive supercoils at
a rate of 2 orders of magnitude faster than Pol II elongation®”. Single molecule experiments
on supercoil dynamics have shown that this propagation has two modes: the slower
mechanism of diffusion that occurs in short range distances, and the much faster mode of
“hopping” where supercoils are propagated in long distances under millisecond time
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frames>!. Therefore, it is possible that the effect of increased turnover downstream of the +1
nucleosome is a result of torsional stress being propagated in long-range distances through
the “hopping” mechanism. In this way, topological changes to DNA during transcription can
act as the medium that connects events at the TSS to ones far downstream within gene
bodies.

Online Methods

Cell culture and treatments

Drosophila S2 cells grown to log phase in HYQ-SFX Insect medium (Invitrogen)
supplemented with 18 mM L-Glu and harvested as previously described. For heat shocked
samples, cells were incubated at 37°C for 15 minutes and immediately harvested.
Camptothecin (Sigma Aldrich C9911) and ICRF-193 (Sigma Aldrich 14659) were
resuspended to 10 mM in DMSO and frozen in aliquots. For cell treatments, final
concentration of 10 pM of either drug was added to cell medium for 15 minutes, and cells
were harvested immediately. Trimethyl-psoralen (TMP) (Sigma Aldrich T6137) was
resuspended in 0.5 mg/mL in ethanol.

Trimethyl-psoralen photobinding

TMP-seq

Our protocol was adapted from a previously published assay!l. S2 cells were diluted to 1 x
107 cells/mL in growth medium, and 2 mL aliquots in small plates were used. TMP was
added to cells with and without drug treatments at a final concentration of 2 ug/mL for 10
minutes in the dark. Plates of cells were exposed to 3 kJ m~2 of 365 nm light (Fotodyne UV
Transilluminator 3—-3000 with 15 W bulbs). Cells were then collected and washed with cold
1x PBS and resuspended thoroughly in 0.5 mL of 1x PBS with 0.5% SDS. Proteins were
digested using 4 pg of Proteinase K (Invitrogen) for 1 hour at 55°C. DNA was extracted by
phenol/chloroform and precipitated with ethanol. After resuspension in 200 pL of H,O,
RNA was digested using 1ug of RNase (Invitrogen) at 37°C for 30 minutes. DNA was
extracted and precipitated as before and resuspended to 0.5 pug/uL. To achieve fragment
sizes of 100 — 500 bp, 50 ug of DNA was sonicated in a Bioruptor 3x 15 minutes each at
high setting with 30 seconds on/off in cold water. Cross-linked fragments were enriched by
repeated rounds of denaturation and Exonuclease I (Exo I) digestion. Using 3 pg of
sonicated DNA diluted to 250 uL, samples were boiled in water bath for 10 minutes and
incubated in ice-water for 2 minutes. To each sample, 30 uL of 10X Exo I buffer and 10 uL
of Exo I were added, and digestion was allowed to proceed for 1 hour at 37°C. Samples
were boiled and cooled as before, and 10 uL of Exo I was added for a second round of 1
hour digestion. DNA was extracted and precipitated, and concentration was assayed by
PicoGreen quantification (Invitrogen). Following A exonuclease digestion, sSDNA products
were used as template for gPCR analysis with primers spanning the Hsp70 genes, as
previously described2. The primers used are listed in Supplementary Table 1.

