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Early detection and repair of damaged DNA is essential for cell functioning and survival. Although multiple cellular
systems are involved in the repair of single-strand DNA breaks (SSBs), it remains unknown how SSBs present in the
nontemplate strand (NT-SSBs) of DNA organized in chromatin are detected. The effect of NT-SSBs on transcription
through chromatin by RNA polymerase II was studied. NT-SSBs localized in the promoter-proximal region of nu-
cleosomal DNA and hidden in the nucleosome structure can induce a nearly quantitative arrest of RNA polymerase
downstream of the break, whereas more promoter-distal SSBs moderately facilitate transcription. The location of
the arrest sites on nucleosomal DNA suggests that formation of small intranucleosomal DNA loops causes the
arrest. This mechanism likely involves relief of unconstrained DNA supercoiling accumulated during transcription
through chromatin by NT-SSBs. These data suggest the existence of a novel chromatin-specific mechanism that
allows the detection of NT-SSBs by the transcribing enzyme.
INTRODUCTION

Single-strand breaks (SSBs) are common DNA damages generated
during various processes of cell metabolism (spontaneous DNA dam-
age, aborted topoisomerase action, DNA repair by base or nucleotide
excision pathways, etc.) (1–5). Unrepaired SSBs can interfere with tran-
scription, replication, and DNA repair; induce accumulation of double-
stranded DNA breaks; increase genomic instability and apoptosis; and
lead to severe neurodegenerative diseases [reviewed in (6–9)].

The first step in SSB repair is detection of the breaks. In most cases,
the 5′ and/or 3′ ends of SSBs are modified and therefore are not imme-
diately available for ligation. Recognized by poly(adenosine diphosphate–
ribose) polymerase 1 (PARP1), SSBs are readily removed by the base
excision repair pathway (6, 9–12). However, in eukaryotic cells,
DNA is organized in chromatin, which considerably limits the
access of DNA binding protein to DNA and likely blocks the recog-
nition of at least some SSBs by PARP1. Some otherwise un-
detectable SSBs can be sensed by processive enzymes progressing
along DNA. In particular, SSBs localized on the template DNA
strand block the progression of RNA polymerase II (Pol II) in vitro
and in vivo (13, 14). Stalled Pol II serves as a signal to initiate the
process of transcription-coupled nucleotide excision repair (TC-
NER); thus, in transcriptionally active cells, Pol II–blocking SSBs
can be repaired by this pathway (15). However, SSBs localized on
the nontemplate DNA strand (NT-SSBs) do not considerably affect
the transcription of histone-free DNA in vitro (16), although they are
efficiently repaired in vivo (17, 18).

During transcription through chromatin in vitro, Pol II, which is
involved in TC-NER, encounters a high nucleosomal barrier (19, 20):
transcription is accompanied by the formation of intranucleosomal
DNA loops and by the loss of H2A/H2B dimer (20, 21). Although
chromatin is unfolded upon gene activation in vivo, the DNA remains
packed into nucleosomes in the coding region of transcribed genes (22).
Nucleosomes can be transiently displaced from eukaryotic genes when
1Department of Pharmacology, Rutgers Robert Wood Johnson Medical School, Piscataway,
NJ 08854, USA. 2Biology Faculty, Lomonosov Moscow State University, Moscow, Russia. 3Fox
Chase Cancer Center, Philadelphia, PA 19111, USA.
*These authors contributed equally to this work.
†Corresponding author. E-mail: vasily.studitsky@fccc.edu

Pestov et al. Sci. Adv. 2015;1:e1500021 3 July 2015
transcription levels are high (23–25), but most transcribed genes retain
nucleosomal organization; thus, the Pol II complex typically encounters
nucleosomes during elongation.

These observations raise the possibility that nucleosomal structure
could affect the process of detection and repair of DNA damages. This
possibility was evaluated using mononucleosomal DNA templates
containing NT-SSBs. NT-SSBs strongly affected the rate of transcription
through the nucleosome, but not the transcription of histone-free DNA.
This finding suggests the existence of a chromatin-specific, transcription-
dependent mechanism that allows detection of NT-SSBs that are otherwise
hidden in the chromatin structure. We propose that intranucleosomal
DNA loops formed during transcription through the nucleosome likely
contribute to the arrest of Pol II on NT-SSBs.
RESULTS

Experimental approach
To study the process of transcription through chromatin containing
NT-SSBs, we used uniquely positioned mononucleosomes formed on
the high-affinity DNA sequences (26). This experimental system reca-
pitulates the major properties of transcription through chromatin in
vivo, for example, survival of histones H3/H4 and displacement of his-
tones H2A/H2B during transcription (21, 27). Positioned nucleosomes
present a polar barrier to transcription by Pol II (28). Here, 603 nucleo-
somes in permissive transcriptional orientation were used because they
better recapitulate the properties of nucleosomes transcribed in vivo
(21). The 603 nucleosomes were uniquely positioned and contained less
than 5% of contaminating histone-free DNA.

Most of the experiments described below require high amounts of
homogeneous complexes that can be obtained only with Escherichia coli
RNA polymerase (RNAP) that uses the Pol II–specific mechanism of
transcription through chromatin in vitro (21, 28, 29). Therefore, many
experiments were conducted using this bacterial polymerase as a con-
venient experimental model with subsequent recapitulation of the key
results using yeast Pol II.

To identify NT-SSBs that have overall positive or negative effects
on transcription, 603 templates end-labeled at the nontemplate strand
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and containing single, randomly positioned breaks were fractionated
after transcription for a limited time (Fig. 1A). Histone-free DNA
labeled at the nontemplate strand was treated with hydrogen peroxide
under single-hit conditions to introduce single breaks at random po-
sitions on the template. Nucleosomes were assembled using dialysis
from 2 M NaCl and transcribed for a limited time after stalling of
the elongation complex at position −39 (position of the active center
of the enzyme relative to the promoter-proximal nucleosomal bound-
ary, designated as EC−39) to synchronize the position of the RNAP com-
plexes along DNA (Fig. 1A). Transcribed and nontranscribed fractions
were separated by native polyacrylamide gel electrophoresis (PAGE).
The nontranscribed, slow-mobility fraction contains a mix of elonga-
tion complexes arrested in different positions inside the nucleosome.
The transcribed fraction is a mix of nucleosomes, hexasomes (nucleo-
somes missing one H2A/H2B dimer), and histone-free DNA (29, 30).
The breaks facilitating or inhibiting the progression of RNAP through
a nucleosome are expected to be depleted or enriched, respectively, in
the nontranscribed fraction. To reveal the effect of the breaks on transcrip-
tion through the nucleosome, end-labeled DNA purified from the tran-
scribed and nontranscribed fractions was separated by denaturing PAGE.

