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The double helical structure of
DNA lends itself to topological
constraints. Many DNA-based processes
alter the topological state of DNA,
generating torsional stress, which is
efficiently relieved by topoisomerases.
Maintaining this topological balance
is crucial to cell survival, as excessive
torsional strain risks DNA damage. Here,
we review the mechanisms that generate
and modulate DNA torsion within
the cell. In particular, we discuss how
transcription-generated torsional stress
affects Pol II kinetics and chromatin
dynamics, highlighting an emerging role
of DNA torsion as a feedback mediator of
torsion-generating processes.

Introduction

DNA is a highly ordered structure.
It consists of two anti-parallel,
complementary strands governed by base-
pairing that follow a right-handed helical
path about a central axis' (Fig. 1A).
This double helical structure presents
an elegant solution to self-replication,
but it also introduces a unique problem.
DNA-based processes, such as replication,
repair, recombination, and transcription,
would have to overcome the topological
constraints inherent in intertwined
strands. To understand the
implications of such constraint, we first
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need to define a basic terminology for
DNA topology.

One complete helical turn of DNA
about the central axis consists of ~10 base
pairs. In topological terms, this is called
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the linking number (Lk), properly defined
as the number of times the double-
stranded DNA rotates around the axis in
the right-handed direction.? Therefore, a
20 bp fragment has a Lk of 2. In a relaxed
DNA molecule, Lk is equal to the number
of times the two strands wind around
each other, which is called the twist (Tw).
However, when the DNA is not relaxed,
it can lead to altered Tw, or to coiling of
the double strand about itself, resulting
in formation of writhe (Wr) (Fig. 1A).
The relationship between these three
topological properties, Lk, Tw, and Wr,
is summarized by the following equation:
Lk = Tw + Wr.23 For closed, circular DNA
of a given length where rotation cannot
dissipate, this equation describes the direct
relationship between linking number
and the dynamic properties of twist and
writhe. Although eukaryotic DNA is not
circular, the basic principle largely applies
because the genome is divided into large
regions with fixed ends that prevent free
rotation, giving rise to supercoiling
domains.’ Instead of absolute numbers,
the relationship becomes relative such that
ALk = ATw + Wr.° This equation suggests
that when a torsional force causes a change
in Lk, it manifests as a change in Tw or
a compensatory change in Wr, which is
often referred to as supercoiling. Torsional
force can result in over-twisting or under-
twisting, forming positive or negative
supercoiling, respectively (Fig. 1A).

As an added complexity, eukaryotic
DNA is packaged into chromatin by
wrapping 147 bp of DNA around eight
histone proteins in a lef--handed direction
(Fig. 1B). This structure is called the
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Figure 1. Effects of torsion on DNA and chromatin structure. (A) The relaxed state of the DNA double helix consists of ~10 bp per helical turn (center).
When DNA-based processes exert torsional force on the DNA, it manifests as a change in twist or formation of writhe. (B) The nucleosome is composed
of a left-handed wrapped DNA around an octameric core. H3-H4 tetramer is colored blue. H2A-H2B dimers are colored green. (C) Potential writhe in
the context of a nucleosomal template. (D) Molecular structure of psoralen (top), tri-methyl psoralen (TMP) (middle), and biotin-TMP (bottom) (E) TMP
intercalates into the DNA double-strand and forms monoadducts and interstrand crosslinks under UV light.

nucleosome and forms the fundamental
repeating unit of chromatin/ The
lef-handed wrap of DNA around the
nucleosome introduces negative Wr, thus
forming constrained supercoiling. The
structure of the nucleosome implies an
intricate connection with DNA topology.
In vitro, negatively supercoiled DNA
templates readily form nucleosomes
whereas positive supercoiling inhibits
nucleosome formation,® suggesting that

torsional events generated in vivo would
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have a profound impact on nucleosome
structure and chromatin organization
(Fig. 1C).