We devised a method for producing Solexa libraries to map the precise location of the
irreversible TMP interstrand cross-link (Fig. 1a). Exo I digested DNA samples were
subjected to enzymatic reactions for end polishing and ‘A’-tailing as previously
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described 7. After ligation of PE barcode adapters, the 5’ strand was digested using 25 U of
A exonuclease (NEB) for 30 minutes at 37°C. The DNA was purified using Ampure beads,
and eluted in 35 pL of H,O. The resulting 3’ strand was used as template for 10 rounds of
primer extension in 1x HiFi Phusion buffer, 0.8 mM dNTP, 2 U Phusion DNA Polymerase
(NEB), and 40 nM of P7 extension primer (CAAGCAGAAGACGGCATACGA*G -
*denotes phosphorothioate linkage) in the following cycling conditions: 95°C for 3 minutes,
10 rounds of linear amplification (95°C for 1 minute, 57°C for 1 minute, 72°C for 3
minutes), 95°C for 1 minute, hold at §°C. The resulting single-stranded products were
purified with Ampure beads, eluted at 35 pL of H,O, and concentrated down to 17 puL using
a vacuum centrifuge. The purified products were then appended with ribo-G in 1x Terminal
deoxynucleotidyl Transferase (TdT) buffer, 20 U TdT (NEB), and 4 mM of rGTP in 37°C
for 15 minutes. The products were purified using Ampure beads, eluted in 35 puL of H,O,
and concentrated to 18 uL volume as before. The single-stranded ribo-tailed products were
ligated to a double stranded adapter with CCC-overhang (oligo 1:
AATGATACGGCGACCACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG
ATCTCCC, oligo 2: [Phosphate] GATCGGAAGAGCGGTTCAGCAGGAATGCCGAG) as
described!”. Prior to standard PCR for PE library!?, we added an extension step to create
double stranded templates (60°C for 3 minutes, 98°C for 30 seconds, 18 cycles of
amplification (98°C for 10 seconds, 65°C for 30 seconds, and 60°C for 30 seconds), 60°C
for 5 minutes and hold at 8°C). The final PCR products were purified with Ampure beads,
eluted with 40 uL of H,O, and quantified by PicoGreen assay.

CATCH-IT was performed essentially as described 3% with the following modifications. For
cells treated with either Topoisomerase I or II, drugs were added at final concentration of 10
uM immediately after Azidohomoalanine (Aha) addition and incubated for 15 minutes.
Nuclei extraction, biotin coupling, MNase digestion and streptavidin pulldown were
performed as described previously 3°. The input and streptavidin ChIP DNA were prepared
for paired end Solexa sequencing using the modified library preparation !7. Two replicates
were performed and a representative data set is shown.

Salt fractionation and Pol Il native ChIP

For cells treated with either Topoisomerase I or II inhibitors, drugs were added at a final
concentration of 10 pM, and cells were incubated at room temperature for 15 minutes. 80
mM salt fractionation and stalled Pol II native ChIP was performed as described
previously 2!, For both 80mM salt fraction and stalled Pol II ChIP, two replicates were
performed and representative data sets are shown.

Biochemical Fractionation for nascent RNA isolation

Biochemical fractionation of chromatin was performed as previously described 30 with the
following changes. Briefly, ~1 x 108 cells were harvested and washed with PBS. Cells were
resuspended in 800uL Buffer A (10 mM HEPES [pH 7.9], 10 mM KCl, 1.5 mM MgCl,,
0.34 M sucrose, 10% glycerol, 1 mM dithiothreitol, and protease inhibitor cocktail [Roche],
200 U Superase-in [Ambion]) supplemented with Triton X-100 (0.1% final) before use.
After 8 minutes of incubation on ice, nuclei were pelleted (3 min, 3000 x g, 4°C), and lysed
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in 800uL of Buffer B (3 mM EDTA, 0.2 mM EGTA, 1 mM dithiothreitol, and protease
inhibitor cocktail [Roche], 200 U Superase-in [Ambion]) supplemented with Triton X-100
(0.1% final) before use. The samples were incubated on ice for 15 min and the pellet was
collected by centrifugation as before. Buffer B washing was repeated twice. Pellets were
collected and resuspended in Buffer B+ (20 mM EDTA, 0.2 mM EGTA, 2 mM spermine, 5
mM spermidine, 1 mM DTT, protease inhibitor cocktail [Roche], 200 U Superase-in
[Ambion]), supplemented with Triton X-100 (0.1% final) before use. Pellets were incubated
on ice for 10 minutes and collected by centrifugation as before. Buffer B+ wash was
repeated 3 times and the final pellet was resuspended in 720 pL of Buffer B+ with 80 uL
10% SDS. Chromatin associated RNA was isolated by Trizol and quantified
spectroscopically. Ribosomal RNA was depleted using Ribo-Zero Magnetic kit (Epicentre).