To study transcription through nucleosomes containing single,
uniquely positioned NT-SSBs, DNA templates were prepared by an-
nealing and subsequent ligation of synthetic oligonucleotides or
Pestov et al. Sci. Adv. 2015;1:e1500021 3 July 2015
by enzymatic nicking (Fig. 1B). After RNA pulse labeling of ЕС−39,
transcription was resumed for a limited time in the presence of all
NTPs at different concentrations of KCl. Transcripts were analyzed
by denaturing PAGE.

Location of intranucleosomal NT-SSBs determines effect
on transcription
The transcribed and nontranscribed nucleosomal templates were sep-
arated in a native gel (Fig. 2A). In addition to formation of nucleo-
somes and subnucleosomes, transcription results in the appearance of
~35% of histone-free DNA, most likely due to inefficient formation
of the intermediate complex, allowing nucleosome survival in vitro
(21, 30). Analysis of the distribution of NT-SSBs between the fractions
has revealed two distinct regions of nucleosomal DNA (Fig. 2, B and C).
NT-SSBs were enriched in the −5 to +36 region and underrepresented
in the +(40–105) region of the nontranscribed fraction, respectively.
The opposite distribution of NT-SSBs was observed in the transcribed
fraction (Fig. 2, B and C). A similar distribution of NT-SSBs was ob-
served in transcribed hexasomes.

To evaluate whether the fractionation of NT-SSBs is nucleosome-
specific, we conducted a similar fractionation after limited transcrip-
tion of histone-free, NT-SSB–containing DNA (fig. S1). We conducted
the fractionation after transcription for 60 or 160 s to allow completion
Fig. 1. Experimental strategies: Analysis of the effect of NT-SSBs on transcription through chromatin. (A) Identification of SSBs inhibiting or
facilitating the progression of E. coli RNA polymerase through a nucleosome. Positioned nucleosomes were assembled on end-labeled (at nontem-

plate strand, asterisk) 603 DNA containing random single SSBs and transcribed for a limited time. Nucleosomes were separated by native PAGE.
DNA was purified from transcribed and nontranscribed templates and analyzed by denaturing PAGE. NPS, nucleosome positioning sequence. NT-SSBs
facilitating and inhibiting transcription through the nucleosome are shown in blue and red, respectively. (B) Transcription of nucleosomes containing
unique SSBs. 603 nucleosomes containing SSBs in position +12, +17, +22, +31, or +50 (nontemplate DNA strand, insert at the bottom) were transcribed for
different time intervals in the presence of various concentrations of KCl. Pulse-labeled RNA was separated by denaturing PAGE. The direction of
transcription is indicated by the dashed yellow arrow.
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of transcription on 20 or 80% of templates, respectively. This fraction-
ation revealed only minimal differences between the transcribed and
nontranscribed templates (fig. S1), suggesting that the presence of nu-
cleosomes is essential for transcription-dependent fractionation of
NT-SSBs. The observed, relatively minor differences in distributions of
NT-SSBs between DNA recovered from completely transcribed templates
and DNA with stalled polymerase (for example, in the −10 to +1 and
+105 DNA regions) likely occur because of the sequence-specific effects
of NT-SSBs on the progression of RNAP along histone-free DNA.

Accumulation of NT-SSBs in the nontranscribed fraction in the −5
to +36 region of nucleosomal templates indicates that these breaks
likely interfere with the progression of the RNAP along nucleoso-
mal DNA. Within this region, two distinct peaks (at positions +1 and
+12) and a broad +(20–36) region were detected (Fig. 2C), perhaps
related to the rotational orientation of NT-SSBs in nucleosomal
DNA. On the contrary, accumulation of NT-SSBs localized within the
+(40–105) region in the transcribed fraction (Fig. 2C) suggests that
breaks in this region likely facilitate the progression of the enzyme
through chromatin.

During transcription through the +(1–36) region and the region after
position +50, nucleosomal DNA is uncoiled from the histone octamer
primarily behind and in front of the enzyme, respectively (21). Thus,
the locations of NT-SSBs that negatively and positively affect transcription
through the nucleosome approximately correlate with locations of the re-
gions where DNA is uncoiled behind and in front of the RNAP, respec-
tively (Fig. 2C). This, in turn, suggests that the topology of complexes
containing RNAP transcribing through the nucleosome dictates the ef-
fect of NT-SSBs on the efficiency of transcription through chromatin.
Pestov et al. Sci. Adv. 2015;1:e1500021 3 July 2015
Intranucleosomal NT-SSBs can have opposite
effects on transcription
To further study the effect of NT-SSBs on transcription through chro-
matin, we introduced single, uniquely positioned NT-SSBs in various
positions on 603 nucleosomal DNA (Fig. 1B). Initially, single SSBs were
introduced at positions +12 and +50 because here they were expected to
strongly inhibit and facilitate transcription through the nucleosome, re-
spectively (Fig. 2C). As expected, transcription of histone-free DNA
templates containing single SSB at either position +12 or +50 did not
result in a significant additional pausing as compared with transcription
of intact DNA.

In contrast, transcription through the nucleosome having +12 SSB
results in an almost quantitative arrest of the RNAP at 40 and 150 mM
KCl (Fig. 3A). At 300 mM and 1 M KCl, ~50% and more than 80% of
transcribing complexes proceed through the SSB, respectively. The
more efficient progression of RNAP through the nucleosomal SSB is
most likely explained by the less stable DNA-histone interactions at
higher concentrations of KCl (31). Analysis of the time course of tran-
scription through the nucleosome suggests that the overall efficiency
of transcription is considerably affected by the SSB (Fig. 3, C and D,
and fig. S2).

