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Chapter 1:Background

1.1 Introduction

The discoveries of the importance and structure of DNA are among the most
groundbreaking scientific accomplishments of the twentieth century. DNA, with its
elegantly terse four letter code, is sufficient to fully characterize all the variation found
among livhg things from the smallest bacteria to the exceptionally comgiexo
sapiens Its deceptively simple double helical structure is well suited for storing genetic
information due, in part, to the complementary nature of the two strands, which provides
a ueful mechanism by which the genetic code can be replicated and any mismatches
between the paired strands can be addressed. However, because the double helix is so
well evolved to protect the DNA code, accessing the nucleotides presents substantial
difficulties. In order for a cell to obtain the information stored in its DNA for the critical
processes of replication and transcription, it must frequently and efficiently open the
double helix to allow access to the nucleotides. However, the process of umgnndin
double helix is fraught with physical obstacles. At a replication or transcription fork, the
DNA ahead of the machinery becomes overwound and the torsional resistance stalls the
replicative or transcriptive process if not resolved. Furthermore, DNA&autds cannot

be replicated without the sister chromosomes becoming interlinked. These linkages, if not
promptly resolved, will either stall cell division or result in an improper number of
chromosomes in both of the daughter cells. To overcome the phgsicglications
inherent inunwinding the double helix, living organisnigve evolved a specialized
family of proteins that regulate the topology of DNA. These proteins, the topoisomerases,

modify DNA topology by removing knots and linkages as well aximdaand, in some



cases, generating supercoils. Topoisomerases function by creating transient single or
double stranded breaks in a DNA molecule and then passing a second strand or duplex
through the lesiowor, in the case of type IB topoisomerases, all@afor rotation around

the intact strandBy untangling and unlinking DNA molecules and relieving the tension
buildup ahead of the replication and transcription forks, topoisomerases enable cells to
efficiently access their genetic code while ensuring ti@tucleotides remain protected.
Because DNA topology is of utmost concern for all life, topoisomerases are essential and
universally conserved. Also, the tendency for them taipeegulatedin dividing cells

makes them extremely potent anticancer dmiaggets. Though these vital and
indispensable proteins have been studied extensively since their discovery in the 1970s,
there are still many open questions about tHarthisthesis | address the question of the

mechanism underlying topology simplifigat by type Il topoisomerases.

1.2 The Structure of DNA and the Topology Controversy

Deoxyribonucleic acid (DNA) is the universal encoder of genetic information and is
essential to all life. All of the information necessary for an organismliypform froma

single cell,perform its designated function, synthesize required proteins, and reproduce
itself at the prper time is encoded in its DNAIlthough we now know a great deal about
DNA, the discovery of its importance, function, and structure are rekatradent
scientific achievements. DNA was discovered in 1869 by Friedrich Miegdheand
groundbreaking work by Albrecht Kossel and Phoebus Levene in the late 1800s and early
1900s showed that DNA is a polymer with repeating units, called nigdeptonsisting

of some configuration of deoxyribose sugars, phosphate groups, and four nitrogenous



bases: cytosine, guanine, adenine, and thyi@dineAlthough there was speculation early
on that DNA plays a role in the transmission and storaggepétic information, it was
not immediately obvious that DNA is the molecule of heredity. Many biochemists
believed that the DNA molecule was much too simple to be responsible for the vast
variation in species. T hi s inboedctibatextremely b as e
popular tetranucleotide hypothesis, which speculated that the various nucleotides were
present in equimolar ratios in DNA and that each monomer of the DNA polymer was
identical and contained one of each of the four bd3gsAs a result of the wide
acceptance of this hypothesis, which obscl
was half a century before DNA was established as the molecule of heredity by the
breakthrough work of Avery, Macleod, and McCarty in 192% Avery and colleagues
showed that DNA, not proteins, were responsible for the transfer of genetic information
from one generation to the neand by doing so, unleashed a frenzy of research on what
had peviously been consideredmaundane moleculdn 1951, Erwin Chargaff showed
that though the absolute quantities of each nitrogenous base varied among the DNA of
different organisms, a 1:1 ratof cytosine to guanine and adenine to thymine remained
fixed (3). This result disproved the tetranucleotidgothesis and revealed a mechanism,
the ordering of the bases, by which DNA could possibly encode infornm@jion

In 1953, the structure of DNA was famously solved by James Watson and Francis
Crick (4,5). Based on the previous studies of DNA composition and unpublishagy X
diffraction pictures of crystallized DNA taken by Rosalind Franklin and Raymond

Gosling(6), Watson and Crickostulatedhat DNA exists as a rightanded double hedi



with the nitrogenous bases located on the interior of the molecule, bound to one another
via hydrogen bonds, which served to hold the two-patallel strands together.

The four bases can be subdivided into two categories, based on their chemical
strudure. Cytosine and thymine are pyrimidines which contain one aromatic ring, and
adenine and guanine are puringghich contain two fused aromatic rings and are
therdore larger than the pyrimidined=igure 1.21) (7). Since the Xray data showed a
uniform helix, the two basespanning the interior of the helix have to be of uniform size.

The observation that aurinepurine pair would be much larger thanpgrmidine

pyrimidine pairwas powerful evidencehtat each nucl e @dnsistada Aibr i d
complementary purinpyrid i mi ne pai r . I n addition, Char c
adenine and thymine occur in equimolar ratios, as do cytosine and guanine, helped reveal

the base pairing rules, which immediately suggested a-ibuitplication mechanism

where each strand clouserve as a template strand for its complementary pdttjdes).
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The double helical model of DNA, eld together by hydrogen bonded
complementary baseBigure1.22), provided a convenient sefmonservative replication
mechanism, whereby the strands could unwind and each strand could then serve as a
template for the creation af new complementary strafd5). However, the controversy
surrounding DNA structure was far from over. Severadrdists were skeptical of this
replication mechanism, especially as chromosomal DNA was shown to be much longer
than originally thought. The physical act of unwinding very long DNA strands, which
would be necessary during DNA replication, would generaficiunt shear force to
cause extensive breakage of the DNA backl8heln addition, the discovery of cintar
DNA molecules that were intact, and hence, covalently closed, led to further skepticism
of the semiconservative replication by unwinding theory since it is impossible to unwind
a circular DNA molecule without breaking the backbo{@. It seemed that the
unwinding problem presented an intractable barrier to effective and efficient DNA

replication if the DM\ were, indeeda double helix.
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Figure 1.22 The structure of DNAA. The chemical structure of nucleotides joined at the
phosphate backbonB. The double helical structure of DNIA&ig 1.2 from(7), with

permissionAppendixA)]



A landmark pblication in 1958 by Mat#éw Meselson and Frank Statiowed
that the circular DNA oEscherichia colindeed utilizes a sertionservative replication
mechanism in which the strands completely separate during replication. This result
revealed that the DNAmolecule must somehow overcome seemingly insurmountable
topological barriers and completely unwin®). As a result of this discovery,
mathematicians Pohl and Robef1®) rejected the double helical model outright due to
the topological obstacles associated with unwinding a DNA double helix that was
hundreds of thousands; even millions, of base pairs long or covalently closedircle,
as was the case f&. coli. Other researchers, such as Rodiegl (11) and Sasisekheran
and colleagueg1213), in an effort to avoid the unwinding problem, proposed an
alternative DNA structure: a side by side (or paranemic) model of DNA that postulated
the strands of DNA lay sidey side in a repeating helix of five right hand turns followed
by five left hand turns that would keep the strands topologically isolated, as opposed to
Wat son and Crickoés plectonemic model i n wh
another(14,15). This struture was still able to match the-rdy pictures of DNA, but
allowed the strands to separate without unwinding.

The DNA topology problem grew even more complicated when DNA
supercoiling was discovered in the riifi60s. It was assumed that a sample of DNA
from an organism with a circular chromosome would contain two populations: circular
DNA and linear DNA, which would be generated by the harsh treatment of DNA during
purification. Researchers were surprised, however, to find three distinct topological
populdions of DNA when a sample containing DNA purified from the polyoma virus,

that had previously been shown to contain closed circular DNA, was subjected to



sedimentation by ultracentrifugation. Inspecting the three sample components with an
electron microsgpe, Vinogradet al. (16) found thatthere were three populations of
DNA: one linear population and two distinct populationsclofsed circular DNA. The

most abundant population consisted of DNA rings that contained manyes$ings and

were compacted into a superhelical struetufhe less abundant circular population
contained DNA rings that had a circular appearance with few, if any, crossiigyse

1.23) (15,16). The least abundant population contained linear DNA. The DNA that was
tightly coiled around itself was later determined to be negatively supercoiled, or twisted
in the direction opposite that of theudwe helix, and it was soon after determined that
circular DNA molecules purified from organisms exist predominantly in a negatively
supercoiled stat€lb). Because the fArelaxedo open <circ
lowest free energy, maintaining the DNA in a perpetualigerwound statbasa net
energetic cost to the cellhus, not only must there be a reason for the DNA to adopt
such an energetically costly conformation, there also has be some sort of mechanism to
push the DNA topology away from the energetically fagbopen conformation towards

the negatively supercoiled stdfib).



Figure 1.2.3 Electron micrographs of DNA with varying levels of supercoiling. Panels 1
and 2 show highly supercoiled DNA molecules and panel 3 sholightyssupercoiled

DNA molecule with only onsuperhelicatrossing. [Adapted frorkig. 21 from(15)]
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1.3 DNA Topology

1.3.1 Buildup of Torsional Straiuring Replication and Transcription

The DNA double helix gives rise to a host of inherent topological problems. Most
eukaryotic chromosomes, which can be millions of base pairs long, are one long
contiguous strand of DNA, and many organisms, such as bacteria and some viruses,
contain circular DNA rings. The two strands of DNA are intertwined, much like the
strands in a rope, andage strands need to be separated in order for the cell to access the
genetic information stored inside. When the DNA heliXiisnzi ppedd i n orde
the transcrigion and replicion machinery to access the bases, torsional strain
accumulates ahead the fork that is formed as the strands are separ&igdré1.31)

(7). Without a method to relieve this strain, the buildup of torsion would quickly stall the
cellular machinery responsible for replication and transcription. Because the genetic code
must be accessed contously for protein synthesis, this challenge must be overcome in
order for the strands of DNA to separate regularly and without too great an energetic cost

to the cell(7).
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Figure 1.3.1 lllustration of the buildup of torsion and creation oégtbnemic supercoils
ahead of the separation fork when two interwound strands are separated. [Fig. 2.1 from

(7), with permission(AppendixA)]
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1.3.1 DNA Supercoiling

In addition to the unwinding and torsional buildup challenges during replication and
transcription, another topological concern is thetiapaonstraint imposed by the size of
the nucleus, which is where all cellular DNA, with the exception of mitochondrial DNA,
is located in eukaryotes. A mammalia@ngme is on the order of 2 im length, but it
must be compressed in orderfit inside tre nuclear compartment which is on the order
of only 10" m® (17). In fact, if it were possible to enlarge the nucleus of a human cell to
the size of a baseball, the DNA it contains would be about 1% rfong (15)! In
prokayotes, there is a similar size concern since the overall size of a prokaryotic
organism can be an order of magnitude smaller than a eukaryotic nucleus. In order to fit
the entire genome inside this compressed intranuclear or intracellular space, it is
necessary for the DNA to be as compact as possible. To accomplish this goal, the DNA
can either be underwound or overwound to the extent that it adopts a more compact
plectonemic or superhelical structure as shownFigure 1.23. As discovered by
Vinogradet al. (16), the DNA in a cell is maintained in a perpetually underwound state.
Because the DNA has to be easily accessible by the replicative and transcriptive
machinery of the cell, keeping the DNA underwound has certain advantages since it
requires less amgy to separate the strands of underwound DNA than to separate the
strands of relaxed or overwound DNA. Underwound DNA is referred to as negatively
S uper c odc)aedbvelwdund DNA, as in the case of DNA ahead of the replication
or transcription fadk, is referred to as positively supercoiled ((+) sc).

Supercoiling of circular DNA moleculesan bequantified by a variable known as

the linking number I(k). The linking number is a measure of the degree of linking

13



between two intertwined closed rings arah be calculated by projecting two curves onto
a plane, assigning them a polarigyyd then assigning a sign to each crossing (or node) of
the two curves according to the convention showhigure1.3.2. The linking number is
the sum of all the crossings divided by two and is always an integer. Two rings that are
not intertwined would have a linking number of zeBecause strands are taken to go in
the same directionytconvention the sign of righthanded DNA crossings is ptee (7).
Because DNA generally has a halipitch of 10.5 base pairs (bp) per turn under
standard conditions (0.2 M NaCl, pH 7, 37{C8), a circular DNA molecule can only be
made to lie flat in a plane if the ends of the DNA line up exactly, i.e. the number of base
pairs is an exact multiple of 10.5. Otherwise, the DNA will have to slightly under or over
twist in orderfor the two ends to join. Because this amount of twist is small when
considering the thousands or tens of thousands of base pairs that make up the molecule,
the linking number forthe lowest energy conformation @ closed circular DNA
molecule (denotetlky, by convention) is the closest integer to the number of base pairs

divided by the helical pitch:

00 — [1.3.1]
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(c) Node convention

A k.

1) +1)

Figure 1.3.2 To calculate the linking number of two linked ringsfirst project the two
rings onto a plan®. then count the number of nodes using the convention shown in (c)
and divide the final number by two to get the linking number. [Fig. 2.6 ff@mwith

permissionAppendixA)]
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In order for a DNA molecule to be (+) sc, itk must larger thamk, and in order to be

( 7T ) &kamust betsmsaller thaok,. To compare the level of supercoiling between two
different circular DNA molecules, it is prudent to also consider the slight amount of
supercoiling that is required to seal the ends of the DNWSTIt is necessary to define a
second quantity,.k®, which is called the hypothetical linking number, and is the number

of base pairs divided by the helical pitch without any rounding, i.e. it does not have to be

an integer:
5
0 Q — 1.3.2
UQpﬁ) [ ]
Animpor t ant indicator of the absolutelkl evel
which is the difference rdagadiwkingnmnumbderhe mol ecu
YWQ0Q0TQ [1.3.3]

Because the torsional stress introduced into a DNA molecule by addlitioks scales
inversely with the number of base pairs, a useful quantity to allow the comparison of
torsional stress between molecules of different lengths is the specific linking difference
(0):

Y0 Q
” 0 '?'Q

[1.3.4]

There are two ways that superaogi can manifest in DNA. The first is by the
introduction or removal of twistT@) and the second is by the introduction or removal of
writhe (\Wr). As a DNA molecule becomes increasingly supercoiled, the helical pitch will
increase or decrease up to thecatled buckling transition. At the buckling transitjon
which is dependent on the length of the DNtAbecomes more energetically favorable

for the double helix to buckle and begin to adopt a superhelical structure that is generally

plectonemic Figure1.23). The change in helical pitch is defined as twist and the change
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in superhelical structure is defined as writhe. The linking number of a DNA molecule is
the sum of its twist and writhe:
QY0 @i [1.3.5]

In a closed circular olecule of DNA, the total linking number cannot be changed
without breaking chemical bonds, so the linking number is invariant. Thus, any change in
twist or writhe must be accompanied by an offsetting change in the(@thg20):

0 Q Yo Yoi [1.3.6]
The study of DNA topology was revolutionized by the development of DNA agarose gel
electrophoresis using the DNA intercalating agent, ethidium bromide, as a fluorescent
probe (21-24). Because DNA is negatively charged, it will migrate through an agarose
gel when an electric field is applied. The speed at which DNA migrates is related to the
shape and size of the DNA molecule. The longer or lesgpact the DNA, the slower it
migrates, so DNA topoisomers, or molecules with different levels of writhe, can be
separated via agarose gel electrophoi@s22,23).

