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Abstract Although the genetic information is encoded in a one-dimensional array
of nucleic acid bases, three-dimensional relationships within DNA play a major role
in how this information is accessed and utilized by living organisms. Because of
the intertwined nature of the DNA two-braid and its extreme length and compaction
in the cell, some of the most important three-dimensional relationships in DNA are
topological in nature. Topological linkages within the two-braid and between dif-
ferent DNA segments can be described in simple mathematical terms that account
for both the twist and the writhe in the double helix. Topoisomerases are ubiquitous
enzymes that regulate the topological state of the genetic material by altering either
twist or writhe. To do so, these enzymes transiently open the topological system by
breaking one or both strands of the two-braid. This article will review the mathemat-
ics of DNA topology, describe the different classes of topoisomerases, and discuss
the mechanistic basis for their actions in both biological and mathematical terms.
Finally, it will discuss how topoisomerases recognize the topological states of their
DNA substrates and products and how some of these enzymes distinguish supercoil
handedness during catalysis and DNA cleavage. These latter characteristics make
topoisomerases well suited for their individual physiological tasks and impact their
roles as targets of important anticancer and antibacterial drugs.
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1 DNA Topology

DNA (deoxyribonucleic acid) encodes all the inheritable genetic information that
makes us what we are. Thus, it is arguably the most important biomolecule in the
cell. The structure of DNA represents a perfect biological relationship between form
and function. The genetic material is contained in a plectonemically coiled two-braid
in which the two strands of the double helix are antiparallel and complementary [1].
This structure serves not only as a framework for the organization and expression of
the genetic information, but also provides an elegant mechanism for self-replication
and repair [1].

The amount of DNA in a human is staggering. The human genome is encoded in
~3 billion base pairs that are contained on 23 individual chromosomes [2]. Because
humans are diploid, each of our cells contains ~6 billion base pairs and 46 chromo-
somes. At actual size, the DNA in a human cell is ~2 m in length and is compressed
into a nucleus that is ~5–10 μm in diameter [3]. The human body is comprised of
~30 trillion cells [4, 5] and therefore contains ~180 sextillion base pairs of DNA that
would stretch ~60 billion kilometers in length if laid end-to-end.

Although the human genome is linear, the extreme length and cellular compaction
of DNA, the high frictional forces associated with a two-braid of that length, and
the fact that the DNA is anchored to cellular scaffolds preclude torsional stress from
being translated throughout the genetic material by rotation of DNA ends. Therefore,
for all practical purposes, human DNA can be considered to be a closed topological
system [6–16]. As long as the ends of DNA are “fixed,” topological relationships are
defined as those that can be altered only by breaking one or both strands of the double
helix. Even though the genetic information contained within DNA is encoded within
a linear sequence of bases, the topological structure of the molecule has profound
effects on how this information is accessed and used in the cell.

2 Mathematical and Biological Implications of DNA
Topology

DNA topology can be defined mathematically by three straightforward concepts:
twist (Tw), writhe (Wr), and linking number (Lk) [8–11, 17–22]. Twist is the total
number of double helical turns in a defined DNA segment. By convention, positive
twist is defined as the right-handed twist observed in the normal Watson-Crick DNA
structure. Twist represents torsional stress in the double helix. Writhe is defined as
the number of times the double helix crosses itself if the DNA segment is projected in
two dimensions and represents axial stress in the molecule. Each writhe is assigned
an integral value of –1 or +1 based on the handedness of the crossover, which is
determined by the direction of rotation that would be required to align the front DNA
segment with the back segment without rotating the DNA more than 180° [8, 9].
If the front segment must be rotated clockwise, the writhe is negative (i.e., right-



Regulation of DNA Topology by Topoisomerases … 413

Fig. 1 Topological relationships in DNA. DNA molecules are drawn as circles for simplicity.
Top: DNA that is not under torsional stress is referred to as “relaxed” (middle) and is represented
as an unknot (or trivial knot). Underwinding or overwinding the DNA results in negatively super-
coiled (left) or positively supercoiled (right) DNA, respectively. Supercoiling is depicted here as
writhe (DNA crossovers) for visual clarity, but it should be noted that twist and writhe are inter-
convertible within these molecules. Bottom: Intramolecular knots (left) and intermolecular tangles
(catenanes, shown as a hopf link, right) can also form in DNA. In these cases, twist and writhe are
not interconvertible

handed); conversely, if it must be rotated counterclockwise, the writhe is positive
(i.e., left-handed) (Fig. 1).

Mathematically, DNA twist andwrithe are related, and the sumof these two values
is expressed as the linking number (Lk):

Lk = Tw + Wr (1)

Two key concepts associated with this equation should be emphasized. First, in a
topologically closed system, the linking number is invariant [8–11, 17–21]. The only



414 R. E. Ashley and N. Osheroff

way to alter this value is to open the system by breaking one or both chains of the
DNA double helix. Second, in the absence of knots or tangles, twist and writhe are
fluid and interconvertible. The classic means of demonstrating this fluidity (although
it is becoming increasingly more dated) is a telephone cord [8–11, 17–21]. Another
example could be a coiled lock of hair such as those seen on a Greek statue. In
its unstretched configuration, the cord (or hair) writhes about itself, forming coils
without visible twisting. However, when the cord (or hair) is stretched, the writhes
are lost and the cord is visibly twisted. Although the coiled and stretched structures
are homeomorphic, they contain very different levels of twist and writhe.