Surprisingly, the RNAP is arrested at a single position (+24) located
12 base pairs (bp) downstream of the +12 SSB. Because the arrest is
nucleosome-specific and is observed after the active center of the en-
zyme progresses through the SSB, it is likely related to nucleosome-
specific effects on the DNA structure. How can the presence of the SSB
affect the structure of upstream DNA during transcription through a nu-
cleosome? One obvious possibility is the formation of an intranucleosomal
Fig. 2. Location of intranucleosomal NT-SSBs determines their effect on transcription. (A) Transcription of 603 nucleosomes containing end-labeled
DNA and random single SSBs by E. coli RNAP for 10 min. Transcribed nucleosomes (N) and nontranscribed elongation complexes containing arrested

RNAP (ECs) were separated by native PAGE before or after transcription. DN, nontranscribed dinucleosomes; H, hexasomes. Complexes containing 11-mer
RNA are indicated. (B) Analysis of the distribution of NT-SSBs between transcribed (T) and nontranscribed (NT) templates by denaturing PAGE. C, control
intact DNA. The nucleosome (blue oval) and the dyad (black rectangle) are indicated. Red and blue lines show DNA regions where breaks in the tran-
scribed fraction were under- or overrepresented, respectively. (C) Quantitative analysis of the distribution of the SSBs shown in (B). M, pBR322 Msp I digest.
The overall positive and negative effects of NT-SSBs on transcription (+ and −) roughly correlate with uncoiling of nucleosomal DNA in front and behind
the RNAP, respectively (21, 30). Only half of the nucleosomal DNA supercoil is shown.
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DNA loop containing the transcribing enzyme that was previously
observed in a different location of the enzyme (position +49) (21).
Formation of such a loop (Fig. 3B) would result in establishment of
DNA-histone interactions behind the RNAP. These interactions
could affect transcription in at least two nonexclusive ways: (i) They
serve as an additional physical barrier to rotation of the enzyme. (ii)
Because a small, topologically constrained DNA loop is formed, the
rotation of RNAP likely results in accumulation of unconstrained
DNA supercoiling having opposite signs in front of and behind the
enzyme (Fig. 3B) (32). In this case, the SSBs introduced in nucleoso-
mal DNA could strongly and negatively affect the accumulation of
both negative and positive unconstrained DNA supercoiling and act
as topoisomerases.

More generally, an encounter between a processive enzyme (such
as RNA or DNA polymerase) and a nucleosome is expected to result
in the formation of “topological locks” of different types (fig. S3). In
the topological locks, the DNA region between the enzyme and the
octamer is topologically constrained. Because RNAP is a powerful mo-
lecular motor (33), its rotation likely induces high levels of positive
and/or negative unconstrained DNA supercoiling (++ and −−, respec-
tively), depending on the exact topology of the complexes (fig. S3).
Pestov et al. Sci. Adv. 2015;1:e1500021 3 July 2015
In addition to causing a strong decrease in the overall yield of run-
off transcripts and arrest at position +24, the presence of +12 SSB
results in a considerable relief of nucleosomal pausing at the +(9–12)
region (Fig. 3A). This region is positioned upstream of the SSB, and
the SSB has an opposite effect on nucleosomal pausing. These data sug-
gest that the effect of an SSB on transcription through the nucleosome
depends on the SSB location relative to the active center of the enzyme
(Fig. 3B).

Although the +50 SSB does not strongly affect the yield of run-
off transcripts when transcription is conducted for 10 min at var-
ious concentrations of KCl (Fig. 3A), analysis of the time courses
(Fig. 3, C and D, and fig. S2) revealed almost three- and twofold
increases in the yield of run-off RNA after transcription at 300 mM
KCl for 0.5 and 1 min, respectively. In contrast to +12 SSB, the +50
SSB did not induce a strong arrest of RNAP in a unique downstream
position (Fig. 3, A and C). Instead, the presence of the +50 SSB re-
sults in a complex change in nucleosome-specific pausing pattern,
with stronger pausing at positions +30, +45, +55, and +65 and with
partial relief of pausing at positions +48 and +80 (Fig. 3C). These
complex changes in the pattern of nucleosomal pausing are likely ex-
plained by the complex conformational transitions in the nucleosome
Fig. 3. Individual SSBs differentially affect transcription through a nucleosome. (A) Transcription through 603 nucleosomes containing single
SSBs at position +12 or +50 by E. coli RNAP for 10 min at 40, 150, 300, or 1000 mM KCl. Analysis of pulse-labeled RNA by denaturing PAGE. (B) A

model describing the effect of SSBs on transcription through a nucleosome. As RNAP encounters the histone octamer and proceeds past the SSB, a
transient DNA loop could be formed. Formation of the loop would result in accumulation of unconstrained negative (−−) and positive (++) DNA
supercoiling behind and in front of the enzyme, respectively. We propose that SSBs facilitate or inhibit transcription through a nucleosome when
present in front or behind RNAP, and relieve positive or negative unconstrained DNA supercoiling, respectively. (C) Transcription through 603
nucleosomes containing single SSBs by E. coli RNAP for 0.5, 1, and 10 min at 300 mM KCl. Analysis of pulse-labeled RNA by denaturing PAGE.
(D) Quantitative analysis of run-off transcripts shown in (C). The quantified signals were normalized to the corresponding 10-min signals. The signals
without normalization are shown in fig. S2.
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structure that occur during transcription through the +50 region of
nucleosomal DNA (34).

In summary, the data suggest that the effect of SSBs on tran-
scription through the nucleosome depends on their location relative
to the active center of the enzyme: SSBs localized downstream or
upstream of transcribing RNAP facilitate or inhibit transcription
through the nucleosome, respectively. These effects of SSBs on transcrip-
tion are likely explained by the formation of a small intranucleosomal
DNA loop containing the transcribing enzyme and by the accumulation
of unconstrained DNA supercoiling within the loop during transcription
of intact nucleosomal DNA (Fig. 3B). NT-SSBs relieve unconstrained
DNA supercoiling and thus affect the progression of RNAP through
the nucleosome.

+12 NT-SSB relieves nucleosomal pausing and induces a
strong arrest of Pol II in a nucleosome
The negative effect of NT-SSBs located in the −5 to +36 region of nu-
cleosomal DNA on transcription is of immediate interest because the
effect of +12 SSB is strong and distinct and because arrested Pol II
could serve as a marker of DNA containing NT-SSBs (see Discussion).
Therefore, our further studies focused on analysis of the negative effect
of NT-SSBs on transcription through chromatin.