Figure 1.33 shows an agarose gel image of circular plasmid pBR322 which is
~4.5 kbp long. Lane (a) shows DNA directly after purificatfrom a bacterial cell. The
bottom band represents negatively supercoiled DNA and the top band represents open
circular (nicked) DNA. Nicked DNA is a common 4pyoduct of the harsh treatment of
DNA during purification and is not usually presemtvivo at the levels detected in a gel.
Lane (b) shows the same plasmid prep that has been nicked and then treated with ligase
to repair the nicks. Instead of a single band of DNA that runs with the nicked, open

circular, band from lane (a), five distinct bande present. Each of these bands contains

DNA t hat has a diff er e bk Bedaesg gositiveoahd nagatveo | ut e
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writhe of the same degree have the same level of compactness, they migrate together on a
gel and cannot be resolved without aaditional treatment, described in the following

s ect i olkvaludshoe eagh band from top to bottom are’ 1)} 2,° 3, and® 4. Each

band grows fainter and t hus Ilkéhseasep dohsisl at ed
because treatment of nickencalar DNA with ligaseresults ina Boltzmann distribution

of topoisomers centered on the relaxed topoisomer band.
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Figure 1.33 Agarose gel showing the migration of different topoisomers of circular
DNA. (a) DNA from cellular purification. The supercoiled (sc) band runs fastest and the
open circular (oe nicked) band runs slowest (b) The same DNA from (a) that has been
nicked and ligated to form an equilibrium distribution of relaaed slightly supeiled
topoisomers. Topoisomers with the same levels of absolute writh@geate. [Fig 2.11

from (7), with permissionAppendixA)]
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1.3.2 The Thermodynamics of Supercoiling

Most commonly used fluorescent DNA stains, such as ethidium bromide, are
intercalating agents, which generally have a planar aiorstucture that enables them

to become inserted between two base pairs of double stranded DNA, resulting in
reduction of the twist of the molecu(€). This reduction in twist is compensated for by

an increase in positive writhe. As such, these intercalating agents affect the mobility of
DNA on agarose gels.

Since an increase in total writhe is energetically unfavorable, the binding behavior
of ethidium bromide to DNA can be used to assess the free energy of supercoiling.
Ethidium bromide decreases the total amount of writhe when it binds toivedgat
supercoiled DNA and increases the total level of writhe when it binds to relaxed or
positively supercoiled DNA. Because the lower energy state of DNA is preferred,
ethidium bromide has a higher affinity for negatively supercoiled DNA than for relaxed
or positively supercoiled DNA. This binding preference was exploited by both Bauer and
Vinograd (25) and Hsieh and Wan{e6) when they independently used an ethidium
bromide titration to determine that, for DNA molecules of several thousand base pairs,
the free energy of supercoiling has a quadratic dependence on the extent of supercoiling
(7). Therefore the free energy required to achieve a linking differen¥@ dls:

YO 0¥ [1.3.7]
A gquadratic relationship between free energy and supercoiling suggests that the act of

supercoiing is an elastic process. The free energy of supercoiling, including the small

amount of supercoiling required to coval en

be:
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YO 02Y0 Q] [1.3.8]
The probability of a DNA molecule being in tH&tbpoisomer conformation with linking

differenceYd Q 1 is:

Yy
0 09 & O [1.3.9]

where, U is t he0 @idfd Qandéd ®is theevariaree of the
topoisomer distribution. For the mosténse topoisomey0 Q T):
5 a0y © [1.3.10]

Hence, the free energy difference between®tepoisomer and the"@opoisomer is:

o 0
YO Y"¥ e [1.3.11]
SO:
YO A Y0 Q9 ) [1.3.12]
o0 @ e

Therefore, the proportionality constant frdaaquations[1.3.7] and[1.3.8]is:

A 1.3.13
@ ® [1.3.13]
The general expression for the free energsupercoiling can thus be written:

Y0 Y WO Q
YD @

[1.3.14]

In an equilibrium population of closed circular DNA, topoisomers with the same absolute
writhe have similar mobility in agarose gels. Hence, all topoisomers, except the band
correponding to linking numbetky, overlap with one other band, which skews the

topoisomer distribution such that its Gaussian shape is not immediately evident.

Intercalating agents are useful when separation of thenigmating topoisomers is
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desired. The mostommonly used intercalating agent for this purpose is chloroguine
primarily because it is less carcinogenic and thus safer to work Avithncentration of

0.57 1.0 pg/mL of chloroquine in a 1% Trikcetate EDTA (TAE) agarose gel is
sufficient to sepata the cemigrating topoisomers(27). Like ethidium bromide,
chloroquine introduces negative twist when it intercalates, causing the DNA to
compensate with aimcrease in positive writhe. Thus, relaxed and positively supercoiled
DNA will adopt a more compact conformation since their absolute writhe increases, and
these bands will migrate faster through the gel. Conversely, negatively supercoiled DNA
will adopt a less compact conformation because the addition of positive writhe causes a
decrease in absolute writhe. These bands will then migrate more slowly through the gel.
The end result of a gel run in the presence of chloroquine is a Gaussian distribution of

topoisomers centered drk, with a variance o0 "@{Figure1.34).
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Figure 1.34 Agarose gel showing the migration of different topoisomers of circular
DNA in a gel that contains chloroquine to resai@poisomerghat have the same levels
of absolute writhein the absence of chloroquindhese bands represent a Gaussian
distribution of DNA topoisomers. [adapted from Fig. 2.19 frérh with permission

(AppendixA)]
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1.3.3 Knots and Catenanes

An additional topological concern for the cell is the ticeraof DNA knots(28) and

linkages, known as catenanes, which are frequent byproducts of the replicative process
itself (7,29,30). As a new molecule of DNA is formed from a circular paaemNA

molecule, the new molecule and therggd molecule are topologically linked in a
Aprecatananeodo state which, if not resolved
in two chromosomes that are linkdeiqure1.35). If this linkage is not removed prior to

cell division, it is impossible for each of the daughter cells to obtain the proper number of

chromosomes, most likely resulting in a fatal outcome.
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Figure 1.35 lllustration of precatenane creation ohgy circular DNA replication. If the

precatenanes are not resolved prior to cell divisibe,new DNA chains will be linked

the daughter cells will not receive the proper complement of chromosomes.
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1.4 The Discovery of Topoisomerases

In 1968, a mistake by a mes Wang during the purificatio
rings produced a peculiar sample. While most purified circular DNA was predominately

(1) sc, t his sampl e was predominately re
preparations of this pactilar DNA molecule in the same lab resulted in the expected
predominance of (1) sc DNA, this particul
review of the experimental technique that resulted in this atypical sample revealed that
while typical purificationsof this DNA were done at 0°C, the high speed centrifugation

step of this particular DNA purification was accidentally performed at 20°C and the
sample was centrifuged for 2.5 hours rather than the usual 20 minutes. As a result, the
DNA had been in contacwvith the cell extract for a longer period of time and at a higher
temperaturgl15).

While many researchers would have attributed this anomalous relaxed DNA to
some mundane source and gone on to purif.\y
original experiment, Wang decided to @stigate this aberration. He had several
hypotheses regarding what could have gone wrong, but extensive biochemical testing of
the relaxed DNA as well as the cell extract with which it had been in contact during
ultracentrifugation revealed that every amfehis hypotheses was incorrect: the relaxed
DNA was not a result of nicking by endonucleases, nicking by endonucleases followed
by ligation by DNA ligase, the creation of a short track of single stranded DNA, or the
binding of an intercalating protein. &lonly other possibility that was considered was the
existence of a new sort of protein that creates transient breaks in DNA and then reseals

them. However, the idea of a new protein was initially rejected because it seemed
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unlikely that a single proteinould have simultaneous DNAse and ligase function, while
not requiring any sort of energy storing molecule such as ATP or g,

As it turns out, Wang was right. He had discovered a topoisomerase, which he
named ¥ protein. He p o sdbywbreakingtde DNA lzackbome pr ot
and using that energy to create a covalent bond between the DNA and the protein. He
further siggested that the energy necessary to reseal the DNA lesion was supplied by
breaking the covalent bond between the protein and the DNA. He published these
findings in 1971, but it was five years before this bond swapping mechanism, known as
transesterificaon, was substantiated and ten years before the gene that encodes this
protein, now known ag&. coli topoisomerase | (Topo 1) was discover@dd). Shortly
after the discovery of ¥ -thymoid ssvivetase (later s e c o r
renamed eukaryotic Topo 1) was discmae in mouse nuclear extracts. This swivelase
could relax both positive and negative supercoils, which was an important discovery
because it could explain how the positive supercoils ahead of the replication fork could
be relaxed, thereby reducing the toral resistance to processivity of the replication
machinery(21,31). At last there was a solution that coutekcue the proposed double
helix structure and its semiconservative replication mechanism, just as Watson and Crick
had predicted there would be. However, the problem of replicating circular DNA still
remained. The solution to this problem would be fouewksal years later in 1976 when
DNA gyrase was discoverd@1,32). This remarkable protein was found to be cépalb

both introducing negative supercoils and decatenating linked DNA molecules.

27



1.5 The DNA Topoisomerases

DNA Topoisomerases are a f ami how known ag nzy me
prokaryotic Topo | a type IA topoisomeragecaltthymus swivelasenpw known as
eukaryotic Topo ,| a type IB topoisomerage and DNA gyrase(a type IA
topoisomerase}hat regulate the topology of DNA in a cell. Because of their critical roles
in maintaining the genomic integrity of organisms, topoisomerasesvitak and
universally conservedvery organism has at least two different topoisomerases, a type |
and a type llTopoisomerases play an essential role in cell division and areguated

in rapidly dividing cells Because disrupting the action of topoisomerasas, at
minimum, arrest cell division and will possibligring about cell death, these proteins are
extremely popular and potent antincer drug targetélso, bacterial topoisomerases are
the targets of a common breadectrum class of antibiotics, the implones, which

function as prokaryotic type Il topoisomerase poisons.

1.5.1 Type | Topoisomerases

Although E. coli Topo | and eukaryotic Topo | are both type | topoisomerases, their
mechanisms are actually quite different. Their main similarity is the capacitieave

only one strand of DNA and relegate that strand via a completely ATP independent
mechanismThe type | topoisomerases are subdivided into three classes based on their
functional and structural differences. Bacterial Topo | (includiag coli Topo |,
previously known as ¥ protein), bacterial
members of the subclass known as the type IA topoisomerases. These proteins, with the

exception of a unique topoisomerase found only in hyperthermophilic archaea and
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bacteria, called reverse gyrase, are only capable of relaxing negatively supercoiled DNA.
Type IA topoisomerases function by nicking one strand of double stranded DNA and
separating the two ends of the broken strand such that the second strand caoyggss th
the lesion Figure 1.5.1A). Becausesome ofthese topoisomerasethe Topo llis,are
capable of moving one strand through another, theyals@able to decatenate linked
DNA rings if one of the molecules ctains a nick.

Reverse gyrase is founa the vast majority ohyperthermophilic archaea
and bacterig21). It is a particularly unusual type IA topoisomeraseapse in addition
to the topoisomerase | domain, it also contains a helicase domain. Helicases are ATP
dependent enzymes that are responsible for unwinding DNA. Because reverse gyrase
contains a helicase ATP binding domain, it has the unique-defféndent lality to
introduce positive supercoils. In addition to the generation of positive supercoils, reverse
gyrase also has the ability to perform the single strandpaskage reaction typical of
other type IA topoisomerases. Reverse gyrase is the only tymisomerase that can
use ATP. It is believed that the exclusive presence of reverse gyrase in hyperthermophilic
organisms is due to the increased instability of the DNA double helix at high
temperatures. At high temperatures, it is thought that main¢pithe DNA in a

perpetually overwound stafavors genome stability33).
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Figure 1.5.1 Mechanism of the type | topoisomerasa@s.Type IA topoisomerases nick
one strand of DNA and physically move the second strand throughidke Trhese
topoisomerases can also decatetiaked DNA if one of the two molecules contains a
nick. B. Type IB topoisomerases nick one strand opldx DNA and the other strand
undergoes controlled rotation around the intact phosphate backbBegrdicedfrom

Fig. 1 from(34), with permissionAppendixA)]

30



Eukaryotic Topo | is a type IB topoisomerase. Type IB topoisomerases are
structurally and functionally distinct dm type IA topoisomerasefl1). Type IB
topoisomerases are capable of removing both positive and negative supercoils. They
function by nicking one strand of dould&randed DNA and allowing the other strand to
perform a controlled rotation around the intact backb@igure 1.5.1B). As such, type
IB topoisomerases do not physically engage in strand passage and therefordaleen
the decatenase activity on nicked DNA like the type IA topoisomerases. Because neither
type of enzyme (with the exception of reverse gyrase) requires or uses ATP or any other
energy storing molecule, they use only the torsional energy alreadynjpnesbe DNA
topology to relax supercoils. Also they are incapable of removatnanesto below
equilibrium valueg35).

Type IB topoisomerases are extremeRective anticancer drug targets. Every
eukaryotic organism encodes at least one type IB toporsesmeand for some
invertebrates, and all vertebrates, the enzyme is essé@)alThe drug camptothecin
and its chemical derivatives specifically poison type IB topoisomerases by reversibly
inhibiting relegation of the cleaved DNA straif@6,37). Camptothecixderived drugs
tend to produce doublgranded breaks in DNA, perhaps caused by the accumulation of
(+) supercoils ahead of the replication machinaraberrant repair of enzyrmediatel
DNA lesions(38). The success of cancer treatment using camptotidecived drugs to
target type IB topoisomeraséas triggered a broad search for other chemical compounds
that also inhibit these enzymes. Several compounds isolated through this search are
currently in the drug development stage, with many already in clinical, tmalsing the

type IB topoisomerasesvery populafamily of enzymes to studil?).
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A third subclass of type | topoisomerases has recently been characterized, the type
IC topoisomerases(33). This subfamily currently only contains one member,
topoisomerase V. Top®¥ has only been found in a particular type of archaea and
possesses the unique ability to repair abasic DNA le$&8)39). Topo V was originally
characterized as a IB topoisomerase because it utilizes a similar controlled rotation
mechanism as the IB topoisomerases. However, recent studies have shown that Topo V is
structurally distinct from the 1B topoisomeessand the mechanism is only superficially

similar to that of the IB topoisomeradgs).