When DNA is not under torsional stress, as observed in the canonical Watson-
Crick structure, it is said to be “relaxed.” In this form, the double helix makes one
helical turn for every 10.5 base pairs (bp) [23]. Therefore, the linking number of a
relaxed DNA molecule of 1050 bp would be 100. The magnitude to which topology
has the potential to affect the biological function of DNA becomes obvious in the
context of the human organism. Considering only links formed between the strands
of the DNA two-braid, there are ~600 million links within the ~6 billion bp genome.
Every time the genetic information is duplicated, the cell must remove every one
of these links. If even one link remains (or if an additional link is generated), two
daughter chromosomes will remain intertwined and will not be properly segregated.
In total, the ~30 trillion cells of the human body contain ~18 sextillion DNA links!

2.1 DNA Supercoiling

DNA can contain two different kinds of links: those that are formed between the two
strands of the DNA two-braid and those that are formed between two separate seg-
ments of double helical DNA. This section will address the topological ramifications
of links formed between the strands of the two-braid.

The linking number for a right-handed plectonemically coiled double helix is
always positive [8, 9, 11, 18]; Lk = 0 would mean that the DNA was completely
unwoundwith no crossings between the two strands of the helix, yielding a paranemic
structure. Therefore, DNA topology is often expressed as the change in linking
number, �Lk, which is defined as the difference between the actual Lk of a DNA
molecule and the Lk if the molecule were completely relaxed (Lk0).

�Lk = Lk−Lk0 (2)

For example, if the 1050-bp molecule above had an actual Lk of 94, then
�Lk = 94 − 100 = –6, which would mean that the molecule had 6% fewer links
than in relaxed DNA.

A DNA molecule with a �Lk �= 0 is under stress, which can be distributed over
the molecule as a combination of torsional and axial stress [8, 9, 11, 18]. Axial stress
results in the superhelical twists depicted as crossovers in Fig. 1. Consequently, DNA
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in which �Lk �= 0 is referred to as being “supercoiled.” DNA with a negative �Lk
is referred to as “underwound” or “negatively supercoiled,” and DNAwith a positive
�Lk is referred to as “overwound” or “positively supercoiled.”

Because the number of links between the two strands in the DNA two-braid is
dependent on the lengthof a givenmolecule,�Lk is also lengthdependent. Therefore,
the term σ (specific linking difference or, more commonly, superhelical density) is
utilized to compare levels of supercoiling between DNAmolecules of different sizes
[8, 9, 11, 18]. The σ value is independent of DNA length and is calculated using the
equation

σ = �Lk ÷ Lk0 (3)

Thus, for the example discussed above, σ = �Lk( − 6) ÷ Lk0(100) = −0.06.
The σ value is always negative for underwound DNA and is always positive for
overwound DNA.

Although DNA is typically drawn as a relaxed molecule, this topological form
does not usually exist in nature. Organisms generally maintain their genome in an
~6% underwound state [8, 11, 15, 16, 18–20], which puts energy into DNA and
enhances the opening of the double helix. This negative supercoiling is important
because the two-braid is the storage form for the genetic material, and the two strands
must be separated in order to express (i.e., transcribe) and duplicate (i.e., replicate)
the information encoded in DNA.

While negative supercoiling is beneficial to the cell,DNAoverwinding is problem-
atic. Positively supercoiled DNA is generated ahead of replication and transcription
machinery, because these tracking systems move through the DNA without rotating
[7, 8, 24, 25], thereby pushing extra twists ahead of the replication or transcription
bubble (Fig. 2). This overwinding makes it increasingly more difficult to open the
double helix and, if unresolved, can block the progression of the tracking system
[6–8, 11, 14, 15, 24, 25].

2.2 DNA Knotting and Tangling

This section will address the topological ramifications of links formed between two
separate segments of double helical DNA.

As described above, human cells contain ~2 m of DNA (on 46 chromosomes)
that is packed into a nucleus that is only 5–10 μm in diameter [3]. Thus, the DNA
two-braid falls prey to the same problems as would be expected if a large number of
very long ropes were constrained in a small space. Upon movement or manipulation
of the ropes, knots (i.e., links formed within a single rope) and tangles (i.e., links
formed between different ropes) are routinely formed. Similarly, biological processes
that move or manipulate the double helix often induce the formation of knots and
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Fig. 2 Moving DNA tracking machinery creates topological problems. As tracking systems
move through theDNA, twists are pushed ahead of the fork, resulting in the accumulation of positive
supercoils. In the case of replication, precatenanes (links between newly synthesized daughter
chromosomes) form behind the fork. Artwork by Ethan Tyler, National Institutes of Health Medical
Arts

tangles into the DNA (Fig. 1). If unresolved, DNA knots and tangles can have lethal
consequences.