To evaluate the effect of the +12 SSB on transcription through
chromatin by Pol II and further validate E. coli RNAP as the experi-
mental model, yeast Pol II elongation complexes were assembled on
nucleic acid scaffold [set of oligonucleotides allowing formation of the
proper “transcription bubble” (20)]. This experimental system (Fig.
4A) recapitulates multiple properties of transcription through chroma-
tin by Pol II in vivo (20, 21). Assembled elongation complexes were
ligated to preassembled 603 mononucleosomes (containing DNA
either with or without +12 SSB) and transcribed at 40, 150, 300, or
1000 mM KCl (Fig. 4B). As expected, the presence of the SSB resulted
in a lower yield of run-off transcripts and a considerable change in
nucleosome-specific pausing pattern in the +(9–25) region of nucleo-
somal DNA. Specifically, the +(9–12) nucleosomal pausing character-
istic of intact nucleosomal DNA was nearly quantitatively relieved and
replaced with a strong pausing at the +(22–24) region after introduc-
tion of the +12 SSB (Fig. 4B). Thus, the primary data obtained using
RNAP were recapitulated with yeast Pol II.

NT-SSBs induce arrest of RNAP in discrete positions spaced
with 10-bp intervals along nucleosomal DNA
Next, critical predictions of the looping model for SSB-dependent
arrest of RNAP in the nucleosome (Fig. 5A) were further evaluated.
The model predicts that intranucleosomal DNA loops could be
formed only in certain rotational orientations of the RNAP on DNA;
these orientations are largely dictated by the topology of DNA looping
(21). Different sets of closely positioned NT-SSBs are localized within
the same DNA loop and are expected to induce arrest of RNAP at the
same locations, but these locations are expected to be different for dif-
ferent sets (Fig. 5A).

To evaluate the predictions of the looping model, single NT-SSBs
having different rotational orientations were introduced in various
closely related locations in 603 DNA (+12, +17, +22, or +31; Fig. 1A).
Transcription of the nucleosomes containing NT-SSBs in these
positions at 150 and 300 mM KCl revealed clear 10-bp periodicity
of arrest/pausing of RNAP induced by the SSBs (Fig. 5B). Thus, SSBs
at positions +12 and +17 induce +24 arrest/pausing, whereas +22 and
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+31 SSBs induce arrest at positions +34 and +(43, 44), respectively.
Thus, NT-SSBs having different rotational and translational positioning
on nucleosomal DNA induce 10-bp periodic arrest at positions +24,
+34, and +(43, 44). Therefore, pausing/arrest locations are dictated
not by the position of the SSB but rather by the ability of the intranu-
cleosomal loop to form at the discrete positions of RNAP.

The second critical prediction of the looping model was also con-
firmed by the data. Indeed, closely positioned +12 and +17 NT-SSBs
induced arrest of RNAP at the same +24 location on nucleosomal
DNA, suggesting that these SSBs are localized within the same DNA
loop. Thus, the data obtained with the templates containing single
NT-SSBs at position +12, +17, +22, or +31 provide a strong support
for 10-bp periodic formation of intranucleosomal DNA loops contain-
ing RNAP paused/arrested at positions +24, +34, and +(43, 44). Note
that some much weaker pausing occurs at the positions of SSB-induced
pausing/arrest [+24, +34, and +(43, 44)] even during transcription
through nucleosomes having intact DNA (Fig. 5B). The data suggest
that during transcription of the intact nucleosomes, similar intranu-
cleosomal loops are formed, but in the absence of SSBs, they are re-
solved at a higher rate.

In all cases, NT-SSBs are localized 7 to 13 bp upstream of the
paused/arrested RNAP, suggesting that putative DNA loops are re-
latively small, with DNA “arms” between the active center of the en-
zyme and DNA-histone interactions in the nucleosome having a
length of 15 to 20 bp, with an overall loop size of 40 to 60 bp (Fig. 6).
In agreement with the previous data (Fig. 2C), all NT-SSBs within the
−5 to +36 region negatively affect the yield of run-off transcripts (Fig.
5B). However, the efficiencies of pausing/arrest are different for vari-
ous SSBs in the following order: +12 ≥ +22 > +31 > +17. The least
efficient pausing/arrest was observed at position +17, most likely
Fig. 4. +12 NT-SSB relieves nucleosomal pausing and induces a strong
arrest of Pol II in a nucleosome. (A) The experimental approach for anal-

ysis of transcription through 603 nucleosome by yeast Pol II. Pol II elonga-
tion complex (EC) was assembled, immobilized on Ni2+-NTA agarose beads,
and ligated to DNA or nucleosomal templates. Pol II was advanced to pro-
duce EC-5 complex using a subset of NTPs and [a-32P]GTP (guanosine tri-
phosphate) to label the RNA. Then transcription was resumed by the
addition of all unlabeled NTPs. (B) Transcription through 603 nucleosomes
containing single SSB at position +12 by Pol II for 10 min at 40, 150, 300, or
1000 mM KCl. Analysis of pulse-labeled RNA by denaturing PAGE.
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because this SSB is positioned only 7 bp upstream of the position of
the pausing (+24) and therefore remains with the transcriptional
“bubble” and could be stabilized by RNAP interactions with the bub-
ble. In this case, it could be more difficult to relieve DNA supercoiling
accumulated in the loop during transcription. SSBs in multiple positions
(+12, +22, and +31) induce nearly quantitative, nucleosome-dependent
arrest of RNAP at physiological ionic strength (150 mM KCl); the high-
er efficiencies of arrest are characteristic of the SSBs that are more hid-
den in the nucleosome structure.

Mechanism of NT-SSB–induced arrest of RNAP in chromatin
In summary, the data show that NT-SSBs in multiple intranucleosomal
locations induce a strong arrest of RNAP. Because the arrest is nucleosome-
dependent and in all cases occurs downstream of the SSBs, the data
suggest that it is accompanied by formation of intranucleosomal DNA
loops. The loops likely have a small size (40 to 60 bp) and are formed
with 10-bp periodicity (at +24, +34, and +44 positions of the active
center of RNAP), indicating that they have similar geometries and rota-
tional orientations of RNAP and similar properties. The loops are likely
formed both in the presence and in the absence of NT-SSBs, but the
SSBs stabilize the loops, inducing the arrest of RNAP in the loop.