1.5.2 Type Il Topoisomerases

Unlike the type | topoisomerases, the second clastomdlogical enzymes, type Il
topoisomerases, catalyze AlependenDNA topology manipulation. Like the type |
topasomerases, type Il topoisomerases are also divided into two subclasses, types IIA
and 1IB. Type IlA topoisomerases are the most broadly dispersed topoisomerase family;
they can be found in almost every single organism from viruses to eukaryotes with few
exceptions (33,40). These enzymes use a tgate mechanism to manipulate DNA
topology in which the topoisomesas cut both strands of one segment of DNA (called
the gate, or &egment) and pass a second segment (called the transfesegmeént)
through the transient double strand break via an -d&pendent mechanisffrigure

1.52) (41-44). One of the gates is responsible for the binding eled\age of the
G-segment DNA, providing a path for thesegment to pass through thes€gmetand

into the interior cavity of the protein, where it then exits through the second protein gate.
The closing of the ATP clamp yieldst@o gate mechanisitinat results in unidirectional

strand passag@345).

32



¢ T segment

2 ATP (*)

C-gate @

4

..3*——"

Figure 1.5.2 Core mechanism of type Il topoisomerases. (1) The topoisomerase binds G

N- gate

G segment

-2 ADP\

2P,

segment DNA (gre® (2) The topoisomerase bindsségment DNA(Red, pink to red
designates motion)3) The G segment is cleaved and when ATP is bound, the protein
undergoes a conformational change that causes the ATP clamp to close and the G
segment to be separated. (3)eTh segment passes through the G segment and exits the
molecule. (4) The products of ATP hydrolysis are released and the protein resets for

another round of strand passagedqpted from Fig. 3 frontd5)]
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The type IIA topoisomerases are capable of relaxntjiatroducing supercoils as

well as generating and removing knatsd catenanes. Type IIA topoisomerases play a

fundamental role in chromosome segregation during cell division by unlinking catenated

sister chromatids, thereby enabling daughter cells deive the proper complement of

chromosome$41). They are also likely required to reduce the level of DNA knotting that

Is expected in highly compacted DNA, which would be lethal if allowed to accumulat
(46-49). Because type IIA topoisomerases pass an intact detrbleded segment of
DNA through a second doub$#randed segment, they chanidpeLk of the molecule(s)

by steps of 2.

Type A topoisomerases are able to use the energy of ATpeiorm strand
passage in situations that wplleferentially remove knots, catenanes, and supercoils, thu
coupling ATP hydrolysis to a shift in the topological equilibrium towards topology
simplification (7,27,35,50). The exact mechanism underlying the coupling between ATP

hydrdysis and topology simplification remains unkngwout severalplausible models

e

S

have been proposed, as described in the following section. A distinctive type I[IA

topoi somer ase, bacterial DNA gyrase, h
insteal o f relaxing them. Gyrase 1is the
supercoils into intact duplex circular DN@®1). This distinctive ability of gyrase aes
from its ability to form a lefhanded wrap of DNA around itself prior to strand passage
so that when strand passage occurs, théndaftied wrap will be transformed into a right
handed superhelical crossing, resulting in the introduction of a singleufpercoil

(Figurel.5.3).
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DNA Gyrase

(top view)

Figure 1.5.3 Mechanismof DNA gyrase. Gyrase wraps-§&gment DNA around itselb
create a (+) crossing whetlee G and T-segmerd are part of tB same DNA mkzcule.
When strand passage occutg crossing changes sign from (+) #p ( a nlk of a2 isp
introduced into the moleculgReprinted fromFig. 4 from (51), Copyright 0049

National Academy of Sciences, USRamission not requirdd
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Although the type A topoisomerases share the same core mechanism and have a
high degree of homology, there are some notable differences among the members of this
family of enzymes that lead to specialized cellular functions. éxample, one of the
bacterial type IIA topoisomerases, Topo IV, shows a particular affinity for relaxing (+)
supercoils and decatenating circular DNA molecules. A cellndanologof Topo IV,

DNA gyrase, is also able to decatenate circular plasmid DNkfecutes, but it shows

nowhere near the decatenase capabilities of Topo FWthermore, as previously
mentioned, gyrase has t hsinto odse cireularaDbA | ity |
molecules due to its ability to wrap a DNA molecule around itself. It is believed that the
differences between these two enzymes can be titacddferences in the €erminal

domains (CTDs) of each of the proteins. Mutation or removal of the gyrase CTD causes it

to retain its decatenase activity but completely lose its supercoiling ahiltgwise,

mutation or removal of the Topo IV CTD resulin loss ofability to remowe (+)
supercoilq33).

Like bacteria, vertebrate cells also possess two complementary type IIA
topoi somerases: T@®poWhiUeadopdopd Ul i B esse
expressed n replicating cell s, Topo 11 b is none
and nondividing cells. Though it is classified as a honessential enzyme, the lack of Topo
Il I b has been rineunalidevdloprheot andnranscappioa regulation. These
topoisomerases also contain CTDs, but they are very dissimilar from the bacterial CTDs
are poorly conservecand typically unstructured. Howe
relaxes (+) sc DNA much moeef f i ci ently than (1) sc DNA,

similar efficiencyin relaxing both types of supercoils?). Interestinglya Topo |1 b
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chimera with i1its CTD replaced by that of
absence of a native Topo |1 U. This result
topoisomerases are largely unstructured and harbor scant resemblamosetoft their

bacterial cousins, these domains may still be responsible for the substrate specificity and
divergent cellular roles of Topo |1 U and T
[IA topoisomerases, such as the Topo lIs from yeastCandorphila, show no substrate

specificity indicating that their CTDs are likely not involved in differentiating supercoil
handedness in these enzym@s). Further investigation of the specific roles and
functions of the type IlIA topoisomerase CTDs is necessary to fully comprehend the
conplexities of and differences among these beguiling and intricate enzymes.

In addition to being largely essential and nearly universally conserved, type IIA
topoisomerases also have enormous clinical relevance. Gyrase and Topo IV are popular
targets of a @ry potent class of broad spectrum antibiotics known as the quinolones. The
guinolones, including the commonly prescribed drugs ciprofloxacin, moxifloxacin, and
levofloxacin, function as specific bacterial type Il topoisomerase poisons that show more
than three orders of magnitude decreased toxicity toward eukaryotic type I
topoisomerasei36). These compounds stabilize the DNA cleavage complex and prevent
the topoisomerase from -figating the cleaved DNA segment, which leads to the
accumulation of double stranded DNA lesions when topoisomerase cleavage complexes
are encountered byt h e cell 6s replication or tran
topoisomerase is dislodged from the DNA. In short, these drugs transform essential
protective DNA enzymes into agents of toxic DNA damafeuble stranded DNA

breaks are usually toxic if they carnrae repaired. As a result, double stranded lesions
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commonly lead to cell deat{86). Current research is underway to modify the base
guinolone structure to produce even more potent and specific antibacterial agents and to
overcomethe quinolone resistance that has developed in some bacterial strains.

Like the type IB topoisomerasesype IIA topoisomerases are also important
anticancer drug targets. There are two classes of anticancer type IIA topoisomerase
targeting drugs: Topo Il poisons and Topo Il inhibitofepo Il poisons lead to the
accumulation of DNA breaks by freezing tf®po II-DNA cleavage complex and
preventing relegation of the cleaved DNA strands. This functionality is similar to that of
the antibacterial quinolones. Examples of clinically relevant Topo Il poisons include:
etoposide, doxorubicin, and mitoxantrofts). Conversely, compounds that inhibit the
catalytic activityof the Topo IllIs without causing a buildup of DNA breaks and cleavage
complexes are called Topo Il inhibitors. These inhibitors work by, for example, trapping
the topoisomerase in a state that renders it incompetent for DNA bife8hd=xamples
of clinically relevant Topo Il inhibitors are the bisdioxopiperazinesiuding ICRF159,
ICRF187, and MST16. These compounds block Topo Il from completing its catalytic
cycle much as binding to ndrydrolysable ATP analogs do€s3). Unfortunately, few
Topo Il inhibitors show promise in becoming clinically viable anticancer drugs, as all of
the presently identified compounds haedlidar targets in addition to Topo II. This is a
developing research ar€zd).

The second, and less well characterized, subclass of type Il topoisomerases are the
type IIB topoisomerases. Though they share a similar core strand passage mechanism,
type IIA and IIB topoisomerases are structurally, biochemically, ewolutionarily

distinct(21,54-56). The only known type 1B topoisomerase is Topo VI, and it is found in
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archaeaand some plant$21). There is very little sequence or structural homology
between the IIA and IIB topoisomerases, though they have similar functibmsever,
although Topo VI requires ATP, it does not share the ability to simplify DNA topology

with its type lIA counterpartés6).

1.6 Topology Simplification by Type IIA Topoisomerases

In 1997, Rybenkowt al. (35 showed that nosupercoiling type IIA topoisomerases

(i.e., all type IIA topoisomerases with the exception of DNA gyraseplgly the global
topology of DNA, shifting it away from an equilibrium distribution of catenanes, knots,

and supercoils toward a less entangled overall topolégsthermore, Rybenkov and
colleagues showed that the relative extent of topology simpliicatby each
topoisomerase was the same for knots, linkages, and supé8&il$n other words, an
enzyme that is two times better than another enzyme at removing knots is also two times
better at relaxing supercoils and unlinking catenanes. This indicateslthgpes of
topology simplification arise from the same mechanisaa measure of only one of the

three types of topology simplification will give insight into the overall topology
simplification activity of the enzyme.Supercoil relaxation by three pg I[IA
topoisomerases that span the range of documented topology simplification abilities are
shown in Figure 1.6.1A (50). A type | topoisomerasés also included to show an
equilibrium distribution of topoisomers. As described in secfi.3.2, this gel was run in

the presence of chloroquine, so each band contains a unique topoisomer. The center band
i n each distri but i dk=0ranththesbandssaboveeahdabalemvdhe DN A
zer o ban dk=algt,tarad iscnon.dphe narrewthe topoisomer distribution, the

further the topoisomerase hasmpressedhe distribution fromits equilibrium width.
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Figure 1.6.1B shows a plot of the normalized intensity of each topoisomer band vs.
location on the gel, fiwith a GaussianThe parametetypically used to quantify the
narrowing of the topoisomer distributioR, is the ratio of the variance tife equilibrium

DNA population to the variance aftopoisomerase treated DNA population.

The ability of type IIA bpoisomerases to shift global topology away from
equilibrium implies that they must somehow couple topology sensing to strand passage in
order to achieve preferential simplification of knots, catenanes, and supercoils. Since type
[IA topoisomerases consumd P, conservation of energy is not violated, but the detailed
mechanism by which the energy of ATP hydrolysis is coupled to topology sensing, and
thus, topology simplification remains elusiy27). Specifically, it is unclear how an
enzyme that acts on the scale of nanometers is able to assess the global topology of DNA.
How is the enzyme capable of below equilibrium catenane removal? If a type IIA
topoisomerae only interacts with a single DNA crossing, how is it able to determine that
a strand passage event would result in the removal, rather than the creation, of a linkage

(Figurel.6.2)?
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Figure 1.6.1 Topology simplification by type IlIA topoisomerases. An agarose gel
containingchloroquineshowing the topoisomer distributions for a type 1B topoisomerase

(I) and three different type Il topoisomerases: Topo IV (IV), yeast Tofit) kknd human

Topo 11U (hi1U). Also shownB. Distributidng@ of st ar t |
topoisomers for each topoisomerase fit to a GausSiapo IV (red squares), human

Topo I1U (blue circles), yeaskdarfoodso |1 (gr

Unlinked

Figure 1.6.2 How can a topoisomerase acting on the scale of a single DNA crossing

asses the global topology of the much larger DNA molecule?
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Several mechanistic models of topology simpliica by type 1A
topoisomerases have been propd§&gb7-61), though to date the experimental evidence
distinguishng them has been equivocal and, at times, contradi¢&fy A tracking
model, which was conceived by Rybenkev al. (35 upon their discovery of this
phenomenon, propes that the enzyme binds to a DNA crossing and tracks along the
DNA to trap Tsegments that are catenated or kno{B&)l However, an experiment that
placed Aroadblockso in the form of tight!I
supercoiled circular DN did not affect norequilibrium supercolil relaxatio(R7). This
showed that it was noequiredf or t he topoi somerase to fAtra
to ersnare linked Isegments. A three segment binding model postulates that the
topoisomerase binds two potentials€gments prior to selecting one for strand passage
based on local geometr§61). However, this model predicts an overall asymmetric
removal of supercoils, which other studies have failed to dé2&¥t Three comgpting
and untested possibilities are the bend angle, hooked juxtaposition, and Kkinetic
proofreading models, described below.

The authors of the bend angle model, originally proposed by Vologostséli
(59) and later expanded upon by Kler@hal. (60), postulate that nesupercoiling type
[IA topoisomerases introduce a sharp bend in thse@ment DNA that localizethe
active site of the enzyme to the interior apex of the bent DiNgu(e 1.6.3). The bend
orients the topoisomerase such that theegiment binding site of the enzyme tends to
point toward the inside of circular DNA, favoringatd passage from the interior to the
exterior of the circle. This geometric selection, coupled with the unidirectional strand

passage embodied in the two gate mechanism of type IlIA topoisomerases, would lead to

42



preferential unlinking, unknotting, and supeil relaxation. The authors of the bend
angle model further postulate that topology simplification activity scales with the
magnitude of the imposed bend angle, providing a mechanistic basis for the observed
variation in norequilibrium simplification atvities among different type IIA
topoisomerase§27,35). This model has beesomewhatsupported in the tierature by
several type IIA topoisomera$#NA co-crystal structures that show topoisomerase
mediated DNA bending by around 15®3-66). However, becausa major teneof this

model is the scaling of topology simplification ability with bend angledthe bend
angles of the crystallized DNA are very simjlttese structures do not support the bend
angle model if the crystallized topoisomerases are capable of diffevets of topology
simplification Of the three topoisomeraBiNA complexes crystallized, two are bacterial
Topo IVs and one is eukaryotic yeast Topo Il. Topo IVs are expected to be much more
capable topology simplifiers than yeaStopo II, though the sgrific topology
simplification activities of the crystallized Topo IVschaot been reportegrior to this

work (Chapter 2) However, they display a striking sequence homologl.taoli Topo

IV, which, based on its topology simplification ability, would &xpected to have a bend

angle a factor of three times larger than that of yeast Topo II.
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Figure 1.6.3 lllustration of the bend angle model of topology simplification by type II1A
topoisomerases. his model postulates that upon binding DNA, the type IIA

topoisomerase introduces a sharp bend into the DNA that orients the active site of the

protein towards the interior of the bend.
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In the experiments detailed in Chapter 3, we directly and indirecggsured
DNA bending bytype Il topoisomerasassing the techniques of atomic force microscopy
(AFM) and single molecule “Fester Resonance Energy Transfer (smFRET),
respectively. These measurements were not consistent with the predictions of the bend
angle model. Furthermore, one of the two bacterial type Il topoisomerases that has been
co-crystallized with DNA has an acttyi larger than yeast Topo Il (Chapter 2). The fact
that the DNA bend angle established in the crystal structure is so similar to the DNA
bend angle imposed by yeast Topo Il also suggests that DNA bending alone cannot
account for differences in topology gfification abilities between the two proteins.