In this extra view, we discuss how DNA
topology is altered and managed within
the cell, how we detect supercoiling states
in vivo, and how generation of torsional
stress, particularly during transcription,
can re-organize chromatin structure,
destabilize nucleosomes, feed back into
Pol IT regulation, and affect the affinity of
other DNA-binding proteins.

Nucleus

Generating Torsion

Many DNA-based processes affect
DNA topology primarily by changing
the DNA Tw.’ Polymerases, in particular,
are powerful torsion-generating motors."
For example, during replication, the
MCM helicase unwinds the two strands
for use as templates by DNA Polymerase,
which  synthesizes the new copy.
This unwinding event alters Tw and
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Table 1. Comparison of the two types of topoisomerases

Topo | Topo Il
# of cleavage 1 2
Mode of action Twist reflief Writhe relief

DNA replication

Required for cell proliferation in Drosophilia

Decatenation and strand separation

Chromatin remodeling Hrp1 ACF and CHRAC
Transcription
Site of function Gene body Promoters and gene ends

Main function

Relaxation of torsion during Pol Il elongation

Secondary to Topo I: mostly on highly transcribed genes

Other functions

PIC formation
Pol Il pausing

Pol Il pausing
Gene looping

Table 2. Comparison of genome-wide torsion studies (‘supercoilinomics’)

Bermudez et al. Naughton et al. Kouzine et al. Teves and Henikoff
Organism Yeast Human Human Drosophilia
Substrate T™MP bTMP T™P T™MP

Enrichment Method

Heat denuration and Exo |

Streptavidin pulldown

Heat-glyoxal denaturation and

Heat denuration and Exo |

digestion gel electrophoresis digestion
Platform Microarray Microarray Microarray PE sequencing
Assay Resolution 2kb Unknown 250 bp Nucleotide
Effective Resolution 2 kb ~10kb ~1-5 kb 150 bp

generates positive torsional stress ahead Non-polymerase based events critical to cell survival. Virtually all life
of the replication fork. Similarly, during also generate torsion. As discussed forms contain topoisomerases, including
transcription, the RNA Polymerase II above, nucleosome assembly generates certain viruses, and the high degree of
(Pol IT) machinery melts the promoter to  constrained ~ negative  supercoiling.  conservation across eukaryotes underlies

access the transcription start site (TSS).
Furthermore, as Pol II transcribes, the
melted DNA bubble travels downstream,
creating positive supercoiling ahead and
negative supercoiling behind Pol II. This
transcription-generated torsional effect is
better known as the twin-supercoil domain
model."! The amount of torsional stress
that Pol II generates can be inferred from
single molecule experiments of bacterial
RNAP, which shows that RNAP generates
sufficient torque to distort DNA structure
of arbitrary sequence.” Modeling of
supercoil dynamics reveals that supercoils
propagate from Pol II at a rate of two
orders of magnitude faster than the rate of
Pol II itself' in either 1D diffusion along
the DNA or by a “hopping” mechanism."”
the diffusion of
stress is restricted within supercoiling
domains’>  Although
generated supercoiling constraints are not

However, torsional

transcription-
additive, if left unresolved, subsequent
transcription events genome-wide would

generate a significant amount of strain on
DNA structure.

www.landesbioscience.com

Another chromatin-based process that
generates torsion occurs during mitosis
ATP-dependent

positive

where condensins

generate supercoiling  when
condensing chromosomes." Furthermore,
the activities of many DNA binding
proteins also affect DNA topology. For
example, in vitro, the binding of the
general transcription factor TBP induces
negative supercoiling.® In yeast, the
mediator component Hrsl can induce
plasmid supercoiling.’® Indeed, many
componentsof the transcription machinery
DNA looping of

promoter sequence with enhancer regions

complex promote

often mediated by structural proteins such

as cohesins and CTCEFE."718

Modulating Torsion

The ubiquity of torsion-generating
processes poses a great risk for DNA
damage unless torsion is relieved.
Therefore, the activity of topoisomerases,

enzymes that relieve torsional strain, is

Nucleus

their 19,20

antibiotics and anti-cancer drugs inhibit

significance. Indeed, many
topoisomerases to effect cell death.?
Their primary function is to change DNA
Lk through cleavage, torsion relief, and
religation.?? There are two main types of
topoisomerases as classified by the mode
of DNA cleavage. Type I topoisomerases
(Topo I) cleave one strand of the double
helix whereas Type II topoisomerases
(Topo 1II) cleave both strands. Although
the end result of torsional relief is the
same, the two types appear to have distinct
and redundant functions within the cell
(Table 1) (see ref. 23 for a thorough review
on topoisomerases).