Together with our previous data (21, 27), the current results sug-
gest the following model for transcription through the nucleosome
(Fig. 6). As RNAP encounters a nucleosome, the rotation of the en-
Pestov et al. Sci. Adv. 2015;1:e1500021 3 July 2015
zyme around DNA is sterically blocked by the histone octamer. This
topological block could result in accumulation of positive unconstrained
DNA supercoiling in front of the enzyme (Fig. 6, complex 1). Because
NT-SSBs that relieve positive supercoiling likely facilitate transcription
(Fig. 3), positive supercoiling probably inhibits the progression of the
enzyme. Positive supercoiling accumulated in front of RNAP could in-
hibit transcription by inducing unfolding of the histone octamer (35, 36).
This reaction competes with the partial DNA displacement required for
further transcription and thus likely inhibits the progression of the en-
zyme. Alternatively, positive supercoiling could inhibit DNA melting
(37) and therefore the unwinding of DNA strands in the transcriptional
bubble, thus inducing the arrest of transcription. The presence of an
NT-SSB immediately in front of the enzyme would allow rotation of
DNA strands around the remaining phosphodiester bond, relieve the
positive supercoiling, and allow further progression of RNAP.

As RNAP proceeds further, the DNA binding surface of the his-
tone octamer is exposed behind the enzyme (Fig. 6, complex 2) and
allows the formation of an intranucleosomal DNA loop containing the
transcribing enzyme within the loop, initially at position +24 (Fig. 6,
complex 3). Because of the small size of the loop, two independent
topological domains are likely formed (in front of and behind the en-
zyme, respectively). As bulky RNAP rotates in the loop, positive and neg-
ative DNA supercoiling accumulate in front of and behind the enzyme,
respectively (Fig. 6, complex 3). As negative supercoiling accumulates in
Fig. 5. NT-SSBs induce a strong arrest of RNAP in discrete 10-bp periodic positions of nucleosomal DNA. (A) Predictions of the looping model
(Fig. 3B) for the effect of NT-SSBs on the arrest of RNAP during transcription through chromatin. Different sets of closely located SSBs (larger arrows)

are expected to induce arrest of RNAP at different, distinct locations on nucleosomal DNA (see Results for detail). (B) Transcription through 603
nucleosomes containing single SSBs at position +12, +17, +22, or +31 by E. coli RNAP for 2 min at 150 or 300 mM KCl. Analysis of pulse-labeled RNA
by denaturing PAGE. (C) Quantitative analysis of SSB-induced arrest of RNAP in the nucleosome.
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the loop, the loop opens behind the enzyme (Fig. 6, complex 4). SSBs
likely inhibit this partial DNA displacement by relieving DNA super-
coiling and thus inhibit transcription when present behind RNAP.

Once the enzyme escapes from the +24 loop (Fig. 6, complex 4),
the cycle described above is likely repeated at least two more times
(accompanied by formation of similar loops at positions +34 and
+44). As the enzyme escapes from the +44 loop, the +49 loop is formed
and resolved in front of the transcribing complex (Fig. 6, complex 5)
(21). Then, the enzyme proceeds more efficiently and completes the tran-
scription of nucleosomal DNA; this is typically accompanied by nucleo-
some recovery at the original position on DNA and by the loss of one
H2A/H2B dimer (21).
DISCUSSION

Role of intranucleosomal DNA supercoiling during
transcription through chromatin
Transcription of right-handed DNA double helix requires rotation of
the RNAP around the DNA. If the DNA ends and the enzyme are
attached to a scaffold, transcription results in accumulation of uncon-
strained positive and negative supercoiling in DNA ahead of and
behind RNAP, respectively (32, 33). This mechanism most likely ex-
plains the accumulation of unconstrained DNA supercoiling during
transcription of chromatin in vivo and typically involves large do-
mains of chromatin [reviewed in (38)]. Similar conditions for accumu-
lation of transcription-dependent DNA supercoiling are present after
formation of a small intranucleosomal DNA loop—DNA ends are im-
mobilized on the surface of the histone octamer, and RNAP cannot
rotate because of the small size of the loop. Our present data suggest
that formation of such loops occurs several times during transcription
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through a nucleosome (Fig. 6) (21). Because RNAP is a powerful mo-
lecular motor (33), formation of such loops should result in accumu-
lation of unconstrained positive and negative DNA supercoiling in front
of and behind RNAP, respectively. Unconstrained supercoiling likely
plays multiple important roles during transcription through chromatin
(see Supplementary Discussion).

Detection of NT-SSBs through intranucleosomal DNA
loop–dependent arrest of transcribing Pol II
Pol II arrest is a signal to transcription-coupled repair cascade (see
Introduction); therefore, the ability of NT-SSBs to induce transcrip-
tional arrest suggests their role in DNA repair. Typically, SSBs are de-
tected by PARP1 (6, 10, 11), but chromatin-organized DNA is likely
less accessible to PARP1, and at least some lesions could remain unde-
tected. Indeed, mutation rates are elevated in more heterochromatin-
like domains and repressed in more open chromatin in cancer cells
(39). SSBs localized in the template strand of genes can be directly
detected by Pol II arrest during transcription of damaged DNA and
become repaired by the TC-NER pathway (40, 41). Furthermore, re-
pair of NT-SSBs requires the activity of CSB, the major TC-NER
factor in mammalian cells (42), suggesting that the TC-NER pathway
is also involved in repair of NT-SSBs. However, in vitro studies failed
to detect the arrest of Pol II (the first step in TC-NER) on NT-SSBs dur-
ing transcription of histone-free DNA in vitro [(16) and see Results].
Our data show that chromatin structure enables detection of NT-SSBs
by inducing the arrest of transcribing Pol II through formation of
small intranucleosomal DNA loops. The NT-SSBs localized on the
side of nucleosomal DNA facing the histone octamer [and therefore
most efficiently hidden from the enzymes repairing DNA (positions
+12, +22, and +31; Fig. 1B)] induce a more efficient arrest of RNAP
than SSB +17 that is exposed on the surface of nucleosomal DNA and
Fig. 6. Proposed mechanism of NT-SSB–induced arrest of Pol II in chromatin. Only half of the nucleosomal DNA supercoil is shown. As Pol II
encounters the histone octamer, its progression is hindered, and positive unconstrained DNA supercoiling (++) accumulates in front of the enzyme.