The authors of the hooked juxtaposition model postulate that type IIA
topoisomerases detect and relax specific juxtapositions of catenated, knotted, and
supercoiled DNA in which the -Gand Tsegments are bembwards one anothdb7).
Simulations indicate that strand passage at these hooked juxtapositions is sufficient to
produce norequilibrium topology simplitation. However, strand passage at a half
hooked juxtaposition, such as proposed in the bend angle model, (§7A061). This
model has not yet been tested.

The kindic proofreading model suggests that upon binding tse@ment DNA
and encountering an initial-3egment, the topoisomerase becomes activated, perhaps by
binding one of the two ATP molecules. The model goes on to postulate that the
T-segment is then relead and strand passage will ultimately only occur if a second
T-segment is captured while the enzyme is in tlamsientactive state Kigure 1.6.4)

(58,72). As detailed in Chapter 4, this model was tested using magnetic tweezers. In these

experimentsa magnetic bead was tethered to the surface of a coverslip by two parallel
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DNA molecules and thame to strand passage By coli Topo IV was measured for a
range of different DNAbead geometries, as well as a number of different local
geometries between the two DNA molecules, mediated by rotation of the bead.
Simulations of DNA in these different cligurations were performed to characterize the
probability of DNA juxtapositions for each imposed rotation. These probabilities were
compared to the experimentally determined rate of strand passage for each geometry to
determine thenature of therelationdip between the probability of DNA segment
collision and the rate of strand passage.

Though there are simulatioms supportof each of the three modelstior to the
experiments detailed in Chapter 3 and Chaptenohe of them hd been tested to
determire whether the theoretical predictioreutd be verified experimentally. Mywork
has focused on testing these models to determine which predictfomsy, are
experimentally supported. In this thesis, | will describe how we used several different

singlemolecule techniques to test the bend angle and kinetic proofreading models.
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Figure 1.6.4 Schematic of the kinetic proofreading theory of topology simplification by
type IIA topoisomerases. According tieig model, the topoisomerase becomes activated
upon the first encounter with asegment. It then releases thesdgment and if it binds a
second Tsegment before therotein decays back into theaittivated state, then it will
initiate a strand passageean. (The specifics of this model are detailed in Chapter 4)
[Fig. 4 from (58), reprinted by permission of Macmillan Publishers, Ltdature

copyright (2006 AppendixA)]
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Chapter 2:Non-Equilibrium Topology Simplification by Type I
Topoisomerases

2.1 Determination of DNA Topology by Agarose Gel Electrophoresis

In addition to being widely uskefor DNA size determinatig agarose gel electrophoresis

can also be used separate DNA molecules in differeofpological states. Because DNA
carries a uniform charge and linear doustieanded DNA is relatively free of structural
complications that might affect migration, linear DNA molecules having the same length
will co-migrate in an agarose gel and can belkesl in a single ban(V3). On the other
hand, the migration of closed circular DNA molecules depends on both length and
topology, so it is possible to identify multiple topmisers of a closed circular DNA
molecule via gel electrophoresBupercoils introduced into closedcular plasmid DNA
manifest as writhe. This means tlsafpercoiled DNA molecules are more compact than
relaxed DNA moleculesothey are able to travel $eer through the agarose matrix. The
more supercoiled a DNA molecule is, the faster it will migrate, which allows for the
separation of multiple topoisomers. However, because positive and negative supercoiling
of the same degree (e.g. £1, +2, etc.) congpalce DNA to the same extent, these
topoisomers will cemigrate unless an appropriate intercalating agent is used to separate
them.

As described in section 1.3.2et antimalarial DNA intercalator, chloroquine, is
often used to separate topoisomers \thith same level of absolute writhe. Chloroquine
wor ks by pr omdwin thg DNA eaubleg helix.Becguse a circular DNA
molecule is covalently closed, any addition of twist must be compensated for by an equal

and opposite addition of writhe, as shown in Equajtio8.6]. Thus the DNA molecules
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all migrate within the gel as if they were more §€)than they actually are. This has the
net result ofcausing the topoisomers thalreadyhave positive writhe to experience a

p o s i tWr, makinggbhemmore compact so that they tedvfaster through the agarose
matrix. On the dier hand, DNA molecules that have negative writhe, experience a
n e g a tWr andbeapmeless compact so that they travel more slowly through the gel.
Using chloroquine in this waljfts the degeneray amongthe DNA topoisomer bands
and allows the full distribution of topoisomers to be resolved, with the relaxed
topoisomer band migrating in the center of the distribufiéigure 1.34). The bands
above and below the cemttopoisomer band are minus and plus one, respectively, and
the ones above and below those are minus and plus two, and so on.

The location and intensity of the topoisomer bands can be fit to a Gaussian curve
to determine the variance of the topoisomettribistion (Figure 1.6.1). If the DNA
molecules were treated with a type IB topoisomerase or nicked and treated with ligase,
the distribution of topoisomers will represent an equilibrium distribution. The variance of
a topoisomer @dtribution created by DNA treated with a type Il topoisomerase can then
be compared against the equilibrium distribution of topoisomers to determine the level of
topology simplification. The ratio of the variance of an equilibrium distribution of
topoisoners to the variance of a naguilibrium population of topoisomers generated by
treatment of DNA by a type |l topoisomera$® (s referred to as the level of topology

simplification.
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2.2 Different TypellA Topoisomerases inplify Topology to Dffering

Degrees

Type IIA topoisomerases have been shown to reduce the topological complexity of DNA
by preferentially removing knots and catenanes and reducing the absolute level of
supercoiling(27,35). These measures of topology simplification are highly correlated for
each type IIA topoisomerase, suggesting that they are likely governed by a single
underlying procesq35). Thus, supercoil relaxation measurements are sufficient to
confirm the norequilibrium activities of these enzymé®y7). In order to verify the nen
equilibrium activities of the type IIA topoisomerases used for AFM imaging, we
measured supercoil relaxation by Tdpo yTopoll, and hTopd | U. The absol ut
of supercoiling is reflected in the width of the topoisomer distribution, i.e. the relative
abundance foeach topoisomer. The topoisomer distribution can be resolved on an
agarose gel in the presence of chloroquine as showhigare 1.6.1. Individual
topoisomers differing by a single linking numbek) ran as distinct bands indtgel, the
relative intensities of which were plotted to obtain the topoisomer distribusisn.
previously observed, the distribution of topoisomers was narrower for the type IIA
topoisomerases than for Topo which generates an equilibrium distributiorf o
topoisomers.The width of the topoisomer distribution is quantified by the variance
(Y0 @), with reduced absolute levels of supercoiling corresponding to reduced
variances. The degree of topological simplification was quantified by comparing the
variances of the type IIA topoisomerase distributions with that of the TBpo
distribution. The ratio R) of the variance of ToplB to each of the type IlIA

topoisomerases was consistent with reported valkegre 1.6.1) (27,35). TopolV

50



shifted the topology furthest from equilibriunR € 1.9+ 0.1; mearf SD), hTopol | U
shifted the topology to an intermediate extdRt=(1.8+ 0.1), and yTopdl shifted the

topology the leastR=1.12+ 0.07).

2.3 Topology Simplification by Topoisomerases with Reported DNA Co

crystal Structures

In 2007, Donget al. (63) published the first type IIA topoisomeraB&A co-crystal
structure. Type IIA topoisomerases had previously been suspected of DNA bending, and
a model had been put forth that posited this hypothetical DNA bending wems#de

for the norequilibrium topology simplification activity of these enzymés9,60).
However, until thé crystal structure was published, there was no experimental proof of
DNA bending by type IIA topoisomerases.

The reported bend angle imposed on the DNA by yTopo Il in this crystal structure
(~150°) was similar to the bend angle predicted by the bende amgidel for a
topoisomerase displaying the topology simplification activity of yTopo Il (~100°), which
lent credence to this mod@9,60,63). However, several type [IA topoisomerd3BlA
co-crystal structures have been recently reported that show two bacterial type IIA
topoisomerases that bend DNA. Theskiuctures of gram positive Streptococcus
pneumoniaetopoisomerase 1V(64) and gram negativeAcinetobacter baumannii
topoisomerase 1\(66), both cocrystallized with DNA in a covalently bound cleavage
complex indicate that DNA is bent to a similar degree as in the case of yT¢piuire

3.21).
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Figure 2.31 Type IIA topoisomerases emrystallized with DNA. A. yTopo I, B.
Streptococcus pneumonid®po IV, C. Acinetobacter baumanniTopo IV. All three
topoisomerases ppar to bend DNA to approximately the same degree, though yTopo Il

does appear to have a slightly larger bend angle.
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As shown inFigure 1.6.1, E. coli Topo IV has been shown shift DNA topology
the farthest frm equilibrium. Becaus@. baumanniiTopo IV shares a sequence identity
of over 60% withE. coli Topo 1V, it would be reasonable to predict that the topology
simplification activity of these two enzymes would be simitr.pneumoniad&opo IV
shares some gaence identity (~25%) witk. coli Topo IV, but is actually more similar
to E. coli gyrase than to Topo IVRegardless, it would be reasonable to predict $hat
pneumoniaeropo 1V would behave more like another bacterial topoisomerase than a
eukaryotic bpoisomerase.

To test these predictions, we measured the topology simplification abilBy of
pneumoniadopo IV and compared it to the previously measured and reported topology
simplification abilities of other type IIA topoisomerases. We found 8haneumoniae
Topo IV has a topology simplification activity &a 1.4 + 0.1 This value is larger than
that of yTopo Il (R=1.12+0.07) and is somewhat smaller thah T o p o [
(R=1.8£0.1) (Figure 2.32) (27,3550). This result is consistent with work we did
showing that direct and indirect measurements of DNA bending by type Il
topoisomerases yield similar DNA bend angle measurements for all topoisomerases
studied, regardless of topology simplification activity (see Chapt€¢s@®) While DNA
bending might not play a key role in determiithe full extent of topology
simplification by type Il topoisomerases, the fact that all studied topoisomerases bend
DNA by more than 100° suggests that DNA bending might play some other physiological
role. Perhaps DNA bending is pat some conserved eshanism that contributes to the

basic level of topology sensing that yTopo Il is capable of.
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Figure 2.3.2 Topology simplification byS. pneumoniadopo IV. Agarose gel with 1
eg/mL of chloroquine to resolve topoisomers. Lane$ 2how a supercoil relaxation
reaction of plasmid pBR322 I&y. coliTopo 1V, lanes 57 show supercoil relaxation I8
pneumoniaelopo 1V, and lanes-81 show supercoil relaxation by wheat germ Topo |.
Lane 1 contains a 1 kb plus ladder (Invitrogen) and lane 12 contains untreated negatively
supercoiled pBR322For S. pneumonigewe found thatR = 1.4 + 0.1. Gels were run

under the conditions outlined in the "Relaxation Assays" section of AppBndix
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Chapter 3Direct Measurement of DNA Bending by Type IIA

Topoisomerases: Implications for Topology Simplification

3.1 The Bend Angle Model of Topology Simplification by Type IIA

Topoisomerases

The Gsegnent bend angle modghroposed by Vologodskiet al. (59) and expanded
upon by Kleninet al. (60), postulates that nesupercoiling type IIA topoisomeras

introduce a sharp bend B-segment DNAupon binding(Figure 1.6.3). This beiling

would tend to berient the Fsegment binding siteoward the inside o& circular DNA

molecule. This, coupled with the enzyme's unidirectional strand paseatfegive rise
to the preferential unlinkag, unknotting, and supercoil relaxaticharacteristic of type
[IA topoisomerasesA main tenet of thderd angle model ishat topology simplification
activity should scale with the magnitude of the imposed bend angbroviding a
mechanistic explanatiofor the documented variatiom nonequilibrium simplifiation

activities amongype A topoisomerasgg7,35).

Recent studies, including structures of gram posf8treptococcus pneumoniae
topoisomerase I(64) and gram negativécinetobacter baumanntopoisomerase IV
(66), both coecrystallized with DNA in a covalently bound cleavage complex, structures
of yeast topoisomerase Il (yTojiy co-crystallized both with honcovalently bound DNA
(63) and in a covalently bound DNA cleavage complg¥), and singlemolecule
magnetic tweezers measuremer{i&), indicate that DNA is bent by type IIA
topoisomerases. Though these studies lend support to the lgdadrandel, other studies

give contradictory results. For instance, recent simulations using an improvedlik®rm
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chain (WLC) model have shown that a sharply bent conformation of-Beg@ent DNA

iIs not sufficient to reproduce experimental rexuilibrium topology simplification
results (67,71). Also, an implication of the bend angle model is that topology
simplification ativity should depend on DNA circle size. Decreasing the circle size
should increase the probability that a bend would orient the active site of the enzyme
towards the interior of the circle. This, in turn, would be expected to amplify the effect of
the bend angle, thereby enhancing topology simplification activity. However, the non
equilibrium activity of yTopdl and E. coli topoisomerase IV (ToptV) appear to be
independent of DNA circle size for circles large enough to adopt more than two
topoisomer coformations (27,61). Although these various results either indirectly
support or contradict the bend amghodel, the specific predictions of the model have not
been tested directlp2).

In this study, we used atomic force microscopy (AFM) to image type IlIA
topoisomeras®NA complexes and directly measure the bend angles imposed on the
DNA by three norsupercoiling type IIA topoisomerases that span the range of topology
simplification activity: TopdV, human topa o mer as e |l 1l W) ,( halpio oy To p o
order of decreasing neequilibrium topology simplification activit27,35). We also
used single molecule Forster Resonance Energy TrassfERET) to probe the extent
of DNA bending by these three topoisomerases. According to the bend angle model,
TopolV, which has the largest simplification activity, should impadke largest bend in
DNA, whereas yTopdl, which has the smallest simplification activity, should impose
the smallest ben(60). The bend angles imposed on the DNA by each of these proteins

measured by AFMand computed from FRET efficiencies were compared to those
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predicted by the bend angle model. We found that all three type Il1A topoisomerases bent
the DNA to a similar degree. Moreover, for each enzyme, with the possible exception of
yTopoll, the extentof the bending was less than predicted by the bend angle model,
which suggests that-€egment DNA bending is unable to fully account for the topology

simplification behavior of these enzymes.