Knots are formed as a result of recombination pathways that are used to increase
genetic diversity and repair some types of DNA damage [6, 8, 11, 12, 24, 26, 27]. The
presence of knots does not allow the two strands of the double helix to be separated
and therefore prevents essential DNA processes such as replication and transcription
from taking place.

DNA tangles are routinely formed during replication when some of the torsional
stress in front of the fork redistributes behind it, resulting in links between the two
newly synthesized DNA molecules (Fig. 2) [6, 8, 12, 24, 26, 27]. This tangling
prevents the linked chromosomes from being properly segregated into daughter cells
during mitosis or meiosis. Because DNA tangles are most easily represented as
concatenated circles (shown in Fig. 1 as a hopf link), tangled DNA molecules are
often referred to as being “catenated.”

The �Lk in DNA knots and tangles is caused by the introduction of writhe. It is
notable that these writhes are fundamentally different than those present in super-
coiled DNA.Whereas writhes generated during supercoiling can be freely converted
to twists, the crossovers observed inDNAknots and tangles are constrained aswrithes
[10, 11].

2.3 Alteration of DNA Topology by Strand Breakage

Assuming a closed topological system, the linking number of DNA can only be
changed if one or both strands of the two-braid are cut [6, 8, 11, 12, 15, 24, 26, 27].
Cutting a single strand can alleviate (or, under some circumstances, induce) torsional
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stress or twist within themolecule. Conversely, cutting both strands can alter the axial
stress or writhe in the DNA.

In supercoiled DNA, the�Lk is caused by a change in the number of links formed
between the two strands of the double helix, resulting in a molecule in which twist
and writhe are interconvertible. Therefore, supercoils within DNA can be removed
by cutting either one or both strands of the two-braid [6, 8, 11, 12, 15, 24, 26–28].
In DNA knots and tangles, however, the �Lk is the result of links between separate
segments of DNA two-braids. Thus, the writhes in knots and tangles can only be
removed if both strands are broken.

3 Topoisomerases

Cells express multiple enzymes known as topoisomerases that regulate the topo-
logical state of the genome [6, 9, 13, 15, 27, 29, 30]. Because DNA topology pro-
foundly affects fundamental cellular processes, topoisomerases are encoded by all
species. For simplicity, this article will focus primarily on topoisomerases expressed
in humans and bacteria. These enzymes alter the superhelical density of DNA and
resolve knots and tangles by creating transient breaks in the DNA backbone, which
opens the topological system (Fig. 3) [6, 9, 13, 15, 27–32].

Topoisomerases are divided into two major classes based on how many DNA
strands they cut to carry out their functions: type I topoisomerases cut one strand,
and type II topoisomerases cut both strands of the two-braid [6, 9, 13, 15, 27, 29,
30]. In order to maintain the integrity of the genetic material while the DNA is
cut, topoisomerases remain attached to the newly generated termini until they reseal
the strand break(s). The stable complexes formed when these enzymes covalently
attach to DNA are called “cleavage complexes” and are a hallmark of topoisomerase
activity.

3.1 Type I Topoisomerases

There are two subclasses of type I topoisomerases in humans and bacteria: type IA
and IB [8, 9, 22, 29, 33–37]. Type I enzymes are denoted by odd numerals and are
grouped into the subclasses based on homology and enzymatic mechanism. Type
IA topoisomerases use a “single-strand passage” mechanism in which they break
one strand of the DNA two-braid, pass the opposite strand through the break, and
rejoin the original strand (Fig. 4) [28, 29, 38]. When the enzyme cleaves the DNA,
the energy of the broken sugar-phosphate bond is conserved by the formation of a
new covalent bond between a tyrosyl residue in the active site of the enzyme and
the newly generated 5’-terminal phosphate of the DNA. (DNA strands have a direc-
tionality defined by the linkages between the sugar and phosphate groups that make
up their backbones. Each phosphate connects the 3′-carbon of one sugar to the 5’
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Fig. 3 Actions of type I and type II topoisomerases. The different cleavage activities of type I
and type II topoisomerases allow them to work on different topological structures within double-
stranded DNA. Because type I enzymes only cut one strand of the DNA, they are restricted to
working on twist. Because type II enzymes cut both strands of the DNA, they are able to work on
writhe

carbon of the following sugar in the chain.) The corresponding 3′-DNA terminus gen-
erated by the cleavage event is prevented from rotating by non-covalent interactions
with the enzyme. As a result of the single-strand passage mechanism, every cat-
alytic event mediated by type IA topoisomerases changes the linking number by one
[13, 28, 29, 38].