Nascent RNA-seq

Sequencing

Nascent RNA (200 ng) after rRNA depletion was fragmented to 50 — 300 nucleotides using
the RNA Fragmentation Reagents (Ambion). After propanol precipitation, RNA was
resuspended in 5 pL and used as input for reverse transcription using the random primers of
the SuperScript III First Strand Synthesis System (Life Technologies). Following reverse
transcription, sample volumes were increased to 100uL and cleared using Illustra Microspin
S-200 HR columns (GE Healthcare). To create the second strand, 50 uL of master mix (0.4x
First Strand buffer, | mM DTT, 0.8 mM dNTP [with U replacing T], 3x 20d Srand Buffer,
40 U E.coli DNA Pol I [Invitrogen], 10 U E.coli DNA Ligase [Invitrogen], 2 U E.coli
RNAse H [Invitrogen]) was added for a final volume of 150 pL per sample. Reaction
proceeded for 2 hours at 16°C, and the resulting double stranded DNA was purified on
Qiagen column, eluted in 40 pL, and subjected to modified Paired-End sequencing library
protocol!”. Prior to final PCR amplification, the second strand was digested using 1U UNG
AMPerase (Invitrogen) in 40 uL TE 0.1x pH 7.5 for 15 minutes at 37°C. Libraries were
amplified 12 to 18 cycles. qPCR analysis were performed using 10 ng of reverse-transcribed
nascent cDNA in duplicate reactions using SYBR green PCR master mix (Applied
Biosystems). Relative quantification was performed using A C,; method with the untreated
sample as reference control. The primers used for each gene are listed in Supplementary
Table 1.

and data analysis

Solexa sequencing libraries were constructed as described!”. Cluster generation and 25
rounds of paired-end sequencing were performed by the FHCRC Genomics Shared
Resource using the Illumina Hi-Seq 2000. Base calling, data processing and analysis were
performed as described!”. Gene tracks from the sequencing data were visualized using
Signalmap (Nimblegen, Inc.). Ends analysis, quintiles, and heat maps were performed as
described. Data have been deposited with GEO (GSE47795).

For TMP-seq data, read 1 was trimmed of the CCC overhangs. The first sequenced
nucleotide was mapped onto the genome and fitted with a kernel density function estimation
with bandwidth of 20 bp!8. The fact that there are clusters that don’t seem to exactly align
between replicates is a consequence of the inevitable sparseness of data points subjected to
kernel density smoothing. Ends analyses for TMP-seq data were performed as follows: For
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each 10-bp interval in a 4 kb region centered at either the TSS or TES, the average signal in
that interval was normalized to the average signal in the whole 4 kb region. A running
average of a 50 bp-window was used to smoothen the data. The torsion difference (TD) was
calculated as follows: For each gene, we assigned a torsion index (TI) by averaging the
TMP-seq values for 1 kb upstream of the TSS and subtracting the average TMP-seq value
for 1 kb downstream. TDTOpoI = TITOpOI - TICtl and TDTOpoH = TITOPOH - TICtl~ To
determine changes in complete nascent RNA transcripts, log,(treated/Ctl) signals for the last
30 bp of each gene were averaged.

For nascent RNA-seq data, 98% of reads were stranded. Sense strands were mapped onto
the genome, and normalized counts were calculated as previously described26. To determine
changes in nascent RNA levels, the logy(treated/control) was determined for each Topo I- or
[I-inhibited sample. Changes in expression due to treatment were determined by averaging
the log, ratio of the last 30 bp of gene ends and a cut off of log, ratio = 0.6 were used to
determine increased and decreased changes. For Topo I-treated samples, 479 genes
increased and 855 genes decreased in expression. For Topo Il-treated samples, 419 genes
increased and 660 genes decreased in expression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. High resolution detection of supercoiling states
(a) Strategy for paired-end sequencing of TMP cross-linked DNA fragments. I. [llumina

barcoded adapters are ligated to cross-linked fragments. II. The 5" strand is digested with A
exonuclease. III. Using a primer complementary to the paired-end adapter, 10 rounds of
primer extension were performed. IV. Ribo-Gs were added at the 3’ end using Terminal
Transferase, V. A double stranded adapter with a 5* CCC overhang was ligated. VI. One
round of primer extension followed by cycles of library amplification were performed.
Libraries were sequenced from the CCC overhang end. (b) TMP-seq was performed on
control samples with two replicates. Reads were normalized for DNA sequence bias. The
average normalized TMP-seq (y-axis Ave. sample/DNA) signal for every 10 bp in a 4 kb
region surrounding the transcription start site (TSS) and transcription end site (TES) of all
genes is plotted (top), and for expressed and silent genes separately (bottom). n.c.
Normalized counts.
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Figure 2. Topoisomerase inhibition increasestorsional stress genome-wide
(a) TMP-seq was performed on control cells and cells treated with Topo I or II inhibitor