3.2 Methods

3.2.1 Atomic force microscopy (AFM)

Atomic force microscopys a powerful imaging technique capable of captutimge
dimensionaltopographical images of surfaces with sw@mometerheight resolution
(76,77). These images are captuteg scanning the surface of a sample with a cantilever
that has a very sharp tip with a radius of a few nanometers. As the tip interacts with the
surface, either continuously, as in contactde, or intermittently, as in tapping mode, the
deflection of the cantilever is recorded by a laser beam that is reflected off of the
cantilever and onto a position sensitive diode (P@gure3.21). The laser deflection
information collected at each point as the tip scans the surface can be translated into the
height of the sample at that poii7). As the tip scans a prescribed area of the sample,
line by line, the height information collected over that area yields a togugragap of

the surfaceFor most biological samples, tapping mode, as opposed to contact mode, is
the preferred method for imaging. This is due to the generally delicate nature of many
biological samples. In contact mode, the tip is constantly in conitittive surface and
applies a horizontally directed dragging force to the sample as it scans. Conversely, in

tapping mode, the cantilever oscillates at near its resonant frequency and only
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intermittently comes into contact with the sample, thus minimitieghorizontal forces
imposed upon the samp(@7). This is a particularly important stinction in the case of
DNA imaging by AFM The widely accepted method for adsorbing DNA molecules onto

a surface (typically mica) for scanning utilizes a weakalt bridge generated by
magnesium ions bekeen the negative surface of threca substrate and the uniformly
negatively charged DNA molecules. This deposition method has been shown to allow the
DNA molecules to fully equilibrate in two dimensions, rather than bengrkinetically
pinned in a 2D projection of the DNA's 3D conformati¢f8). This is of critical
importance when quantitative DNA or DNgrotein interaction structal information is
desired, as in this study. Further details of the AFM experiments and deposition

conditions can be found in Appendix
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Cantilever

Piezoelectric scanner

Figure 3.21 Diagram of an AFM. The sample is deposited aatmica surface (brown)

and a cantilever ith a sharp tip scanthe mica as it gently taps the surface while
oscillating at close to its resonant frequency. A laser beam is deflected off of the top of
the cantilever onto a position sensitive diode (PSDg laser deflection information can

be translatednto the height of the sample at that location. Hence, as the tip scans a

prescribed area topographic map of the mica's surfae@ be created
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3.2.2 Image analysis

AFM images were flattened to correct fbetnatural curvature of the mica surface using
Nanoscope V software and converted to bitmap files using WSxM sof(@&)eDNA

bend angles were measured using three different techniques; Manual tangent overlay,
automated tangent overlay, and d¢oend dstance (EED) fitting. Manual tangent
overlay, was performed as previously descril@sl37#39). Briefly, we used the angle
measurement tool in ImageJ to measure the arijjleefween two tangent line segments
that were drawn along the contour of the RBODNA fragments emerging from the ~15

nm diameter proteinFigure 3.3.1E and Figure 3.3.3). The bend angled] is defined as
d=18071 7 (Figure 3.33). Three types of proteiDNA complexes were identified:
enzyme bound to a long substrate (D1 or D2), enzyme bound to a short substrate (D3,
D4, or D5), and enzyme bound and joining tworsisubstrates (D3, D4r D5) (Figure

3.32). ProteinDNA complexes were manually selected based on the criteria that only
one protein was bound to the DNA, protein was not bound to the ends of the DNA, and
the bound DNA did notntersect another DNA molecule. The intrinsic bend angles of
free DNA (substrate D6) were determined as descr{B&¢38) Briefly, 15nm circles

were drawn near the middle of each DNA molecule to simulate bound protein and angles
were measured as descdbabove for actual proteidNA complexes. The measured
angles f) determined for unbound DNA were all measured to be less than 180°. Plotting
and statistical analysis was performed with IGOR Pro software (Wavemetrics, Oswego,
OR). Data were statisticallynalyzed using the Analysis of Variance (ANOVA) and
Tukey Tests in IGOR Pro. Each subset of data for T¥paorresponding to different

substrate and/or buffer conditions, was compared against all other subsets to ensure that
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the populations were statistity indistinguishable in regards to both the variance
(ANOVA) and mean (Tukey Test).

The automated tangent overlay bend angle measurement technique was an
automated, image processing based implementation of the manual tangent overlay
procedure. This progrm, written in LabVIEWE (National
first applied a pixel threshold and adjusted the brightness, contrast, and gamma values of
each image such that free DNA, unbound topoisomerase, and-tpidsomerase
complex images were above thackground threshold value. Secondly, the program
applied a size threshold such that only the Ddpoisomerase complex images were
above the threshold value, thus filtering out all free DNA and free topoisomerases from
the images. Rectangular regions t@mng images of the DNAopoisomerase complexes
were extracted and stored as-suage files. Each suimage window was individually
judged by a human supervisor who would accept or reject complexes based on the same
criteria used for manual tangent olesy

Each selected stimage was analyzed to determine the bend angle formed by the
two DNA segments emerging from the topoisomerase. For each-tDptAsomerase
complex, a circular overlay was fitted to best match the shape of the enzyme, thus
estimatingits center and radius. Additionally, two concentric circles, centered on the
protein, were superimposed on the complex such that the inner circle radiusAwas 2
larger than the radius of the topoisomerase and the outer circle radius \8as &0
largerthan the inner circle. Next, the skeleton of the DNA was extracted after applying a
binary threshold to the image and removing small objects surrounding the DNA

segments. Sections of the DNA skeletons lying between the two superimposed circles
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were lineary fitted, and the fits were extrapolated to the point of intersection to
determine the angle of intersectigh,which was previously defined as the supplement to
the bend angled (Figure 3.22 and Figure 3.33). We used the methods of maximum
likelihood and bootstrapping to determine the mean, standard deviation, and error of the
angle distributions.

The endto-end distance mesarement technique assayed a more global property
of bending by comparing measured d¢oeend distances with simulated end to end
distances (EEDs) of bent DNA molecules equilibrated-. 2Ve followed the method
of Dameet al. (40) with two modifications Briefly, for each DNA substrate, histograms
of the eneto-end distances EED of simulated DNA molecules were generated using
worm-like chain (WLC) statistics with a persistence length ofnB0 for a range of
imposed bend angles. These histograms were tohempared with the histogram of
measured EEDs from the AFM images of topoisomeEdsS& complexes containing two
DNA molecules joined by a topoisomerase. Tdiestatistic was calculated using an
expression developed specifically for Poisshbstributed datashown in Equatiofi3.2.1]
where Qohp are the data from the simulated histogram andare data from the
histogram of the experimental d4t). The bend angle was defined as the imposed bend

angle of simulated DNA that minimized the value.

G p
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Figure 3.22 Alternative bend arlg measurement methods. The method of automated
tangent overlay. Here, the red circle represents an approximation of the boundary of the
topoisomerase, and the blue inner circle and green outer circle represent the boundaries
for the DNA skeleton fit, Wich is extrapolated to the point of intersection whéréhe
supplement to the bend angle, is measudThe twcekink model of bendingR.
represents the section of DNA that is held constant and rigid between the two imposed
bends,R; andR; representhe two fragments of DNA emerging from the topoisomerase,

and EED represents the etwdend distance between the two DNA endpoints.
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This method was modified to account for the specific details of the DNA substrate
used in this study and the binding gesiry of type IIA topoisomeras€23,25,26) As
shown inFigure 3.3.2, DNA substrates of varying lengths were used for the AFM
imaging. In particular, substrates in which the restriction fragments were of unequal
lengths could fam three possible complexes with a topoisomerase stabilizing the
palindromic four bp junction: the long fragment could bind to the shorter fragment with a
probability of 0.5, the long fragment could bind to another long fragment with a
probability of 0.25,or the short fragment could bind to another short fragment with a
probability of 0.25. We accounted for this ambiguity in the bound substrates by
simulating all possibilities and combining the simulations with the appropriate statistical
weight (0.5 or 0.8). In other words, each simulated distribution was made up of 50%
long-short, 25% longong, and 25% longhort DNA complexes.

The second alteration of this method involved simulating akiwe model of
DNA bending instead of the osi@énk bending model tilized by Dameet al. (40). In a
oneki nk model, the DNA is kinked i n-kikne
model, the DNA is kinked in two positions, creating a-Blabt t o med AV o0,
length of the flat bottom is held constant, andtfue purpose of these simulations was
assumed to be rigidR{) (Figure3.22). Instead of imposing one bend dflegrees, we
imposed two bends, eadf2 degrees, on either side of tResegment of the DNA. We
held the length conant in theR. region for each simulation, but ran the simulation for
four different values oR:: 0, 2, 4, and &im. Then, as in the original method, we used
WLC statistics to model the segments of the DNA from the location of the bends to the

ends of theDNA molecules. Because crystal structure data indicate that type IIA
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topoisomerases bend DNA by imposing two bends on either side of a straight segment of
DNA (23,25,26,42) we reasoned that the tviink model of DNA bending would be
more appropriate forw data than the oAdank model.

In addition to the bend angles determined by comparing the histograms of
simulated data to experimental data, we also used saatistic (Equatiofi3.2.3]) to
compare the mean square EEmr the simulated and experimental déd&). Here,
dY Ois the mean square EED of the simulated DNA for a given bend @gféis the
measured mean square EED, aifdis the variance of the mean square EED
measurementigure 3.23 shows a representative histogram of experimental EED data

and the best fit histogram of simulated DNA, as well as the plots @fs a function of
bend angle for the simulated histogram data.gndyas a function obend angle for the
mean square EEDs.
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Figure 3.23 Representative results of DNA simulatiods. A representative histogram
of the distributon of EEDs for DNAyeast topoisomerase Il complexes (bars) and the

best fit histogram of simulated DNA EEDs (line). Goodness of fit was determined by
minimizing thet | and I—G{ oStatistics (EquationiS.2.1] and[3.2.3]). B. A graph of the
F statistic vs. simulated bend angle for the histogram shown in A, fit with a quadratic

function (line). C. A graph of thdr(}{ o Statistic vs. bend angle, fitith a quadratic

function (line).
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3.2.3 Single Molecule FRET ¥periments

FRET is a powerful spectroscopic technique that is used to determine distances, typically
in the 310 nm range, by measuring the n@diative energy transfer between two
fluorescent moleules(79-81). The efficiency of this energy transfer, which is due to an
induced dipole interaction between the two dyes, can be related to the distance between

the wvo molecules, as shown in Equatig82.3] and[3.2.4]

0 _— [3.2.3]

O — [3.2.4]

In Equationg3.2.3] and[3.2.4], 14 is the fluorescent intensity of the acceptor dyeis
the fluorescent intensity of the donor dyes the distance separating the two dyes, and
Ro, known as the characteristic distance for a fluorophore pair, is the distance at which
50% ofte donor mol ecul ebs ener(@YB0).iTHes technigua s f er r
is popular in biochemistry and moleculbiology labs because the range over which
distances can be measured by FRET are highly biologically relevant for probing inter
and intramolecular nucleic acid and protein interactionr®nce molecules are
appropriately fluorescently labeled, measurif@EHR efficiencies of molecules in bulk
solution is also a fairly straightforward task requiring only an instrument that is capable
of measuring fluorescent emission at a range of wavelengths.

Though ensemble FRET measurements yield useful data regardiayettzge

distance between the two dyes over a fixed time period, single molecule FRET
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(smFRET) measurements allow for monitoring of individual fluorescently labeled
molecules as a function of time. This makes it is possible to identify multiple FRET states
and probe the dynamics of the molecule being studied without losing information to
averaging.However, SmFRET is substantially more difficult to perform. Instead of
relying on a multifunctionaspectrofluorometersmFRET requires a special instrument
that is capable of resolving individual dyes in both time and sp&he. custorrbuilt
instrument used in our experiments relied on total internal reflection (Ti&pscopy,

in which an evanescent wave, created by a laser beam that undergoes TIR at the surfac
of the sample cell, extends only ~1R00 of nm from the surface where the donor dyes
are immobilized(80). By using this technique, excitation is achieved with minimal
background fluorescence and a large area, measuring up to thousands of square microns,
can be illuminatedA chargecoupled devicdCCD) camera, wikh collects emitted light

from the donor and acceptor molecules, allows for simultaneous monitoriagcbtiata
collection from hundreds of individual moleculé80). Prior to reaching the camera, the
collimated emitted lightbeamis spectrally separated using a dichroic mirand then
passes through a lens, wihiallows each color to be projected upon different halves of
the CCD screeand analyzed separatg]y9). A schematic of ouexperimentabetup is

shown inFigure 3.24. For details on the instrument configuration agxperimental

conditions, please see Append@ixDetailed Methods.
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total internal reflection
excitation laser of the excitation laser

sample cell

excitation filter

fluorescence from
dye labeled
DNA substrates

Figure 3.24 Schematic of SmFRET setup. The excitation laser was totally internally
reflected at the interface of the quartz prism and the sample cell creatavgraescent

wave that illuminated approximately 250n into the sample. Light was collected by an
objective with a 60X magnification and a numerical aperture (NA) of 1.2. Excitation light
was rejected using a filter and then donor and acceptor light were separated (dichroic

mirror separation step not shojand projected onto a CCD camera.
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In our smFRET experiments, we udseb DNA substrates, one that contained an
acceptor dye (F1) and another that contained the donor dyeRigRy&3.25A). These
substrates each contain aufobp overhang that is complementary to that of the other
substrateThese are alsthe same substrates as usedMA-protein cocrystallization
experiments done with yTodb (63) with a single base change in theifdp overhang to
disrupt its palindromic symmetry and a 30 bp extenswoithe donor substratéZ), well
separated from the binding site, to prevent the protein from interacting with the surface of
the slide Figure 3.25A). Biotinylated donor substrates (FEigure 3.25A) were
immobilized on the quartz surface of the flow cell using a streptabidiin linker.

Since the acceptor was on a separate DNA substrate (F1) we observed FRET only when a
topoiomerase bound both the donor and acceptor substrates and introduced a bend
(Figure 3.25B). A control experiment with both donor and acceptor substrates but no

topoisomerase showed no FRET.
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Figure 3.25 Schematics of singleolecule FRET experimeni&s. DNA used in single
molecule FRET experiments showing locations of the fluorophores, Alexa546 and
Alexa647, biotin, and double strandedopl overhang.B. Schematic of a type IIA
topoisomerase bending the FRET substrate. The distance between the fluoroghores (
was determined from the FRET efficiency measurements (Eqyatid@]) and related

to the bend angle using the relationship showBdnation[1.3.6]. Here, g is the length

of the unbent DNA segment between the two bent DNA segments.amibt labeled) is

the contour length of DNA between the two fluorophof@sDiagram of the estimated
helical pith (rise) used in the calculation af from the FRET efficiency[Partially
reprinted from The Journal of Molecular Biology320, Konstantin Klenin, Jorg
Langowski, Alexander Vologodskii,"Computational Analysis of the Chiral Action of
Type Il DNA Topoisomerasés 359367, Copyright (200R with permission from

Elsevier(60), (Appendix A)]
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3.3 Type |l Topoisomerases Impose Comparable Bend Angles on DNA

The bend angle model posits that the degree ofegmiibrium topology simplification

by typellA topoisomerases depends on the extent eGment DNA bending. In order

for DNA bending to account for differences in topology simplification, the type IIA
topoisomerases we investigated would impose significantly different bend angles,
ranging from -200° for yTopo Il to more than 300° for Topo (80). To evaluate the
feasibility of this model, we used AFM and single molecule FRET to determine the
differences in Gsegment DNA bending among type A topomerases that exhibit a
wide range of nomequilibrium relaxation activitiesHigure 1.6.1). Figure 3.3.1 shows
typical AFM images of topoisomerase HANA complexes as well as DNA in the

absence of prein.
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Figure 3.31 AFM images of DNAtype IIA topoisomerase complexds. Repesentative
TopolV-DNA complexeswith DNA substrate D3(designated by white arrowsp.
yTopoll-DNA complexeswith DNA sulstrate D5 C. hTopoll U DNA complexeswith

DNA substrate D5D. DNA in the absence of proteik. One DNATopolV complex
with the measured anglef)( and bend angled] indicated. F. Threedimensional

representation of the complex from (E). The vertical scale has been exgandidity.