Even though type IB topoisomerases also cut one strand of the DNA two-braid,
they act by a very different mechanism than the type IA enzymes. Type IB topoiso-
merases alter DNA topology using a “controlled rotation” mechanism (Fig. 5) [13,
28, 29, 38]. These enzymes covalently attach to the 3’-terminal phosphate during the
cleavage event and allow the 5’-DNA terminus of the cleaved strand to rotate about
the intact strand. Each rotation changes the linking number by one. The number
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Fig. 4 “Single-strand passage” mechanism of type IA topoisomerases. The two strands of the
DNA two-braid are depicted in red and black. The enzyme is drawn as a yellow circle.One enzymatic
cycle is shown, during which one negative supercoil is relaxed, causing a change from �Lk = −1
to �Lk = 0

Fig. 5 “Controlled rotation”mechanismof type IB topoisomerases. The two strands of theDNA
two-braid are depicted in red and black. The enzyme is drawn as a yellow circle. One enzymatic
cycle is shown, during which one positive supercoil is relaxed, causing a change from �Lk = + 1
to �Lk = 0

of strand rotations that occur per catalytic event depends on a number of factors,
including the superhelical density of the DNA substrate.

Irrespective of the mechanism used (single-strand passage versus controlled rota-
tion), type I topoisomerases always function by changing the number of links formed
between the two strands of the DNA two-braid [13, 28, 29, 38]. Therefore, these
enzymes alter DNA topology by changing twist. Consequently, they can alter the
superhelical density of DNA, but they cannot resolve DNA knots or tangles formed
within double-stranded DNA (Fig. 3).

Humans encode both type IA (topoisomerases IIIα and IIIβ) and type IB (topoi-
somerase I) enzymes [6, 13, 14, 28, 29, 38]. Human topoisomerase III contributes
to genomic stability and prevents inappropriate recombination by relaxing hyper-
negatively supercoiled DNA [29, 33–37]. It also works with other proteins to resolve
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recombination intermediates and stalled replication forks [9, 22, 29, 33–37]. In mice,
deletion of the α isoform is lethal, while deletion of the β isoform shortens life span
and has deleterious effects on fertility. In humans, deletion of topoisomerase IIIβ is
also associated with schizophrenia and neurodevelopmental disorders [39].

Themajor role of topoisomerase I is likely to remove torsional stress that accumu-
lates ahead of replication forks and other DNA tracking systems [6, 13, 14, 28, 29,
38]. Although the enzyme is dispensable at the cellular level (presumably because
of functional redundancies with type II topoisomerases), it appears to be necessary
for proper development in multicellular organisms [6, 40–42].

Bacteria encode primarily type IA enzymes, topoisomerase I and topoisomerase
III. Bacterial topoisomerase I is also known as ω protein and is unrelated to human
topoisomerase I. (Unfortunately, a common name was assigned to both proteins
before the differenceswere realized.) Bacterial topoisomerase Iworks in concert with
gyrase (a type II topoisomerase discussed below) to regulate the overall superhelical
state of the bacterial chromosome [22, 29, 38]. Bacterial topoisomerase III is a
homolog of human topoisomerase IIIα and IIIβ and also plays important roles in
maintaining genomic stability [29, 43].

3.2 Type II Topoisomerases

There are two subclasses of type II topoisomerases: type IIA and IIB [9, 12, 29,
33–35, 44, 45]. Type II enzymes are denoted by even numerals (with the exception
of gyrase, which is discussed below) and are grouped into the subclasses based on
homology and reactionmechanism. To date, functional type IIB topoisomerases have
been found only in plant and archaeal species. Therefore, only the type IIA enzymes,
which are found in humans and bacteria, will be discussed in this article.

Type IIA topoisomerases alter DNA topology by using a “double-strand passage”
mechanism in which they cleave both strands of the DNA two-braid, pass a sec-
ond intact double-helical segment through the break, and rejoin the cleaved strands
(Fig. 6) [12, 15, 26, 27, 29–31, 46]. The cleaved DNA is known as the “gate-” or
“G-segment,” and the intact segment that is transported through the break is known
as the “transport-” or “T-segment.” Type IIA enzymes in humans function as homod-
imers, whereas those in bacteria are A2B2 heterotetramers (the A and B subunits have
fused to form the protomer subunit in the human enzyme) [12, 15, 26, 27, 29–31,
34, 44–46]. The structures of the enzymes have bilateral symmetry that allow for
the formation of gated protein annuli at opposite ends. This permits the T-segment
to be captured by the protein above the G-segment and exit the protein below it in a
controlled fashion (Fig. 6). The double-strand passage reaction involves a series of
coordinated protein movements that are coupled to the binding and hydrolysis of the
high-energy cofactor ATP.

Due to their bilateral symmetry, type IIA topoisomerases have two active-site
tyrosyl residues [29]. When the enzymes cut the double helix, these residues form
covalent bonds with the newly generated 5’-terminal phosphates on opposite strands
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Fig. 6 “Double-strand passage” mechanism of type IIA topoisomerases. The two DNA two-
braids are shown in green (the G-segment) and yellow (the T-segment). The enzyme is shown in
blue. One enzymatic cycle is shown, during which two negative supercoils are relaxed, causing a
change from �Lk = −2 to �Lk = 0

of the DNA. The two scissile bonds are located across the major groove of the DNA,
resulting in the formation of 4-base-long single-stranded chains on the 5’-end of each
strand [26, 27, 29–31, 46–48]. As with the type I enzymes, this linkage preserves
both genomic integrity and the energy of the broken sugar-phosphate bond.