Topo I, acting as the main DNA
“swivelase”, resolves topological issues by
altering DNA twist. After cleaving one
strand, the primary class of Topo I in
eukaryotes swivels one end of the broken
strand around the intact strand.** Topo
I is essential for viability in Drosophila
with a critical role in all proliferating
tissues, suggesting a function in DNA

25

replication.” In fission yeast, Topo
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Figure 2. Transcribed gene regions experience torsional stress (A) Method for mapping DNA
supercoiling genome-wide using next-generation sequencing.* (I) Following Exo I-enrichment of
crosslinked strands, lllumina paired-end (PE) adapters were ligated. (Il) Lambda Exonuclease (Exo
N was used to resect the 5" strand until the crosslinking site. (lll) Using a primer complementary to
PE adapters, several rounds of primer extension were performed. (IV) The single-stranded products
were appended with ribo-Gs at the 3’ ends using terminal transferase, (V) followed by ligation with
a double-stranded PE adaptor with a CCC overhang. (VI) After a single round of primer extension
to generate a double-stranded fragment, the products were amplified using PE sequencing
primers. Sequencing from the CCC overhang allowed for the precise mapping of TMP-crosslinked
sites throughout the whole genome. (B) Genes in Drosophila genome were split as expressed
(top) or silent (bottom). High-resolution genome-wide maps of TMP crosslinking surrounding the
transcription start site (TSS) and transcription end site (TES) are shown under normal conditions
(black), Topo | inhibition (orange), and Topo Il inhibition (teal). Expressed genes experience higher
torsional stress, consistent with the twin-supercoil domain model.

I is also required for nucleosome
disassembly through its interaction with
the nucleosome remodeler Hrpl.?¢ Topo
I, however, is most studied for its role
as the primary reliever of transcription-
generated torsional stress.”” It localizes
to transcribed genes,”® has a preference
for relieving positive supercoiling,” and
interacts with the Pol II C-terminal
domain (CTD),*® suggesting that
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Topo I acts on gene bodies ahead of
Pol II during active transcription. In
addition to its action during elongation,
Topo I has also been shown to regulate
other steps in the transcription process.
During initiation, Topo I facilitates the
binding of TFIID-TFIIA to form the

' Furthermore,

pre-initiation complex.?
genes containing a paused Pol II are

hypersensitive to Topo I inhibition,*

Nucleus

suggesting that Topo I may also function
in Pol IT pause release.

In contrast to Topo I, Topo II is the
main “writhase” of eukaryotic cells.
It generates double-strand breaks on
one DNA segment to create a gate and

intact  double-
33,34

translocates  another
stranded segment through that gate.
Aside from its writhase functions, Topo
IT also has the ability to decatenate sister
chromatids during DNA replication
and cell division as it toggles between
writhase and decatenase functions.” This
toggle may be driven by the condensin-
induced positive supercoiling,’ or by the
tension on DNA as spindle forces pull on
each sister chromatid.”” Topo II is more
effective at relieving superhelical tension
in nucleosomal templates than Topo I,
and in both Drosophila and humans, it
interacts with chromatin remodeling
factors CHRAC and ACF* suggesting a
functional role in chromatin remodeling.
During transcription, Topo IT has a largely
secondary role to Topo I, mainly acting on
promoters of highly transcribed genes.? It
has also been shown to bind at the 3" end
of genes, which, together with its function
as a chromatin regulator, may indicate a
role in DNA looping.