74



We incubated Top8/ with one of two linear DNA substrates, D1 or CEAdure
3.32), each of which included a putative Tolyobinding sequence adapted from
Marians and Hiasé82). The complexes were deposited on freshly cleaved mica and
imaged in air using tapping mode AFM. These substrates exhibited low binding affinity
under the conditions required for AFM imaging of protBiNA complexes (160 nM
enzyme) Since type IIA topoisomerases have been shown to preferentially bind and
stabilize four bp complementary overhaii§3), we developed substrates D3 and D4
(Figure3.3.2) thatcontained complementary four bp overhangs to stabilize binding. This
binding cotiguration further provided a high degree of specificity as complexes
consisting of two DNA segments joined by a topoisomerase could be easily distinguished
from topoisomerasbinding to individual short DNA segments in the AFM images.
Furthermore, the sequence of the DNA bound by the topoisomerase in these tripartite
complexes was well defined, as were the lengths of the DNA segments on either side of

the binding site, thus &ditating further analysigsee sectio.4).
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Figure 3.32 DNA substrates used for AFM imaging. D1 and D2 contain putative
TopolV binding sequences PBBard PBS2 respectively (see main text for sequence).
D3-D5 were digested with the restriction enzyme noted. D6 is identical in sequence to D3
and D4 but undigested. All DNA substrates were made by PCR, based on the multiple

cloning site of pUC19 plasmidror DNA sequences, see Appendix
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Substrates D3 and D4 resulted in a higher fraction of Tégmound to DNA in
the AFM images. Whereas it is conceivable that these substrates could affect the protein
induced bending, footprinting experiments suggest the protein protects ~3p (82),
and crystal structures of type IIA topoisomerases bound to DNA show that bending
occurs ~%p away from the cleavage sit€83,64). Furthermore, statistical analysis
confirmed that the bend angles imposed on intact and doubly nicked DNA segments by
TopolV were indistinguishable.

For all four DNA substrates, we observed DNA bending when Tidpavas
bound Figure 3.31A, E, andF). The included anglef] between the DNA segments
emerging from the protein was measured as previously des¢8Bedb), and the bend
angle () was defined as the supplementfof.e.,d=180°7 7 (Figure3.3.3 andFigure
3.31E). We deermined bend angles for Topé bound to the four DNA substrates
described above under several buffer conditions. Measured bend angles were normally
distributed, and ANOVA and Tukey tedi®7) of the bend angle distributions for intact
and cleaved DNA substrates under all buffer conditions indicate thabpldapons were
statistically indistinguishable gRova and Rukey>0.05). Hence, all data for Topy
were combined and analyzed using maximum likelihood estimé@B)rio determine the
mean and standard deviation of the bend angle. We found that\I'dygmt the DNA by
a mean angle of 80 3 with a standard deviation of 302° (n = 242) (Figure 3.3.4A).
The uncertainties represent the standard errors of the mean oliitain@otstrap analysis

(89).
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0=180"-¢

Figure 3.33 The bend angled, is defined as the angle through which the DNA is bent
from a straight line. The opening angle, measured between the two DNA segments

emerging from the topoisomerase, is the supplement of the bend angledbel®@- /.
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Figure 3.34 Distributions of bend angles imposed on DNA by different type IlIA
topoisomerases. Distribution of bend angles for TiIdMpOA. determined by manual
tangent overlay (80° 3° s =30° 2°, n=242) andB. automated tagent overlay
(L=100° 4°,s =35° 2°,n=181). Distribution of bend angles for yTofloC. manual

tangent overlay (g 87° 5° s =39° 3°, n=251) andD. automated tangent overlay
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(L =103° 4° s =40° 2°,n=295). Distribution of bend anglesrfaTopol |EUmanual
tangent overlay (F 66° 4°, s =28° 3°, n=110) andF. automated tangent overlay
(M=102° 5° s=37°3°% n=269). Curves represent Gaussian distributions with
parameters obtained from maximum likelihood fitting of the dath @firors determined

by bootstrapping88,89). Distribution of bend angles for DNA in the absence of protein

G. manual tangent overlay &0°1°, s =30° 4°, n=201) andH. automated tangent
overlay (u=0° 1°,s =43° 13°,n=247). These curves represent the best fit of a folded
Gaussian distribution to the bend angle histograms with means and errors determined by

bootstrappingd89-92).
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In addition to the manual tangent overlay method, we also used an automated
tangent overlay method and andto-end distanc EED) analysis to determine bend
angles from the AFMmages. Using the method of automated tangent overlay, we found
that TopolV bent the DNA by a mean angle of 10@° with a standard deviation of
35° 2° (n=181) Figure3.34B). Using EED analysis we found that Topbbent DNA
by a mean angle of 9938° (h=242) or 124° 38° (n=181), for manually and
automatically selected populations of protBINA complexes, respectively.

Since the bend angles measured for Tdpavere independent of the DNA
substrate, we used substsaf@4 and D5, which is a symmetric version of H4g(re
3.32), to measure bending by yTopioand hTopa | U. Manual tangent o
that yTopoll imposed a bend angle of &/5° with a standard deviation of 393°
(n=251), automated tangent overlay showed that yTibpmposed a bend angle of
103° 4° with a standard deviation of 402° (n = 295), and EED analysis showed that
yTopoll imposed a bend angle of 10535° (n = 251) or 103 35° (n = 295), depending
on the ppulation of proteirfDNA complexes used (manually or automatically selected,
respectively) Figure3.3.4C, D). Manual tangent overlay showed that hTépp U i mpo s e d
a bend angle of 66 4° with a standard deviation of 283° (n = 110) (Figure3.34E, F),
automated tangent overlay showed that hTogoU i mp o s e dof 182° B°ewmithd a n g |
a standard deviation of 373° (hn=269), and EED analysis showed that hTopb U
imposed a bend angle of 8432° (n=110) or 127° 32° (n=269), depending on the
population of prote’DNA complexes used (manually or automatically seldc
respectively). The measured bend angles for each topoisomerase using each method are

summarized iMable3.3.1.
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Table 3.31 Bend angles measured from AFM images using fotferdnt analysis

techniques and bend angles measured from single molecule FRET.

Topo IV(°) yTopoll(®) hTopo
AFM
Manual Tangerit 80° 3 87°5 66° 4
Automated Tangeht 100° 4 103° 4 102° 5
EED Histogram Fit (manudl) 99° 38 105° 35 84° 32
Me an E@a&nuat 102° 4 108° 7 81° 7
EED Histogram Fit (automatetl) 123° 34 103° 17 126° 25
Me an E@ubmated) 119° 6 102° 4 123° 4
Weighted Mean of AFM measuremer 94 ° 13 100°7 95 ° 24
Single Molecule FRET 126° 18 140° 16 136° 17
®Mean°® SEM

’d°angl e at MR A 6nmusee text
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To determine the intrinsicemding of DNA on the mica surface, we imaged a 360
bp fragment of linear DNA (substrate Dieigure1.21) in the absence of proteifigure
3.31D). We measured the bending of the DNA frahe AFM images as previously
described(83,85). Using Imaged, circles were drawn near the middle of each DNA
moleculeto simulate bound protein. The bend angles were then measured using the angle
measurement tool in ImageJ, as described above. All measureménigeod taken to be
smaller than 180°, resulting in a folded Gaussian distribution bend angles as described by
Le Camet al. (91) and Chernyet al. (92). Fitting this data to a folded @Gasian (Egation
[3.3.1)), we found that the mean bend angle in the absence of protein was @ith a
standard deviation of 304° (n=201) for bend angles measured using manual tangent
overlay and the mean and standard deviation wetel®0 and 43t 13° (0= 247),

respectively, for bend angles measwedautomated tangent overlalyigure3.3.4G, H).

Q' h, h— é Q Q [3.3.1]
” MC“

In addition to the AFM measurements, we matd-RET measurements to
estimate the bend angle imposed on DNA by each topoisomé&igsee 3.3.4 shows the
histograms of FRET efficiency values for each topoisomerase and a graph showing the
relationship between FRET efficiency and DNA bend angle. The substrate we used for
these experiments in the same substrate as used in the agstalliexperiments done
with yTopoll (63) with a single base change in the four bp overhang to disrupt its
palindromic symmetry and a 30 bp extension, well separated from the binding site, to
prevent the protein fronmteracting with the surface of the sli(féigure3.25). The mean

FRET efficiencies for TopdV, yTopoll and hTopa | U we r° 60070 =20243),
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0.370° .009 =28363), and 0.324.010 (=26593) (meari SEM), respectively
(Figure3.35A).

We calculated th@verage fluorophore separatiar) rom the measured FRET
efficienciesusing Equatior{3.2.4] with a calculated?, value of 7.4 nnf 10% for the
Alexa546Alexa647 fluorophore pair used in the single molecule FRET experiments. To
calcuate the imposed bend angle, we assumed the DNA geometry was similar to that

observed in crystal structurg$3-66). Accordingly we modeled the bend as two
symmetricbends (with bend angIE‘c) on either side of a short DNA segment of length

r. between the two dyes separated by a total distance along the DiNABQure3.25).

In the analysis of our single molecule FRET data, we irduthe possibility of a small
helical pitch of the DNA. The inclusion of a significant helical pitch was a feature of the
bend angle model. Kleniet. aldetermined that the bend angle model was insensitive to
the helical pitch when it exceeded a 9 nmdalrise over 150 bp, which corresponds to a
rise per bp of only 0.06m/bp(60). Because the protein contacts less than 40 bp of DNA,
we estimated that the helical rise would be only on the order afm-3ver the
biologically relevant length of DNA. We incorporated this DNA rise into the FRET
calculations by introducing an additional tenm. (Figure 3.25C) into the equation for
calculatingr. We used a value ofise=1.5° 1.5nm as the three possible cases
representing zero helical rise, an intermediatenin5rise, and the ~3 nm helical rise
assumed by the bend angle modg@é0). Equation[1.3.6] describes the relationship

between the dye separationand the geometry of the bent DNA.

i o i zcos i [3.3.2]

84



20 L Topo IV
10 + Il -
L I 4 L0 T T T T T
E 2.0 F yTopoll 4 Z 08
o ; ! - ]
Z A o 06
5 10 : =
S L 4 5 04
% 0.0 ; } T & 02
20l hTopo Il :
L i 0.0 ]
10 0 60 120 180 240 300 360
il wmﬂdm Wﬂnmm_ _ B
0.0 .
-1.5 -0.5 0.0 0.5 1.0 1.5

FRET Efficiency

Figure 3.35 FRET efficienciesand relationship to DNA bend angl&. Histograms of
FRET data for Topo IV (0.2250.007,n = 20941), yTopo Il (0.370 0.009,n = 28363),
and hTopo °0.01Q n=(265933 Angéa’i SEM). B. Plots showing FRET
efficiency as a function of bend anglg&Equations[3.2.4] and [1.3.6]) for the DNA
substrate used in the FRET experiments ustag 7.4, r =4.8nm, ry: = 14nm, and
rise = 1.5nm (solid line) and the FRET efficiency veend angle relationship when
experimental uncertainties, such as uncertaintid?yi(f 10%) andrse (° 1.5 nm), are

taken into account (dashed lineSge Appendix C for sample sSmFRET traces.
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We calculated the separation between dyes on the DNA si#hstse= 14 nm,
assuming a length per base of 0.334 nm and based on the lyToopstal structure we
setr.=4.8nm (63). Theresulting relationship between FRET efficiency and the bend
angled is plotted inFigure 3.35B. With this model, the computed bend anglesre
126° 18° for TopolV, 140° 16° for yTopoll, and 136° 17° for hTopadl | (Dable
3.31).

Although these bendnglesare larger than those determined from the AFM
images, the differences in the bend angles among the topoisomerases are very similar.
These larger bend angles alkso more consistent with DNA bends determined from
crystal structures(63-66). Importantly, the single molecule FRET bend angle
measurements were made in the same buffer in which the relaxation experiments were
performed. We have observed that the cositon of the buffer, particularly the ionic
strength, changes not only the affinity but also the bend angle imposed by the
topoisomerase@ata not shown)lt is possible that the AFM deposition buffer, which
was optimized to achieve equilibrated bindmiythe protein DNA complexes onto the
mica surface, contributed to the somewhat lower bend angles measured from the AFM
images. Nevertheless, the FRET data and AFM data agree that the three type IIA

topoisomerases investigated here bend DNA to a simitede

3.4 Verification of 2-D Equilibration of ProteinrDNA Complexes on the

Surface of the Mica inAFM Experiments

To accurately measure the DNA bend angle imposed by a bound protein from AFM

images, the DNA must be deposited on the mica surface under coadhat favor twe
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dimensional (2D) equilibration of the DNA in the plane of the mica rather than a
kinetically pinned 2D projection of a threglimensional (3D) conformation(78,93,94).
Reliable 2D equilibration of DNA on the surface of mica for AFM imaging is
consistently achieved using divalent magnesiunoanatin the deposition buffer to form

an electrostatic salt bridge between the negatively charged surface of the mica and the
negatively charged DNA78,93,95-97). Using these deposition conditions, Diotein
interactions are routinely probed with AFM and measured protein induced DNA bend
angles have been extendiveonfirmed by other techniques including gel shift assays
(84,94,9899), crystal structure€83,84,94), transient electric birefringence measurements
(94,98,100, and cyclization experiment§4,100. We used established deposition
conditions that favo-D equilibration on the mica surfa¢@8,93,96,97). Nevertheless,

we verified that, under our deposition conditions, the DNA molecules achieved a 2
equilibration rather than a-R projection by analyzing the polymer statistics of the
deposited DNA. We utilized the fasnarching algorithm and custom MATLAB
(MathWorks, Natick, MA) program, DIPimage, developed by Fdad to determine the
backbone coordinates of DNA molecules with no protein bound in AFM im@gs

The polymer statistical quantitiesO O 9 06 © , 0Y QA GQ and 6—Oas a
function of L, the contour length along the DNA, were obtained from the backbone
coordinates. We were able to fit the plots of these polymer statistics using the expressions
derived by Faast al. (96) for the 2D equilibration case and for thel2 projection of a

3-D conformation case, using the persistence length as the only fitting paréirigtee

3.41). Though the persistence lengths determine from @¥eQ 6A i & and 6—O

statistics all scale with increasing dimensionality, it is not possible to use these alone to
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determine the state of DNA equilibration. However, 3eOstatistic does not scale with
increased dimensionality. Thus, bgmparing the persistence lengths obtained by fitting
the §O Ofstatistic for the case of both a2 equilibration and @ projection to those
guantities obtained by fitting the other three statistics, we were able to determine the
dimensionality of tk deposited DNAWe found that the -D equilibration equations
gave a consistent persistence length of ailfor all four cases, while the[3 projection
equations gave persistence lengths that were as small asn-#0theO Ocase and as
large as~100nm in the case oY QA i &) and6—O(Figure 3.4.1,Table 3.4.1). The
agreement of the calculated persistence length in-besguilibration case is evidence

that theDNA had fully equilibrated on the surface of the mica in the AFM images.
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Figure 3.4.1 DNA persistence lengths determined bYp2AP,p) and 3D (Psp) fits to
polymer statistical measur€86). A. The O Ostatistic as a function of contour length
was fit to the equations for-R equilibration (red line) and-B projection of a D
conformation (blue dashed line). The persistence length was the only fitting parameter.
Plots ofB. the®] Oktatigic, C. the FHi POstatistic,D. and thedP Obtatistic plotted as a
function of the DNA contour length fit to the equations feb Z2quilibration (red line)

and 2D projection (not shown)'he two fits are identical but the2 projection retmns a

persistence length twice that of thé2equilibration for all three statistics.
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Table 3.4.1 DNA persistence lengths determined by fits to polymer statistical measures

(Figure3.4.1) for 2-D equilibration vs. 2D projection of a @D conformation onto the

surface of the mica.