Because type IIA topoisomerases act on two distinct DNA segments, they modu-
late DNA topology by altering writhe (Figs. 3 and 6) [9]. As a result of their reaction,
they invert the sign of thewrithe formed by theDNAcrossover (for example, convert-
ing a –1 link to a +1 link). Thus, each event catalyzed by type IIA topoisomerases
changes the linking number by two. The ability to work on writhe allows type II
enzymes to modulate DNA superhelical density. More importantly, it allows them to
remove DNA knots and tangles (in which writhe and twist are not interconvertible).

Humans encode two type IIA topoisomerases, topoisomerase IIα and topoiso-
merase IIβ, which are closely related isoforms [6, 27, 29, 49–57]. (It is notable that
vertebrates encode two isoforms of topoisomerase II, while invertebrates and lower
eukaryotes encode only a single type II enzyme.) Topoisomerase IIα and IIβ share
~70% of their amino acid sequence, but are encoded by separate genes. Although
both use the double-strand passage reaction, they differ in their patterns of expres-
sion and their cellular functions [12, 27, 35, 44, 45, 54, 58]. Topoisomerase IIα
is essential for the survival of proliferating cells (its loss cannot be compensated
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for by the β isoform), and its expression increases over the cell cycle, peaking in
G2/M [59–61]. Rapidly growing cells contain ~500,000 copies of topoisomerase
IIα, while quiescent cells and differentiated tissues contain virtually none of the
α isoform. Topoisomerase IIα is associated with DNA replication complexes and
remains bound to chromosomes throughout mitosis, suggesting that it has important
functions in growth-related processes such as replication and chromosome segrega-
tion [6, 62].

Topoisomerase IIβ is required for neural development in mammals, but is oth-
erwise dispensable at the cellular level [12, 14, 35, 45, 54, 58, 60, 63]. Unlike
topoisomerase IIα, topoisomerase IIβ is expressed at high concentrations in most
cell types independent of proliferation status. The physiological functions of the β

isoform are not yet fully defined. However, it dissociates from chromosomes during
mitosis and seems to have an important role in the transcription of developmentally
and hormonally regulated genes [35, 63–65].

With the exception of a few species, bacteria encode two type IIA topoisomerases,
gyrase and topoisomerase IV [31, 46, 66, 67]. Gyrase is the only known topoiso-
merase that is able to introduce negative supercoils into DNA [29, 33, 35, 58]. To
accomplish this task, gyrase wraps the DNA around the C-terminal domain of its A
subunit in a right-handed fashion, thereby generating a constrained positive supercoil
on the enzyme. (It should be noted that, similar to DNA, proteins have directional-
ity. In this case, directionality is defined by the peptide bonds that link the amino
acids in the protein chain and goes from the amino- or N-terminus of the protein
to the carboxy- or C-terminus.) In mathematical terms, gyrase performs a type I
Reidemeister move on the DNA [68, 69]. Because the DNA wrapping does not
change the linking number of the molecule, a compensatory (equal but opposite)
type I Reidemeister move is induced elsewhere in the DNA molecule [10, 68, 69],
which introduces an unconstrained negative supercoil into the unbound portion of
the two-braid.When strand passage occurs, the sign of the induced positive supercoil
is inverted, causing a net introduction of two negative supercoils per catalytic cycle
[8, 9, 12, 58]. Another important implication of this wrapping mechanism is that the
G- and T-segments are on the same DNA molecule and are in close proximity [70].
Consequently, even though gyrase works only on writhe, it is much more efficient at
relaxing positive supercoils and introducing negative supercoils than it is at decate-
nating or unknotting DNA, because these latter reactions require the use of G- and
T-segments that are on different DNA molecules or are distal to each other on the
same DNA molecule [29, 33, 35, 46, 58].

The major cellular roles of gyrase stem from the ability of the enzyme to carry out
intramolecular reactions and to actively underwind DNA. Gyrase functions ahead
of replication forks and transcription complexes to alleviate torsional stress induced
by DNA overwinding [31, 35, 71]. Additionally, acting in conjunction with bacterial
topoisomerase I, gyrase modulates the overall level of DNA supercoiling in the
bacterial genome by introducing negative supercoils to maintain the genetic material
in an underwound state [31, 35, 71].
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Topoisomerase IV uses a “canonical” (i.e., non-wrapping) double-strand passage
reaction similar to that utilized by the human type II enzymes [9, 29, 31, 46]. Conse-
quently, topoisomerase IV is able to modulate superhelical density and is also able to
carry out the intermolecular strand passage reactions required for decatenation and
unknotting. Topoisomerase IV and gyrase display sequence homology. However,
due to the differences between the canonical and wrapping mechanisms, they have
distinct functions in the bacterial cell [12, 29, 31, 33, 35, 46, 58, 72]. While topoi-
somerase IV may be involved in regulating DNA over- and underwinding [73–75],
its primary function is to remove knots and tangles formed by recombination and
replication [31, 76–78].