We propose that single-strand breaks in DNA facilitate transcription through a nucleosome when present in front of the enzyme (perhaps by
relieving unconstrained positive DNA supercoiling) (complex 1). Then, nucleosomal DNA is partially uncoiled from the octamer (complex 2), and
transient DNA loops are formed [likely at the position of the active center of RNA polymerase +24, +34, or +44 (complex 3)]. Here, SSBs could inhibit
transcription and DNA displacement (steps 3 to 4) when present behind RNAP, perhaps by relieving negative supercoiling behind the enzyme. Once
Pol II proceeds to position +49, a very small intranucleosomal DNA loop is formed (complex 5), DNA is uncoiled from the octamer in front of the
enzyme, and transcription continues efficiently (21).
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therefore could be accessed by the excision repair machinery. Al-
though the specific mechanism dictating this preference is unknown
(see Results), the data suggest that it is designed to allow detection of
SSBs hidden in the nucleosome structure.

NT-SSBs induce a stronger arrest of RNAP when they are localized
in the ~50-bp-long, promoter-proximal region of nucleosomal DNA
(Fig. 5). How could NT-SSBs localized in the remaining ~100 bp of
nucleosomal DNA be detected? Because nucleosomes rarely occupy
strictly defined positions in vivo [see (43) for discussion] and because
nucleosome positioning during transcription is dynamic (44), the po-
sition of every NT-SSB in a nucleosome is likely to be variable. For
example, if nucleosome positions are randomized, during every round
of transcription, each NT-SSB has ~20 to 30% probability to be lo-
calized in the ~50-bp-long, promoter-proximal region of nucleosomal
DNA and to be detected by transcribing Pol II through the loop-
dependent mechanism.

In summary, our data suggest the existence of a novel, chromatin-
specific mechanism of detection of NT-SSBs by transcribing Pol II
that relies on the formation of multiple small intranucleosomal
DNA loops. The formation of the loops induces the arrest of tran-
scribing Pol II, particularly efficient in the case of SSBs that are hid-
den on the side of nucleosomal DNA facing the histone octamer.
Thus, DNA supercoiling accumulated after loop formation serves
as a sensor of NT-SSBs and mediates their effect on the progression
of RNAP along nucleosomal DNA. Pol II arrest initiates the DNA
repair cascade in vivo and thus likely allows repair of otherwise hid-
den NT-SSBs. The dynamic structure of transcribed chromatin
could facilitate DNA repair and render the vast majority of SSBs ac-
cessible to the repair machinery.
MATERIALS AND METHODS

Proteins and DNA templates
Saccharomyces cerevisiae Pol II and hexahistidine-tagged E. coli RNAP
were purified as described (45, 46). Plasmid containing the 603 nu-
cleosome positioning sequence (47) was provided by J. Widom. The
603 sequence was modified at four positions to construct the s603-25A
template and allow stalling of E. coli RNAP at position +24. Templates
containing single NT-SSBs in different positions were prepared by an-
nealing of synthetic purified oligonucleotides. After annealing and li-
gation, templates were purified by native PAGE (48). Alternatively,
NT-SSB–containing templates were obtained by mutagenesis of the
s603-25A template to introduce single sites for nicking endonuclease
Nt.BsmA1. NT-SSB–containing DNA templates were purified with a
QIAquick PCR Purification Kit (Qiagen). The sequences of the tem-
plates will be provided upon request.

Hydroxyl radical treatment
Hydroxyl radical treatment of DNA template with labeled noncoding
or coding strand was performed as described in the published protocol
(49). Conditions were selected to introduce single, randomly posi-
tioned NT-SSBs in less than 25% of templates. The level of digestion
was controlled by denaturing PAGE.

Nucleosome assembly
Nucleosomes were assembled by octamer transfer from chicken
erythrocyte donor H1 chromatin after dialysis from 1 M NaCl (20).
Pestov et al. Sci. Adv. 2015;1:e1500021 3 July 2015
Transcription
Transcription of nucleosomal and DNA templates by Pol II was per-
formed as described earlier (20). Transcription by E. coli RNAP (200 nM)
was started with formation of open complex on template DNA (40 nM)
in transcription buffer TB40 [20 mM tris-HCl (pH 7.9), 5 mMMgCl2,
40 mM KCl, and 1 mM b-mercaptoethanol] by incubation for 7 min
at 37°C. Elongation complexes containing 11-mer RNA (EC−39, the
number indicates the position of the active center of the enzyme re-
lative to the promoter-proximal nucleosomal boundary) were formed
by the addition of 5′-ApUpC and adenosine triphosphate to 20 mM
each and [a-32P]GTP (3000 Ci/mmol) in TB40 for 10 min at room
temperature. Then, unlabeled GTP was added to 20 mM concentration,
and the reaction mixture was incubated for 5 min at room tempera-
ture. To prevent multiple rounds of transcription initiation, rifampicin
(20 mg/ml) was added. Transcription was resumed by the addition of
four NTPs to a final concentration of 200 mM each to pulse-labeled
EC−39 in transcription buffer with different concentrations of KCl
for the limited time intervals at room temperature (see the figure le-
gends for detail). The reaction was terminated by the addition of
EDTA or phenol.
SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/content/
full/1/6/e1500021/DC1
Discussion
Fig. S1. Effect of NT-SSBs on transcription of histone-free DNA.
Fig. S2. Quantitative analysis of run-off transcripts shown in Fig. 3C without normalization to
the corresponding 10-min signals.
Fig. S3. Encounter between RNAP and nucleosome likely results in formation of topological locks.
Reference (50)
REFERENCES AND NOTES

1. M. O. Bradley, K. W. Kohn, X-ray induced DNA double strand break production and repair
in mammalian cells as measured by neutral filter elution. Nucleic Acids Res. 7, 793–804 (1979).