Together,  these types  of
topoisomerases effectively relieve torsional
The efficiency and

redundancy of these enzymes seem to

two

strain  in  vivo.
suggest that unconstrained supercoiling
is largely absent within cells. However,
recent advances in detecting supercoiling
in vivo reveal that DNA topology is highly
dynamic and well regulated.

Detecting Torsion

Several biochemical techniques are
available to detect the effects of torsion
on DNA. For example, excision and
circularization of a DNA segments using
Cre recombinase can trap supercoils ex
vivo.*” However, to examine torsional
effects in vivo, most methods rely on the
basic properties of the molecule psoralen
and its derivative tri-methyl psoralen
(TMP). Psoralen (Fig. 1D) is a member
of furocoumarins, a group of naturally
occurring compounds in certain plant
seeds that can freely cross lipid membranes
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and intercalate between the two strands of
the DNA double helix.” It has a preference
for negatively supercoiled DNA,*
and when exposed to UV light, forms
monoadducts and interstrand crosslinks
between thymine residues® (Fig. 1E).
Taking advantage of this crosslinking
property, several groups have used psoralen
derivatives to map negatively supercoiled
DNA in bacteria,™ yeast, Drosophila,**¢
and human cells.>*** A comparison of the
methods is shown in Table 2. For example,
one group used a biotin-conjugated TMP
(bTMP) to pull-down bTMP crosslinked
DNA fragments.” Another group enriched
for TMP-crosslinked fragments by
thermally denaturing all DNA fragments
followed by gel electrophoresis.”> TMP-
crosslinked fragments snap back into the
double stranded form upon denaturation,
and migrate slower in a gel. In the yeast
study, the authors enriched for double-
stranded crosslinks by a combination of
denaturation and digestion with Exo I, a
single-strand specific exonuclease.”” The
TMP-crosslinked  fragments
efficiently and are thus protected from

re-nature

Exo I digestion. In all three variations, the
crosslinked fragment was used as template
for producing labeled probes to hybridize
in microarrays, generating a global
view of supercoiling states in yeast and
human cells with varying resolution levels
(Table 2).

To higher

resolution, we had adapted the yeast

achieve a degree of
method for next generation sequencing®®
(Fig. 2A). Applying this method to
Drosophila S2 cells, we observed high
and low TMP crosslinking upstream
and downstream, respectively, of TSSs.
Furthermore, consistent with the twin-
supercoil domain model, expressed genes
were found to experience more torsional
strain relative to silent genes (Fig. 2B).
This torsional strain was exacerbated upon
inhibition.
Topo I inhibition resulted in a greater

topoisomerase Specifically,
change in supercoiling relative to Topo II
(Fig. 2B), providing further evidence that
Topo L is the major relaxer of transcription-
generated torsional strain. Inhibition of
Topo II primarily altered the supercoiling
states of the highest expressed genes, also
consistent with its role as a secondary
relaxer when Topo I is outpaced by the

www.landesbioscience.com
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Figure 3. Torsional stress affects nucleosome dynamics and Pol Il kinetics. Genes were grouped
based on change in torsional stress as measured by change in TMP crosslinking before and after
Topo | or Il inhibition. The highest (High TD) and lowest (Low TD) 20% of genes are shown. For
these two groups, the change in nucleosome turnover (A), the change in Pol Il pausing (B), and
the change in Pol Il elongation as measured by nascent RNA production (C) are plotted for regions

surrounding the TSS.

rate of transcription. Indeed, Topo II is
primarily localized at highly transcribed
genes whereas Topo I is present in most
genes.*

Torsion and Chromatin

We have discussed how nucleosome
assembly and chromosome condensation
generate torsional stress, but, in a
feedback manner, torsion can also affect
chromatin structure and organization,
despite the structural plasticity of
chromatin fibers during torsional stress.*’
In one study, the authors delineated large-
scale supercoiling domains in human
chromosome 11 with a median size of 100
kb that are dependent on transcriptional
activity’  Furthermore, the authors
found that chromatin of underwound