P2.p (nm)? Psp (Nm)*
& O 51° 2 102° 4
[>2e; 52° 3 104° 6
OHl RO 52° 3 104° 6
or O 48° 1 63° 6

Fit parametef fitting uncertainties
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To further confirm that the DN#rotein complexes were equilibrated #D2 we
determined the DNA and tommmerase height profiles as a function of bend angle
(Figure 3.4.2). If the DNA-protein complex equilibrated in such a manner that the plane
of the DNA bend did not lie in the plane of the mica, the height prefileld likely be
distorted in a bendngle dependent manner due to the large persistence length of DNA.
In a simple geometric model, measured bend angles would be maximal and the
topographical height variation minimal, for bends lying in the plane of tba,mihereas
the measured bend would be near zero and the height variation would be maximal for
bends lying in a plane orthogonal to the mica. However, there was no correlatid@) (R
between the height of the topoisomerases and thedegld Figure3.4.2). Furthermore,
we determined the difference in height for two points on the DNA located 3 amoch 16
from the enzyme and plotted these with respect to bend ériglere 3.4.2). These data
were also uncorrelated, suggesting that the DNA and protein both fully equilibrated in

2-D onto the surface of the mica.
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Figure 3.42 Protein and DNA intensity profiles as a function adnd angle. The
normalized intensity (height) as a function of bend angleAfoTopo 1V, B. yTopo II,
andC.h T 0 p 0 cokeidiiohk.0.05R0r each enzyme. The change in normalized intensity
(height) of DNA between 3 and Xfin from the enzyme plotted as a function of bend

angle forD. Topo IV,E. yTopo Il, andF.h T 0 p 0 coheidiohk 0.1 f@r each enzyme.
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Our claim of 2D DNA equilibration is further supported by the agreement among
bend angles determined by both the local measurement of the bend angle (both manual
and automated) and the more global measurement of the EEDs. Were the DNA not
equilibrated in2-D, these measurements would not have been as consistent as the

simulations assumed a2 equilibration of the DNA on the surface.

3.5 Additional EvidenceContradictingthe Bend Angle Model

Though the bend angle model was developed to explaireqotibrium topology
simplification, the sharp DNA bending predicted by the model has other implications.
Klenin et al. (60) used Monte Carlo simulations to calculate the effects of sharply bent
G-segment DNA on topsomerase binding and activity addition to offering a possible
mechanism by which topoisomerases could couple ATP hydrolysis to preferential DNA
strand passage, the simulations revealed other, unexpected, predictions concerning type
[IA topoisomerase b®avior. Many of these predictions have been addressed in
subsequent publications, but their significance with respect to the bend angle model has
not been discussed. For instance, the bend angle model suggests that a sharp bend
imposed on DNA by ToptV would result in a twenty fold higher binding affinity for
positively supercoiled ((+)sc) DNA than for negatively supercoileéds¢) DNA.
However, the binding affinity of ToptV for (+)sc and ()sc DNA is the same or at most

a factor of ~3 larger for (+)s©ONA (34,101,102. A large bend angle imposed by
TopolV would also provide a mechanism to explain the higher efficiency of Tgpo

relaxing (+)sc DNA thani(sc DNA (34,101,102. However, recent work suggests that

chiral discrimination by ToptV results from differences in processivity rather than
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initial binding difference$101). Moreover, hTopd | U has al so been sho\

DNA an order of magnitde more efficiently thani jsc DNA, yet its binding affinity is
slightly higher for ()sc DNA (52). The bend angle model also predicts that Tidpo
should localize at apices of supercoils 87% of the timeifosipercoils, but only 28% of

the time for (+) supercoilé60). Whereas this prediction has not been directly tested, data
from magnetic tweezers pulling assays suggest that opas a 50% or higher affinity

for (+) supercoil plectoneenapiceq75). Furthermore, recent simulation data using an
improved WLC model for DNA has shown that a DNA hairpin, i.e., a sharp bend formed
by a topoisomerase, is not sufficient to reproduce the experimentally observed degree of
topology simplification(67,71).

Measurements of the DNA circle size dependence ofenpilibrium relaxation
provide additional evidence suggestitiat the bend angle model does not completely
describe notequilibrium topological relaxatio(27,45,61). The impact of DNA bending,
and therefore the efficiency of the nequilibrium relaxation process, would be expected
to increase as the DNA circle size decreases. However, experiments with iy Bopo
TopolV show that the topology simplification activity decreases with circle size for
small DNA circles and is independent of circle size for larger DNA circles.

The ensemble of the available evidence from previous studies and from the
measurements of the kkrangle presented here suggests that the bend angle model
cannot fully account for the observed reguilibrium relaxation activity of type IIA
topoisomerases. However, it is possible that-egumilibrium relaxation results from
G-segment bending in comiaition with a second mechanism. All three topoisomerases

were found to impose comparable bends onto DNA, which suggests that the bend angle
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model is incapable of explaining the measured differences between the topology
simplification abilities of these theeenzymes. However, these bend angles are somewhat
consistent with the degree of bending expected from the least capable topology
simplifier, yTopoll. Thus, it is conceivable that DNA bending is a conserved mechanism

that is able to account for the basedl of topology simplification achievable by type IIA
topoisomerases. Further levels of topology simplification, as found in INo@nd

hTopol | U, must arise from an additional enzy

DNA bending.

3.6 Conclusions/Discassion

We have shown that the DNA bend angles imposed by TépoTopol | U, and
yTopoll are similar and are not correlated with the extent of their topology simplification
activities. This result is inconsistent with the bend angle model, in which treedef
topology simplification scales with the magnitude of the imposed bend &®leThe
relationship between topology simplification and bend angle determined by Kleain
(60) suggests that Top® should impose the largest bend angle (~310°), hTopoU
should impose a smaller angle (~230°), and yTiw@hould impose the smallest angle
(~100°). (A detailed description of the derivation of the ref&hip between predicted
bend angle and topology simplification are described\ppendix D.) However, our
AFM and single molecule FRET data indicate that the three topoisomerases impose
similar bend angles. Our AFM data suggested that yTopoposed thelargest bend

angle (100 7°), followed byhTopol | U ° 249,5nd lastly TopdV (94 ° 13°). Our

FRET data suggest larger angles of 1416° for yTopoll, 136° 17° for hTopa | U, and
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126° 18° for TopolV (Table3.3.1, Figure3.6.1). Within each technique, all three bend
angles are within 15° of one another, which we consider to be within our experimental
uncertainty. Also, the angles follow the opposite order of the predicted bend angles, and
thereis no evidence of the ~f®ld difference in bend angles required by the bend angle
model(Figure3.6.1) (60). This leads us to conclude that while DNA bending ivaient
in all topoisomerases and may be an indicator of some conserved topology shifting
mechanism, bending alone, within the context of the bend angle model, cannot solely
explain topology simplification by type IIA topoisomerases.

Though AFM measuremenhave consistently been shown to accurately measure
proteinDNA interactions and conformatioi83,84,94,99,100103), we verified that
deposition conditions favored2 equlibration of the DNA molecules on the mica
surface and hence that the data accurately represent the conformations of both the DNA
and the protehDNA complexeq78,96,104) (Figure3.41 andTable3.4.1). 2-D DNA
equilibration is furber supported by the agreement of bend angles determined by tangent
measurements (both manual and automated) and EED measurements. Furthermore, the
lack of correlation between the height of the DNA segments emerging from the protein
and the measured bendgde is additional evidence that the protBINA complex

equilibrated in 2D Figure3.4.2.
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Figure 3.6.1 Comparison of measured and predicted bend angles aupgostype 1A
topoisomerases. Shown is a plot of topology simplification abiy)(as a function of
measured and predicted bend angles for T¥pdred squares), yTopb (green

triangles), and hTopb| U (bl ue <circles). Bendtagemngl es
(outlined shapes) and FRET efficiencies (dashed outlined shapes) are plotted along with
predicted bend angles extrapolated from the bend angle rf@&@j€line) using the non

equilibrium unknotting angupercoil relaxation data from Rybenketval. (35).
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Although direct visualization of DNAype IlIA topoisomerase complexes and
measurement of bend angles have not been previously reported, other methods, such as
proteinrDNA co-crystalization, single molecalDNA manipulation, and DNA cyclization
have been employed to probe topoisomeragdeced DNA bending. Crystal structures of
several type IlIA topoisomera$®NA complexes have been reported in the literature.
These include the TOPRIM fold, which is a conser domain required for DNA
cleavage, and primary DNBinding domain of yTopdl (63,74), the breakageeunion
and TOPRIM domains ofS. pneumoniagopoisomerasé/ in the presence of the
guinolones moxifloxacin and clinafloxaci(64), and the ParE2BarC58 fusion of
Acinetobacter baumanniitopoisomerase IV in the presence of the quinolone
moxifloxacin (66). The yTopoll-DNA structure reported a DNA bend aeghf ~150°,
and we estimated similar bend angles from $hgopneumoniaéopoisomerase NDNA
crystal structure and th&. baumanniitopoisomerasé&/-DNA crystal structure. In fact,
the bend angle imposed on DNA By baumanniitopoisomerase 1V, which hashagh
degree of sequence identity (61%) with coli TopolV, was slightly smaller than the
bend angle imposed on DNA by yToppwhich is consistent with our results.

Our measurement of the bend angle imposed by yTloffom AFM images
(100° 7°) is smaller than the angle measured from the crystallized pr@biA
complex, though the angle measured from FRET experiments’ (189 is much closer
to this value (~150°)63). The discrepancy could arise from sevegtiécts, including
different buffer conditions used in AFM and single molecule FRET experiments that
could have affected the bend angles. FRET experiments were performed under the exact

buffer conditions as the relaxation assays whereas AFM experiments bagerformed
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in a buffer optimized for AFM deposition. We observed that monovalent salt
concentration, in particular, had a strong influence on bend angle in our single molecule
FRET experiments (data not shown). Regardless of the discrepancies, MuamF
FRET data both show that type IlA topoisomerases bend DNA to a similar extent. This
result is consistent with published DN#poisomerase crystal structures, which show
that all crystallized protelDNA complexes reveal comparable DNA bending by type
[IA topoisomerases from very different organis(68-66,74). Though the exact role of
DNA bending in the mechanisaf type IIA topoisomerases has not been determined, one
study suggests that these enzymes require the DNA to be under considerable strain in
order for cleavage to occufl05. Perhaps DNA bending provides the necessary
distortion of the double helix that allows the cleavage reaction and thereby the relaxation
reaction to proceed.

The extent of DNA bending by Top¥ has also been estimated from single
molecule measurements the size of plectonemic loops in supercoiled DNA with
TopolV bound, which indicate that Tod® imposes a radius of curvature of ~@h
onto DNA(75). The radius of curvature can be related to a bend angle given assumptions
about the distance over which tbiecular curvature approximation holds. A reasonable
assumption is that the radius of curvature holds for an arc length equal to the number of
DNA base pairs that interact with the protein. Estimating this length from footprinting
data showing ~3#p of piotected DNA(82), we calculated the bend angle could be as
large as ~135° (assuming the protein bends the DNA ovep}¥br as small as ~75°
(assuming the protein bends the DNA over 25 bp). Our measured anglepfoV/Tis

consistent with this range. It should also be noted that the radius of curvature determined
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from the magnetic tweezers experiment is not consistent with a bend angle larger than
180° and certainly not as large as the ~310° angle suggested bgnihetgle model.

DNA bending by type IIA topoisomerases has also been probed through DNA cyclization
experimentg59,61). Though these experiments have shown that Tgpoends DNA

and yTopadl does not, we noted in our AFM images, and others have obs@®edhat

type llA topoisomerases have a high affinity for DNA ends. This renders the cyclization
data difficult to interpret since the presence of a topoisomerase on the ends would likely
confound the ligation reaction necessary to achieve cyclization.

Several other niels have been proposed to explain the topology simplification

mechanism of type IIA topoisomeragé®). A tracking model proposes that the enzyme
binds to a DNA crosing and tracks along the DNA to trapségments that are catenated
or knotted(35). However , an experiment that placed
at several locations along supercoiled circular DNA did not affectegoilibrium
supercoil relaxation(27). A three segment binding model postulates that the
topoisomerase binds two potentials€gments prior to selecting one for strand passage
based on localepmetry(61). However, this model predicts an asymmetric removal of
positive versus negative supercoils that would result in a skewesdoper distribution,
which we did not observe for any of the type IIA topoisomerases stugigaré 1.6.1).
Other studies have also failed to detect asymmetric supercoil removal by type IlIA
topoisomerasef27), so while this model may hold in certain cases, it does not explain
the more general mechanism of topology simplification. Two compelling possibilities are
the hooked juxtapositn model and the kinetic proofreading model. The hooked

juxtaposition model postulates that type IIA topoisomerases detect and relax specific
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juxtapositions of catenated, knotted, and supercoiled DNA in which thear@d
T-segments are bent towards onethao(57). Simulations based on lattice and WLC
models indicate that strand passage at these hooked juxtapositions is sufficient to produce
nonequilibrium topology simplification (67-71). The kinetic proofreading model
suggests that upon binding to thes€gment of DNA and encountering an initial
T-segment, the topoisomase becomes transiently activated, perhaps by binding one of
the two ATP molecules. The-§egment is released and strand passage will occur if a
second Tsegment is captured while the enzyme remains in the active(S&i8&). It is
possible that one of these models, perhaps coupled with the small effect arising from the
bend angles imposed by the topoisomerase, coulduatcfor the norequilibrium
topology simplification activity of type IIA topoisomerases. The relatively sharp bend
imposed on the Gegment DNA by type IlIA topoisomerases is consistent with the
hooked juxtaposition model, though it remains to be detedninkent T-segments are
preferentially captured and passed. Further experiments are necessary to test these models

to determine which, if either, can explain this fascinating phenomenon.

101



Chapter 4Kinetic Proofreadindpy Type IIA Topoisomerases

4.1 The Kinetic Proofeading Model

Several models have been proposed to attempt to characterize the mechanism of
energy coupling to topology simplificatiomwo of the contenders, a DNA tracking
model and a bend angle model, have been disproved experiméaieBl§). Two others,

a kinetic proofreading model and a hooked juxtaposition model, remain to be tested to
see which, if eithr, correctly characterizes the enedgpendent topology simplification
by type A topoisomerases.