4 Recognition of DNA Topology by Topoisomerases

Early studies on the recognition of DNA topology by topoisomerases were con-
cerned with the ability of the enzymes to differentiate between their substrates and
products. Consequently, these studies focused primarily on the distinction between
negatively supercoiled and relaxed DNA. All of these studies demonstrated that
topoisomerases interacted more tightly with their DNA substrates. For example,
gyrase (which introduces negative supercoils into relaxed substrates) binds relaxed
DNA ~10-fold more tightly than negatively supercoiled molecules [79]. Conversely,
human topoisomerase IB [80] and eukaryotic topoisomerase IIA [81] display much
higher affinities for supercoiled compared to relaxed DNA. Topoisomerase IIA also
hydrolyzes its ATP cofactormore rapidlywith negatively supercoiled substrates [81].

The first evidence for the mechanism by which topoisomerases distinguish super-
coiled from relaxedDNAcame from an electronmicroscopy study of topoisomerase-
DNAcomplexes, which demonstrated that eukaryotic topoisomerase II binds at DNA
crossovers [82]. A later study showed that topoisomerase II simultaneously binds two
double-strandedDNA segments [83]. These findings are consistent with the facts that
helix-helix juxtapositions are more prevalent in supercoiled molecules and that the
type IIA enzyme acts on DNA writhes.

A surprising result of the electron microscopy study was that mammalian topoi-
somerase IB also binds at DNA crossovers, despite the fact that the enzyme works on
twist [82]. The binding of crossovers as a means to differentiate between relaxed and
supercoiled molecules was supported by a later study that demonstrated that the type
IB enzyme bound equally well to positively and negatively supercoiled DNA, which
eliminated topology recognition based on twist [80]. The binding site for the sec-
ond DNA helix on type IB topoisomerases was later identified by a crystallographic
study [84].

In contrast to topoisomerase IB, bacterial topoisomerase I (a type IA enzyme),
which recognizes its supercoiled substrate by the single-strand character of the
twist associated with negatively supercoiled DNA [85], does not bind at DNA
crossovers [82].
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5 Recognition of DNA Supercoil Geometry
by Topoisomerases

Whereas the studies described above focused on the ability of topoisomerases to
discern DNA substrates from reaction products, later studies recognized the fact that
topoisomerases work on two very different supercoiled substrates: positively and
negatively supercoiled molecules. As discussed above, DNA in organisms ranging
frombacteria to humans is globally underwound by~6% [8, 15, 16, 18–20].However,
the torsional stress generated by DNA tracking systems such as replication forks
and transcription complexes acutely overwinds the DNA ahead of these molecular
machines [6–8, 14, 15, 24, 25]. Therefore, these later studies focused on the ability
of topoisomerases to discern the geometry (i.e., handedness) of DNA supercoils.

Two different aspects of supercoil geometry recognition by topoisomerases have
been examined: the ability to discern supercoil handedness over the entire catalytic
event and, more specifically, during the formation of cleavage complexes. Because
the mechanisms and ramifications of geometry recognition during these processes
differ significantly, they will be discussed separately below.

5.1 Recognition of DNA Supercoil Geometry During
Catalysis

This section will discuss the ability of topoisomerases to discern supercoil hand-
edness during catalysis (i.e., the process of changing DNA linking number). For
enzymes other than gyrase, studies have examined the removal of positive versus
negative supercoils. In the case of gyrase, the removal of positive supercoils has
been compared to the introduction of negative supercoils into relaxed DNA.

5.1.1 Type I Topoisomerases

As a result of their mechanisms of action, type IA and type IB topoisomerases recog-
nize DNA supercoil handedness in very different manners. Type IA topoisomerases
will not relax positively supercoiled two-braids because they require substantial
single-stranded character in their DNA substrate in order to carry out the single-
strand passage reaction [85]. The overwinding associated with positive supercoiling
impedes this necessary strand separation, whereas negative supercoiling naturally
enhances opening of the two strands.

Conversely, type IB topoisomerases, which use a controlled rotation mechanism,
can remove both positive and negative supercoils [86]. In fact, human topoisomerase
I relaxes positively supercoiled DNA an order of magnitude faster than it does nega-
tively supercoiled substrates [87]. This finding is consistent with simulation studies
that suggest mechanistic differences between the removal of positive and negative
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supercoils, which require the DNA to rotate in opposite directions within the active
site of the enzyme [88]. It is also consistent with the primary physiological function
of type IB topoisomerases, which is to remove the positive supercoils that accumulate
ahead of DNA tracking systems [6, 13, 14, 28, 29, 38].