2. B. Demple, M. S. DeMott, Dynamics and diversions in base excision DNA repair of oxidized
abasic lesions. Oncogene 21, 8926–8934 (2002).

3. M. L. Hegde, T. K. Hazra, S. Mitra, Early steps in the DNA base excision/single-strand inter-
ruption repair pathway in mammalian cells. Cell Res. 18, 27–47 (2008).

4. W. K. Pogozelski, T. D. Tullius, Oxidative strand scission of nucleic acids: Routes initiated by
hydrogen abstraction from the sugar moiety. Chem. Rev. 98, 1089–1108 (1998).

5. J. C. Wang, Cellular roles of DNA topoisomerases: A molecular perspective. Nat. Rev. Mol.
Cell Biol. 3, 430–440 (2002).

6. K. W. Caldecott, Single-strand break repair and genetic disease. Nat. Rev. Genet. 9, 619–631
(2008).

7. T. Iyama, D. M. Wilson III, DNA repair mechanisms in dividing and non-dividing cells. DNA
Repair 12, 620–636 (2013).

8. J. J. Reynolds, G. S. Stewart, A nervous predisposition to unrepaired DNA double strand
breaks. DNA Repair 12, 588–599 (2013).

9. K. W. Caldecott, DNA single-strand break repair. Exp. Cell Res. 329, 2–8 (2014).
10. M. Weinfeld, M. A. Chaudhry, D. D’Amours, J. D. Pelletier, G. G. Poirier, L. F. Povirk, S. P. Lees-Miller,

Interaction of DNA-dependent protein kinase and poly(ADP-ribose) polymerase with radiation-
induced DNA strand breaks. Radiat. Res. 148, 22–28 (1997).

11. E. Le Cam, F. Fack, J. Ménissier-de Murcia, J. A. Cognet, A. Barbin, V. Sarantoglou, B. Révet,
E. Delain, G. de Murcia, Conformational analysis of a 139 base-pair DNA fragment
containing a single-stranded break and its interaction with human poly(ADP-ribose) poly-
merase. J. Mol. Biol. 235, 1062–1071 (1994).

12. K. W. Caldecott, Protein ADP-ribosylation and the cellular response to DNA strand breaks.
DNA Repair 19, 108–113 (2014).

13. W. Zhou, P. W. Doetsch, Effects of abasic sites and DNA single-strand breaks on prokaryotic
RNA polymerases. Proc. Natl. Acad. Sci. U.S.A. 90, 6601–6605 (1993).
8 of 9



R E S EARCH ART I C L E
14. S. D. Kathe, G. P. Shen, S. S. Wallace, Single-stranded breaks in DNA but not oxidative DNA
base damages block transcriptional elongation by RNA polymerase II in HeLa cell nuclear
extracts. J. Biol. Chem. 279, 18511–18520 (2004).

15. S. Li, M. J. Smerdon, Dissecting transcription-coupled and global genomic repair in the
chromatin of yeast GAL1-10 genes. J. Biol. Chem. 279, 14418–14426 (2004).

16. B. P. Belotserkovskii, A. J. Neil, S. S. Saleh, J. H. Shin, S. M. Mirkin, P. C. Hanawalt, Transcription
blockage by homopurine DNA sequences: Role of sequence composition and single-strand
breaks. Nucleic Acids Res. 41, 1817–1828 (2013).

17. J. H. Bielas, Non-transcribed strand repair revealed in quiescent cells. Mutagenesis 21, 49–53
(2006).

18. R. Dorazi, D. Götz, S. Munro, R. Bernander, M. F. White, Equal rates of repair of DNA photo-
products in transcribed and non-transcribed strands in Sulfolobus solfataricus. Mol. Microbiol.
63, 521–529 (2007).

19. M. G. Izban, D. S. Luse, The RNA polymerase II ternary complex cleaves the nascent transcript
in a 3′→5′ direction in the presence of elongation factor SII. Genes Dev. 6, 1342–1356 (1992).

20. M. L. Kireeva, W. Walter, V. Tchernajenko, V. Bondarenko, M. Kashlev, V. M. Studitsky, Nucleo-
some remodeling induced by RNA polymerase II: Loss of the H2A/H2B dimer during
transcription. Mol. Cell 9, 541–552 (2002).

21. O. I. Kulaeva, D. A. Gaykalova, N. A. Pestov, V. V. Golovastov, D. G. Vassylyev, I. Artsimovitch,
V. M. Studitsky, Mechanism of chromatin remodeling and recovery during passage of RNA
polymerase II. Nat. Struct. Mol. Biol. 16, 1272–1278 (2009).

22. G. A. Hartzog, J. L. Speer, D. L. Lindstrom, Transcript elongation on a nucleoprotein
template. Biochim. Biophys. Acta 1577, 276–286 (2002).

23. A. Kristjuhan, J. Q. Svejstrup, Evidence for distinct mechanisms facilitating transcript elonga-
tion through chromatin in vivo. EMBO J. 23, 4243–4252 (2004).

24. M. A. Schwabish, K. Struhl, Evidence for eviction and rapid deposition of histones upon
transcriptional elongation by RNA polymerase II. Mol. Cell. Biol. 24, 10111–10117 (2004).

25. C. K. Lee, Y. Shibata, B. Rao, B. D. Strahl, J. D. Lieb, Evidence for nucleosome depletion at
active regulatory regions genome-wide. Nat. Genet. 36, 900–905 (2004).

26. A. Thåström, P. T. Lowary, H. R. Widlund, H. Cao, M. Kubista, J. Widom, Sequence motifs
and free energies of selected natural and non-natural nucleosome positioning DNA se-
quences. J. Mol. Biol. 288, 213–229 (1999).

27. H. W. Chang, O. I. Kulaeva, A. K. Shaytan, M. Kibanov, K. Kuznedelov, K. V. Severinov,
M. P. Kirpichnikov, D. J. Clark, V. M. Studitsky, Analysis of the mechanism of nucleosome
survival during transcription. Nucleic Acids Res. 42, 1619–1627 (2014).

28. V. A. Bondarenko, L. M. Steele, A. Ujvari, D. A. Gaykalova, O. I. Kulaeva, Y. S. Polikanov, D. S. Luse,
V. M. Studitsky, Nucleosomes can form a polar barrier to transcript elongation by RNA polymer-
ase II. Mol. Cell 24, 469–479 (2006).