with two replicates and samples were normalized for sequence bias. The average normalized
signals surrounding the transcription start site (T'SS) and transcription end site (TES) were
determined. Data for control samples is as represented in Fig. 1b. n.c. Normalized counts.
(b) The changes in normalized TMP-seq values were determined by subtracting the control
from Topo I- (left) and Topo II- (right) inhibited samples, and were displayed as heat maps
with genes ordered by decreasing gene expression in control samples. Contrast = 5. Ctl.
control sample
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Figure 3. Altered Poal 11 initiation kinetics upon topoisomerase inhibition
(a) Pol I ChIP-seq, using input from 80 mM salt soluble fraction, was performed on control

and treated cells with two replicates. Reads of length 25 — 75 bp were parsed out and
mapped onto the genome, and the average signal 800 bp surrounding the transcription start
site (TSS) of all genes were determined (top). The same data are shown for the region 2 kb
downstream of the TSS (bottom). n.c. Normalized counts. (b) Changes in Pol II signals were
determined by subtracting control signals from Topo I- (left), and Topo II-inhibited (right)
Pol II ChIP, and values are presented in heat map format with genes arranged by decreasing
gene expression in control samples. (C) Heat maps as in (b) arranged by decreasing TD.
Contrast = 50. Ctl. control samples.
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Figure4. Altered Pol 11 elongation kinetics upon topoisomerase inhibition
(a) Nascent RNA-seq was performed on control, Topo I-, and Topo II-inhibited cells, and

average profiles were determined for 4 kb surrounding the transcription start site (TSS) and
transcription end site (TES) of all genes. A second replicate was performed and analyzed by
gPCR (Supplementary Fig. 4c) n.c. Normalized counts. (b) The log-ratio of nascent RNA
for Topo I- (left) or II-inhibited (right) samples over control was determined and shown in
heat map format with genes ordered by decreasing expression in control samples. (C) Heat
maps as in (b) arranged by decreasing TD. Contrast = 0.5.
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Figure 5. Topoisomerase inhibition affectslow-salt chromatin fractionation
(a) Two replicates of total MNase digested chromatin were sequenced from treated and

untreated cells, and the average signal surrounding the transcription start site (TSS) and
transcription end site (TES) in all genes for >120 bp reads were plotted. n.c. Normalized
counts. (b) Sequenced reads from 80 mM salt soluble fraction for two replicates were
mapped onto the genome and the average signals surrounding the TSS and TES were
determined. (C) The difference in low-salt soluble signals between control and Topo I- (left),
and II-inhibited (right) samples were determined and displayed as heat maps with genes
ordered in decreasing expression in control samples for reads of length >120 bp. (C) Heat

maps as in (b) arranged by decreasing TD. Contrast = 15.
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Figure 6. Altered nucleosome turnover under torsion
(a) Control and treated samples were subjected to CATCH-IT followed by paired end

sequencing for two replicates. Mapped reads were averaged surrounding the transcription
start site (TSS) and transcription end site (TES) were averaged for all genes. (b) The
changes in CATCH-IT values were determined by subtracting the control from Topo I- (left)
and Topo II-inhibited (right) signals, and were displayed as heat maps with genes ordered by
decreasing expression in control samples. (C) Heat maps as in (b) arranged by decreasing
TD. Contrast = 5.
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Figure 7. Model for transcription-generated torsional strain and nucleosome tur nover
Under normal conditions, RNA Polymerase II (Pol II) generates positive supercoils ahead,

and negative supercoils behind, as it elongates a transcript along a gene. Topoisomerases I
and II (purple cross labeled I and brown circle labeled II, respectively) mitigate the
accumulation of torsional strain. Transcription results in nucleosome turnover and
decondensed organization of transcribed nucleosomes. Upon topoisomerase inhibition,
torsional strain, both positive and negative, accumulates, resulting in increased Pol II stalling
and nucleosome destabilization, as measured by nucleosome turnover and low-salt
solubility, within gene bodies. This supports a balance between destabilization of
nucleosomes for Pol II passage and maintenance of chromatin structure for chromosomal
integrity.
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