5.1.2 Type IIA Topoisomerases

All type IIA topoisomerases that use a canonical double-strand passage reaction (as
opposed to wrapping) examined to date can remove both positive and negative super-
coils. Topoisomerase IV [75, 89–91] and human topoisomerase IIα [92, 93] both relax
positively supercoiled DNA considerably faster than they do negatively supercoiled
molecules. There are two significant differences between positively and negatively
supercoiled DNA that could serve as the basis for this chiral recognition. First, the
�Tw (i.e., the difference in twist between the supercoiled and relaxed molecule) is
opposite in positively and negatively supercoiled DNA. As discussed above, the dif-
ferences in �Tw that accompany over- and underwinding have significant effects on
DNA strand separation. Second, the DNA crossings formed in positive and negative
writhes occur with different angles (~60° and ~120°, respectively) [94]. The devel-
opment of single-molecule systems in which two DNA segments can be interwound
without altering twist allowed the mechanism of chiral recognition to be addressed.
Both topoisomerase IV and human topoisomerase IIα appear to distinguish between
positively and negatively supercoiled substrates based on differences in writhe [90,
93]. This finding suggests that these enzymes can discern crossover angles formed
at DNA nodes. Elements in the C-terminal domain of both enzymes are required for
this recognition [94, 95].

In contrast to topoisomerase IV and human topoisomerase IIα, a number of type
IIA topoisomerases cannot discern DNA supercoiling geometry during catalysis and
relax positive and negative supercoils at similar rates. Among these are human topoi-
somerase IIβ and the type IIA enzymes found in yeast, Drosophila, and some viral
species [89, 92, 95–97]. It is not obvious why these enzymes do not recognize super-
coil geometry.However, this once again seems to be related to theC-terminal domains
of the type IIA enzymes, which vary widely between species and are lacking in the
viral proteins. As further evidence for the role of this protein domain, replacement
of the C-terminal domain of topoisomerase IIβwith that of topoisomerase IIα results
in a chimeric enzyme that is capable of distinguishing DNA geometry and relaxes
positive supercoils an order of magnitude faster than it does negative supercoils [95].

Gyrase differs from other type IIA topoisomerases in that it does not normally
relax negatively supercoiled DNA. Therefore, geometry recognition studies with
gyrase have compared its abilities to remove positive supercoils and to introduce
negative supercoils into relaxed DNA. These processes correspond to the major cel-
lular roles of the enzyme: to remove positive supercoils ahead of DNA tracking
systems and to maintain the negative superhelical density of the bacterial chromo-
some [31, 35, 71].Gyrase relaxes positive supercoils ~10-fold faster than it negatively
supercoils relaxed DNA [91, 98]. The rapid removal of positive supercoils by gyrase
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reflects its acute function of relaxing overwound DNA ahead of tracking systems
and once again requires elements in the C-terminal domain of the enzyme. In this
case, it is the specific amino acid residues responsible for DNA wrapping that are
necessary [91].

5.2 Recognition of Supercoil Geometry During DNA
Cleavage

Although critical to the catalytic function of topoisomerases, the formation of DNA
cleavage complexes poses a potential danger to the cell (Fig. 7) [9, 14, 44, 57, 99].
When DNA tracking systems attempt to traverse covalent topoisomerase-cleaved
DNA roadblocks in the two-braid, strand breaks can no longer be rejoined by the
enzyme and require cellular repair pathways to re-establish the integrity of the double
helix. If the strand breaks overwhelm the repair processes, they can inducemutations,
chromosomal rearrangements, and cell death pathways. Thus, the enzymes that are
necessary for modulating the topological state of DNA also have the potential to
fragment the genome.

The inherent danger of cleavage complexes has been exploited for the develop-
ment of important anticancer and antibacterial drugs that act by stabilizing these
complexes. Camptothecin-based drugs that target human topoisomerase I are used
to treat ovarian, colorectal, and small-cell lung cancers [100]. Etoposide, doxoru-

Decreasing Cleavage
Slow growth rates

Mitotic failure

Cell death
Balanced Cleavage/Religation

Appropriate chromosome segregation
Genome maintenance

Normal cell growth

Increasing Cleavage
DNA damage response

Mutagenesis
Recombination
Translocations

Cell death

Anticancer Drugs
Quinolone Antibacterials

Intact DNA

Cleaved DNA

Fig. 7 Critical balance ofDNAcleavage and resealing by topoisomerases. The activity of topoi-
somerases must be tightly controlled in the cell. When an appropriate level of cleavage complexes
is maintained, topological problems are resolved and the cell can grow normally. If the levels of
cleavage complexes decrease, slow growth rates andmitotic failure can cause cell death. Conversely,
if the levels of cleavage complexes are too high, DNA damage can overwhelm the cell and also lead
to cell death. Figure adapted from Pendleton et al. [57]
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bicin, and mitoxantrone, which are used to treat a wide variety of blood-borne and
solid tumors, target human topoisomerase IIα and topoisomerase IIβ [44, 57, 99,
101, 102]. Finally, quinolones, such as ciprofloxacin and levofloxacin, which target
gyrase and topoisomerase IV, are among the most widely prescribed antibacterial
drugs worldwide [46, 67, 103, 104].