29. W. Walter, M. L. Kireeva, V. M. Studitsky, M. Kashlev, Bacterial polymerase and yeast poly-
merase II use similar mechanisms for transcription through nucleosomes. J. Biol. Chem.
278, 36148–36156 (2003).

30. F. K. Hsieh, O. I. Kulaeva, S. S. Patel, P. N. Dyer, K. Luger, D. Reinberg, V. M. Studitsky, His-
tone chaperone FACT action during transcription through chromatin by RNA polymerase
II. Proc. Natl. Acad. Sci. U.S.A. 110, 7654–7659 (2013).

31. J. Ausio, D. Seger, H. Eisenberg, Nucleosome core particle stability and conformational
change. Effect of temperature, particle and NaCl concentrations, and crosslinking of his-
tone H3 sulfhydryl groups. J. Mol. Biol. 176, 77–104 (1984).

32. L. F. Liu, J. C. Wang, Supercoiling of the DNA template during transcription. Proc. Natl.
Acad. Sci. U.S.A. 84, 7024–7027 (1987).

33. J. Ma, L. Bai, M. D. Wang, Transcription under torsion. Science 340, 1580–1583 (2013).
34. O. I. Kulaeva, F. K. Hsieh, H. W. Chang, D. S. Luse, V. M. Studitsky, Mechanism of transcrip-

tion through a nucleosome by RNA polymerase II. Biochim. Biophys. Acta 1829, 76–83
(2013).
Pestov et al. Sci. Adv. 2015;1:e1500021 3 July 2015
35. C. Lavelle, Forces and torques in the nucleus: Chromatin under mechanical constraints.
Biochem. Cell Biol. 87, 307–322 (2009).

36. A. Bancaud, G. Wagner, E. S. N. Conde, C. Lavelle, H. Wong, J. Mozziconacci, M. Barbi, A. Sivolob,
E. Le Cam, L. Mouawad, J. L. Viovy, J. M. Victor, A. Prunell, Nucleosome chiral transition under
positive torsional stress in single chromatin fibers. Mol. Cell 27, 135–147 (2007).

37. D. M. Lilley, DNA opens up—Supercoiling and heavy breathing. Trends Genet. 4, 111–114 (1988).
38. S. S. Teves, S. Henikoff, DNA torsion as a feedback mediator of transcription and chromatin

dynamics. Nucleus 5, 211–218 (2014).
39. B. Schuster-Bockler, B. Lehner, Chromatin organization is a major influence on regional

mutation rates in human cancer cells. Nature 488, 504–507 (2012).
40. R. E. Wellinger, F. Thoma, Nucleosome structure and positioning modulate nucleotide excision

repair in the non-transcribed strand of an active gene. EMBO J. 16, 5046–5056 (1997).
41. M. Tijsterman, R. de Pril, J. G. Tasseron-de Jong, J. Brouwer, RNA polymerase II transcription

suppresses nucleosomal modulation of UV-induced (4) photoproduct and cyclobutane
pyrimidine dimer repair in yeast. Mol. Cell. Biol. 19, 934–940 (1999).

42. A. Khobta, T. Lingg, I. Schulz, D. Warken, N. Kitsera, B. Epe, Mouse CSB protein is important
for gene expression in the presence of a single-strand break in the non-transcribed DNA
strand. DNA Repair 9, 985–993 (2010).

43. H. A. Cole, V. Nagarajavel, D. J. Clark, Perfect and imperfect nucleosome positioning in
yeast. Biochim. Biophys. Acta 1819, 639–643 (2012).

44. A. L. Hughes, O. J. Rando, Mechanisms underlying nucleosome positioning in vivo. Annu. Rev.
Biophys. 43, 41–63 (2014).

45. M. L. Kireeva, N. Komissarova, D. S. Waugh, M. Kashlev, The 8-nucleotide-long RNA:DNA hybrid
is a primary stability determinant of the RNA polymerase II elongation complex. J. Biol. Chem.
275, 6530–6536 (2000).

46. I. Artsimovitch, V. Svetlov, K. S. Murakami, R. Landick, Co-overexpression of Escherichia coli
RNA polymerase subunits allows isolation and analysis of mutant enzymes lacking lineage-
specific sequence insertions. J. Biol. Chem. 278, 12344–12355 (2003).

47. P. T. Lowary, J. Widom, New DNA sequence rules for high affinity binding to histone octamer
and sequence-directed nucleosome positioning. J. Mol. Biol. 276, 19–42 (1998).

48. O. I. Kulaeva, V. M. Studitsky, Preparation and analysis of positioned mononucleosomes.
Methods Mol. Biol. 1288, 15–26 (2015).

49. W. J. Dixon, J. J. Hayes, J. R. Levin, M. F. Weidner, B. A. Dombroski, T. D. Tullius, Hydroxyl
radical footprinting. Methods Enzymol. 208, 380–413 (1991).

50. V. M. Studitsky, G. A. Kassavetis, E. P. Geiduschek, G. Felsenfeld, Mechanism of transcription
through the nucleosome by eukaryotic RNA polymerase. Science 278, 1960–1963 (1997).

Acknowledgments: We thank J. Widom for plasmids containing the nucleosome positioning
sequences and A. Bellacosa, D. Clark, and H. Yan for suggestions and critical reading of the
manuscript. Funding: Studies using radioactively labeled materials were supported in part by
NIH grant GM58650. Other studies were supported by the Russian Science Foundation (RSF
grant no. 14-24-00031). Author contributions: N.A.P., N.S.G., and O.I.K. designed and con-
ducted experiments, analyzed data, and contributed to the writing of the manuscript; V.M.S. pur-
ified proteins, designed experiments, analyzed data, and contributed to the writing of the
manuscript. Competing interests: The authors declare that they have no competing interests.

Submitted 8 January 2015
Accepted 3 May 2015
Published 3 July 2015
10.1126/sciadv.1500021

Citation: N. A. Pestov, N. S. Gerasimova, O. I. Kulaeva, V. M. Studitsky, Structure of transcribed
chromatin is a sensor of DNA damage. Sci. Adv. 1, e1500021 (2015).
9 of 9