Nucleus

domains are more de-compacted than
those of overwound domains. Regions
of chromatin compaction, similar to
supercoiling domains, are dependent
on transcriptional activation’ From
these data, the authors proposed a
model whereby transcription-generated
supercoiling domains regulate chromatin
compaction and organization. This is
consistent with another study, which
that
movements are dependent on polymerases
and Topo IL* further implicating torsion

in chromatin structure and dynamics.

showed large-scale  chromatin

Changes in torsional states also affect
fine-scale chromatin structure. Single
molecule studies indicate that increased
DNA torsion facilitates rapid H2A-H2B
dimer exchange,” further suggesting
that DNA torsion mediates nucleosome
structure and stability. We recently
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Il (teal) inhibited samples. (E) Gene ontology analysis of group 2 genes performed as described

previously.>*

showed that in vivo, when topoisomerases
are inhibited, the resulting accumulation
of torsional strain results in increased
nucleosome turnover within gene bodies.“
Nucleosome turnover is also dependent on
transcription, as Pol II inhibition results
in decreased nucleosome turnover for
transcribed genes.”® When topoisomerases
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are inhibited, genes that experience the
highest change in torsion also have the
highest increase in nucleosome turnover
(Fig. 3A). In contrast, genes that change
the least in torsion also change the
least in nucleosome turnover (Fig. 3A),
further implicating DNA supercoiling in
nucleosome dynamics.

Nucleus

Torsion and Transcription

Transcription-generated torsional stress
has an inhibitory effect on polymerase
activity. Indeed, one of the -earliest
indications of this relationship is that
inhibition of both types of topoisomerases
leads to an effective block of transcription

of ribosomal genes in budding yeast.”'

This feedback mechanism has likely
evolved to prevent drastic accumulation of
torsional strain. Recently, we showed that
inhibition of individual topoisomerases
affect specific aspects of Pol II kinetics.

Upon Topo I or II inhibition, Pol II
pausing downstream of the TSS increased
dramatically for all genes, although genes
that experienced a greater change in
torsional stress showed a greater increase in
paused Pol II (Fig. 3B). Whereas a previous
study has shown that genes regulated by a
paused Pol II are more sensitive to Topo
I inhibition,? this result suggests that
torsional relief by topoisomerases affects
the kinetics of Pol II initiation and/
or release from pause site. In contrast,
Pol II elongation presents a different
picture. Topo I inhibition affected Pol II
elongation, as measured by nascent RNA
production, much more strongly than
Topo II inhibition (Fig. 3C), consistent
with previous studies. Surprisingly, Topo
I inhibition resulted in increased Pol II
elongation, particularly in genes that
experienced the most change in torsional
stress. One possible explanation for this
result is that the increase in nucleosome
destabilization due to the accumulation of
torsion transiently allows Pol II to proceed
a short distance.

Some evidence also suggests that
DNA supercoiling affects the affinity
of DNA-binding proteins. For example,
local melting of the c-myc promoter due
to Pol Il-generated negative supercoiling
facilitates the binding of activators and
repressors.*” DNA topology also influences
thebindingaffinity of the tumor suppressor
p53.52 In our recent study, we examined
the effects of topoisomerase inhibition
on the affinity of DNA binding proteins
as measured by low-salt extraction. Low
salt preferentially extracts euchromatic
nucleosomes, but has also been used to
map binding of sequence-specific and
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general transcription factors. >

Using
this technique, we observed a strong
peak of binding at the TSS, representing
a cumulative view of DNA-binding
proteins at the TSSs of all genes (Fig. 4A).
Topo I or Topo II inhibition did not
affect the averaged pattern of binding at
the TSS (Fig. 4A). However, when the
changes in binding were examined on a
gene-by-gene basis using a heatmap, we
observed variegated changes in binding
due to topoisomerase inhibition (Fig. 4B).
When we performed unbiased k-means
clustering with k = 2, we detected two
main groups of genes (Fig. 4C). Group
1 showed increased binding at the TSS
whereas group 2 showed strong decrease
in binding. Furthermore, genes in group
2 following Topo I inhibition strongly
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