Because DNA cleavage complexes formed ahead of tracking systems are the most
likely to be converted to permanent strand breaks, topoisomerase-mediated DNA
cleavage events that occur on positively supercoiled DNA pose the greatest danger
to the cell. Therefore, the ability of topoisomerases to discern supercoil geometry
during the cleavage event has been addressed.

5.2.1 Type I Topoisomerases

No data has been reported for the cleavage of positively supercoiled DNA by type IA
topoisomerases (presumably because these enzymes do not function on positively
supercoiled molecules).

The only type IB topoisomerase for which geometry recognition during cleavage
has been investigated is human topoisomerase I [105, 106]. In both the absence and
presence of anticancer drugs, this enzyme maintains ~3-fold higher levels of cleav-
age complexes on positively as compared to negatively supercoiled DNA. Currently,
there are no data that address the mechanistic basis for this distinction. However, this
result implies that, while type IB topoisomerases work faster on positively super-
coiled DNA, they are also inherently more dangerous to the cell while acting on this
substrate.

5.2.2 Type IIA Topoisomerases

Even though human topoisomerase IIα is the only eukaryotic type IIA topoisomerase
that can recognize supercoil handedness during catalysis, human topoisomerase IIα
and IIβ can both discern supercoil geometry during DNA cleavage [105]. A similar
result has been found for viral type IIA topoisomerases [96]. All of these enzymes
maintain 2–4-fold lower levels of cleavage complexes with positively as compared
to negatively supercoiled substrates. Similar results have been found in the absence
and presence of anticancer drugs. While this characteristic makes these enzymes
safer while operating ahead of DNA tracking systems, it also reduces the potential
lethality of chemotherapeutics.

The differential abilities of type IIA enzymes to discern supercoil geometry during
catalysis versus cleavage indicates that this recognitionmust be bimodal in nature. To
this point, removal of the C-terminal domain, which is crucial for geometry recogni-
tion during catalysis, has no effect on supercoil handedness recognition during cleav-
age [96, 105]. A later study demonstrated that the ability of human topoisomerase IIα
to discern supercoil geometry is embedded within its catalytic core (which contains
only the elements needed for the enzyme to cleave and rejoin DNA and does not
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include either the N-terminal gate or the C-terminal domain) [107]. At the present
time, it is not known whether the mechanistic basis for the recognition of supercoil
geometry during cleavage is related to the crossover angle of the writhes or the sign
of the �Tw in the DNA.

The effects of supercoil geometry on DNA cleavage mediated by the bacterial
type II topoisomerases, gyrase and topoisomerase IV, differ substantially from one
another.Gyrase, like the human and viral type IIA enzymes,maintains 2–4-fold lower
levels of cleavage complexes on positively supercoiled DNA both in the absence and
presence of antibacterial drugs [91, 98, 108]. This recognition is independent of the
ability of the enzyme to wrap DNA, which suggests that gyrase also uses a bimodal
mechanism to recognize supercoil handedness during catalysis and cleavage. In con-
trast, topoisomerase IV is the only type IIA enzyme examined to date that does not
maintain lower levels of cleavage complexes on positively supercoiled substrates.
One study indicated that topoisomerase IVmaintains similar levels of cleavage com-
plexes on positively and negatively supercoiled DNA [91], while another suggested
that it maintains higher levels of cleavage complexes on overwound substrates [75].

The differential abilities of gyrase and topoisomerase IV to recognize super-
coil handedness during cleavage may impact their relative efficacies as targets for
quinolone antibacterials. Because gyrase must operate on the overwound DNA
formed ahead of replication forks and transcription complexes, it is perfectly posi-
tioned to generate cleavage complexeswith the potential to be converted to permanent
DNA damage. However, the diminished levels of cleavage complexes generated by
the enzyme on positively supercoiled DNA may partially abrogate the cytotoxic
effects of quinolones. Conversely, topoisomerase IV maintains high levels of cleav-
age complexes on overwound substrates, but typically acts behind the fork, where
cleavage complexes are less likely to be disrupted by tracking systems.

6 Conclusions

DNA topology has a profound effect on how the genetic information is expressed,
passed from generation to generation, and recombined in the cell. Topological
linkages within the DNA two-braid and between different DNA segments can be
described in simple mathematical terms that account for both the twist and the writhe
in the double helix. Topoisomerases are enzymes that function as “molecular math-
ematicians” that regulate the topological state of the genetic material by altering
either twist or writhe. To do so, type I and type II topoisomerases transiently open
the topological system by breaking one or both strands of the two-braid, respectively.

The importance of topoisomerases is underscored by the fact that they are
expressed in all cells and in all species. Topoisomerases can distinguish between
the topological states of their substrates and products, which makes them more effi-
cient enzymes. Furthermore, many topoisomerases can distinguish DNA supercoil
handedness during catalysis and DNA cleavage, which makes them well suited to
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their individual physiological tasks and also impacts their roles as targets of important
anticancer and antibacterial drugs.
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