The kinetic proofreading modeproposed by Yaret al, features a two step
activation process for the topoisomerase in which a random occurierités case an
interaction between the topoisomerase angtaspectiveT-segment must occur twice
before the process of strand passage is initigi8d@2). The term "kinetic proofreading”
was coined by J.J. Hopfield 06) who showed that a multiptep binding processiith
each stepseparated by an irreversible process, could explain why some biological
binding processes are far less error prone than would be expected based frae the
energy difference betweénorrect” and "incorrectbinding In essence, the requirement
of a secondbinding encounter'proofreads” the first step by amplifyinge probability
that strand passage will occur if the-segment and Gegment are topologically
constrained with respect to one another, i.e. linked, catenated, or superdbiked.
schematic for this model, shown Figure4.11, demonstrates hokinetic proofreading

would work in the case of a single trefoil kri{68,72).
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Figure 4.11 A schematic for the kinetic proofreading mod®8,72). In this model, a
topoisomerase, showmitially in blue, binds to a DNA molecule in a trefoil knot
topology with binding constarit,,. Once bound, the topoisomerase will encounter a
putative Fsegmentat a rates, which is dependent on topology. Upon this initial
encounter with a possible-gegnent, the topoisomerase becomes activated with a
topology independent rate 6f If, prior to decaying back to the inactive state at a
topology independent rate af the topoisomerase encounters a second possible T
segmentt a rates', it will initiate srand passage with a topology independent rate of
Topology dependent rates are shown with red arrows and topology independent rates are
shown with black arrows. According to this model, the overall rate of strand pa3age (

is proportional toe-a'. Given that the topology and thermal fluctuations are the same at

both topoisomerasBNA encountersR &% [Adapted from(58)]
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According to the kinetic proofreading model, a topoisomeradgated initially
by a blue circle, binds to a DNA knot. This step, like all other steps indicated with a black
arrow, is independent of the DNA's topological state. Once bound, the topoisomerase will
either unbind (with a rate oK) or capture gotential T-segment (with a topology
dependent ratef ¢). At this point, the topoisomerasell dissociate from this potential
T-segment andhay become "activatedhrough a topology independemntgeversible
process wi. Thh authors saggest thatthis &tep could arise from the binding of
one of he two requisite ATP molecul¢S8,72). However, he binding of one ATP
molecule has been linked to the closing of oalé &if the Ngate which could be
problematic for this model, as a partially closedjte would serve to block a substantial
portion of the FTsegment binding sit€Figure1.5.2) (45,107,108. Once the
topoisomerase has been activated, it can either encounter a second pesagakEnt
(with a topology dependent rateof, or decay back into its inactive state (with a rate of
2) . Hence, strand passage by the topoi some
steps making the overall rate of strand passage proportioaa tcather than just.
Assumingthat the topalgy and thermal fluctuations would be the samebfiih
encounters between thesegment bound topoisomerase and potentsdgdmentsg- o'
would simplify to&?.

In this study, we used magnetic tweezers to testribdel of kinetic proofreading.
For theseexperiments, we double tethered a magnetic bead to a coverghiptwa
parallel DNA molecules. By rotating the magnets in the magnetic tweezers setup, we
were able to rotate the bead and vary the proximity, and hence, the collision rate between

the two DNA molecules. As shown iRigure4.12, whena topoisomerase acts on a DNA
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crossing, the strand passage reaction results in a measurable height change of the bead.
Although a crossing of one full turn is shown in the figure, senalhd larger rotations

can also create DNA crossings that can be relaxed (in steps of 1 turn) by type IIA
topoisomerasesVe measured the time fetrand passage by Topo IV at multiple bead
rotations, ranging from0.6 turns to-1.4 turns, for several dérent double tether
geometries. Then, we used simulations to determine the collision probability of the two
DNA molecules at each rotation for each double tether geometry. This allowed us to
determine how the rate of strand passage by Topo IV was dependéhe collision
probability of the DNA molecules. By measuring both the rate of strand passage and
collision probability for multiple rotations and geometries, we were able to characterize
the relationshigoetween the rate of strand passage and thisioallprobability of the two

DNA molecules This allowed us to determine whether the relationsldp quadratic, as
predicted by the kinetic proofreading moditear, as would be expected for a single
step binding process, or some higher order polyngomihich could be indicative of a

more complicated kinetic scheme.
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relaxation

Figure 4.1.2 Cartoon showing Topo IV acting on a doubly tethered paramagnetic bead in
a magnetic trap. Here, the bead has an ieghomtation ofn = -1. When the

topoisomerase acts, it increaseby 1, hence returning the DNA to its original parallel

conformatiorwi t h a measureabl ezchange Iin extensic
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4.2 Methods

4.2.1 Magnetic TweezerExperimental Setup

Magnetic tweezers, apowerfultools for manipulating and probing DNA topologi/the
singlemolecule levelMagnetic tweezers utilizavo small magnetswith their opposite
poles separated by a small gap of ~1 (@68), whoseheight relative to the flow cetlan

be precisely controlled. Wheame end of two paralldihear DNA moleculs aretethered

to the surface of a flow cell and the otlrds areanchored to a paraagnetic bead, a
controlled force canbe applied tq and a rotation imposed grthe DNA moleculs by
adjusting the position of thenagnetsrelative to the flowcell and the rotation of the
magnets respectively(Figure 4.2.1). This allows precise contralver the topology and
measurement of the extension of the DNA molectilee position of the bead can be
determined by video tracking, whichbsised on the appearance of the bead's concentric
diffraction rings Video trackingworks by first creatinga calbration of the diffraction
pattern of the beads itis moved through precise steps in the vertical direction. This
calibration creates a set of images that can be compared with the diffraction pattern of the
bead during the experiment to determitsedistancefrom the focal planeMagnetic traps

can impose forces ranging from a féiN to more than 100 pN110111) and can

measure the axial displacement of the bead with ~ nm accuracy at 1000z
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Figure 4.21 Diagram of amagnetic bead double tethered by DNA molecules in a
magnetic trap (not to scale). Magnets, shown in red and blue, are separated by a small
gap. Rotation of the magnets induces a rotation in the paramagnetic bead which, in turn,
twists the DNA molecules anmd one another. DNA molecules are attached to the cover
slip using a digoxigen#antidig linker and to the bead viakéotin-streptavidin linker.

The rotation of the bead is known and the extension of the DNA metcan be
measured byideo tracking where the diffraction pattern of the bead is compared with a
set of calibration images to determine the height of the bead relative to the focal plane

andusing a stak bead as a fiducial marker to eliminatt.
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We created our DNA substrate usirgmmercially available custom DNA oligos
modified to contain either a biotin or digoxigenin molecule as forward and reverse
primers, respectively, in a PCR reaction with the #plasmid(112) as the template.

The resulting DNA substrate was 4.1 kb in length and contairsidoxigeninon one

end and a biotin on the othén.our DNA micromanipulation experiments, one end of the
DNA molecule was tethered to the fage of a antidig coatedylass coverslip via a
digoxigenirantidig linker motif and the other end was anchored to a streptavidin coated
magnetic bead through the biestreptavidin linker motif.

Tetheredl  eparamagnetideads(DynabeadsE My OneE Strep
Invitroger) were frst tested to determine ihey were attached to the surface by one or
more DNA moleculesby rotating the bead and monitoring the extensi®eads tethered
by a single DNA moleule are insensitive to rotation because the linkages are rotationally
unconstrainedwhereas a bead tethered by multiple DNA molecules will decrease in
height due to the twisting of the DNA molecules around each dflmee a double tether
was confirmedan extension vs. rotation curve was generatediéubletetheredbead

(Figure4.22). This plot, called a hat curvepuld be fit by Equationgt.2.1]and[4.2.2],

L:\/Lf)- 4e’sin*(np) - r+yr?- €, |n <05 [4.2.1]

LZ\/LS- (2e+pDe(|n|- %)) - r+Ar?- e, |n| >05 [4.2.2]

wherelL is the measured extensidnp, is the maximum extension, e is ehalf the DNA

molecule separatiom is the rotationr is the bead radiysandDe is the effective DNA
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diameer. An analysis of the hat curve by fitting to these equatialiewed for the
determination of the &L parameter thadefines the geometry and was used in the
simulations All hat curves were generated using a 2 pN force aad®with asymmetric
hat cuves were not considered, as they whkely not tethered by two parallel DNA

molecules.
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Figure 4.22 A sample extension vs. rotatidhat” curve A. The hat curve idit to a

geometric modeplus twoterms that correct for the spherical shape of the beaticagn

in Equation[4.2.1] (113, whereL is the measured extensiobp is the maximum
extensiong is onehalf the DNA molecule separation, n is the rotation, margdthe bead
radius.Equation[4.2.1]is applicable for rotations fror0.5 to 0.5 turnsB. The origin of

the correction termsof a spherical bea&ince the extension of the bead is measured at

its lowest point, a correction term is necessary to account for the distance between the
end ofthe DNAm | ecul e and t he z)bCoRortraationsowithrtlalger b e a d
than 0.5 turns, the hat curve can be fit with a geometric winding model as shown in
Equation[4.2.2] (113114). Here D¢ is the effective DNA diametefFigure S2 from

(101, Copyright 009 National Academy of Sciences, USPermission notequired
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Once the double tether was fully charaded Topo IV was injected into the
flow cell, achieving a final concentration of arouddM, which is well above it&q of ~
0.15 nM(75) and ensured that the DNA collisions would be the rate limiting step, rather
than Topo IV binding The magnets were rotatedyb-n turns and when Topo IV
performed strand passage, thus increasindgpy one, the extension increase was
automatically detectefFigure4.12) and the bead was rotated one full turn to return it to
the prerelaxationconformation. This was repeated for 1{2D0 strand passage events.
Then, the bead rotation was "zeroed out" and the DNA molecules were returned to their
original parallel conformation. From this point, a new, second rotation was imposed and
the process was repeatdeach double tether was subjected to a variety of rotations,
generally ranging from0.6 to-1.4 turns.

The extension vs. time traces were processed such that each strand passage event
was manuallyfit with a user drivenstep finding functiorwheret;,, was the time at the
midpoint of the extension transition. The time to strand passagewas defined as the
time lag betweerthe bead rotatiorand ty, (Figure 4.23). For each tether, relaxation
experiments we performed ah =-0.8,-1, and-1.2 turns.Relaxation experiments were
also performed at = 1.4 for most tethers and .6 for two tethers. It was very difficult
to detect relaxations ab.6 turns because a strand passage event would result inra new
of +0.4 turns,and a net difference of only 0.2 turns yieldeslery small net extension
change The trace shown iRigure4.23 is an example of data collected for a rotation of
n=-1turn. While the steps in this case appa&avious,the transition frorm =-0.6 to 0.4
would produce an extension change of roughly-fifite the size shown, making

automatic detection of strand passage unreliable for many geometries.
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Figure 4.23 Sample plot of extension vs. time and rotation vs. time for an unlinking
experiment. Here,dax is measured from the time the bead has achieved the full imposed
number of turns until thenidpoint of the transition that occurs when the topmismase

acts relaxes the crossirgee Appendix E for further relaxation traces.
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4.2.2 Simulations

Simulations were perfornteusing a DNAMetropolis Monte CarldMC) algorithm that
has been previously publish€#l01,102114115. Briefly, two ~1.35¢ m saeoidifhg
discrete wormlike chain@VLCs)were modeled to represent two 4.1 kb DNA molecules.
These chains were held a distance efapart, where the ratio of separation to length
(2€/L) was determined experimentall. rotation, ranging from 0.6 to 1.4 turns was
initially imposed upon the chains, and the algoritpemeratd distributions ofroughly

1¢® chain conformationsThe topology of the chains was maintained by eliminating
moves that altered the initial topological constrainfs juxtaposition event was
determned to occur when the chains passed within 10 nm of one anBtiezach 1000
simulation stepsformation about the juxtapositignsuch asiumber of juxtapositions,
number of nofjuxtapositions(from which the probability of at least one juxtegition
occurring could be caltated) averageangle of juxtapositionandthe vector quantities
of the chains including the point of juxtaposition and +3 WLC segments, was recorded
for each experimentgll determined tether geometrfprce and rotation setSmal
perturbations in input parametersi6%) did not yield significant perturbations in the
conformation distributions for either number of juxtapositions, probabilitgtdéast a

singlejuxtaposition, oaverageangle of juxtaposition.

4.3 Results

4.3.1 Relaxatiomm by Topo IV for Different DNA geometries and rotations

As shown inFigure 4.2.2, rotation vs. extension haturves for a double tethered DNA

molecules havea well defined shape that is well fit by in a piecewisanner by
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Equations[4.2.1] and [4.2.2] The fit to this curve allow extraction of the &L
parameter, which defines the geometnd is a necessary input for the MC simulations
Of the twelve prospective double tethers that relaxation data was collected for, six were
found to have symmetric hat curves that could be wellfie distribution of relaxation
timeswere exponentially distributed and were well fit by a single decaying expahenti
Figure4.3.1 shows representative example of the relaxation data for a gjeglmetry

and crossing. In general, we found that the characterg#igation timevas proportional

to the inverse of the rotatiofor rotations of-0.6, -0.8, and-1 turns and that the
relaxationtime tended to saturate at arowidturn so characteristic relaxation times for
-1.2 and-1.4 turns weresimilar toand often within error of the characteristic relaxation
time for -1 tum, though some tethers behaved unpredictabigure 4.3.2 shows data
from the two tethers that contained data forrile-0.6 turns rotation and a third tether
that exhibited similar behaviokVe decided to inclde only these tethers in our kinetic
proofreading analysis for multiple reasoneo of the three data sets contained the
critical and elusiven =-0.6 turns data point, their hat curves were among the most
symmetric, their data sets weesmongthe most skightforward to analyzedue to
relatively large extension changesid thethreediscardedethers behaved in a markedly
nonphysical manner when compared with the simulation data. Though unfortunate, it
was not entirely surprising that only three of lweedata sets were useablkhese are
very difficult experiments to perform and the data can be difficult to analyze when the
extension changes are smaurther, it is verydifficult to find a tether with a perfectly

symmetric hat curve that can be wilto Equationd4.2.1]and[4.2.2].
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Figure 4.3.1 Sample relaxation data for a tether widfl2= 0.65andn =1 turn, fit to a
single exponential function. The characterisince for thisfit was U= 0.18+ 0.02 s. The
number of bins foithis and everydata set was determinesing the Sturgs formula:

Nsins = 1+ log(N), whereN is the number of data point$16).
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Figure 4.32 Plot of relative(* (relaxation rateyalues (normalizedy U at n=1 turn)
vs. rotation for three different double tetheviéh geometries: @L = 0.52 (red), 0.65
(blue), andd.62 (green) For these tethers, the relaxati@ieby Topo IV increased with

increasing nmber of turns untih = 1 turn, at which the relaxaticatesaturated.
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4.3.2 RelationshippbetweerRotationand Collision Probabilt

The kinetic proofreading model postulates that the relaxation time for a type I
topoisomerase should scale as the squar@eofuxtaposition probability of two DNA
segmerd As such, previously published MC simulatiq91,102114,115) were used to
simulate DNA molecules and determine the relative probabilities of collision for different
double tether geometries and bead rotatidihe simulations returned two types of data
for each 100Gimulationsteps that correspond jixtaposition probability: the number of
juxtapositions(Njux) and the numibyeof nonjuxtapositions(Nnojux). The number of non
juxtapositions gives the probabjl of at least one juxtaposition occurring over the 1000
steps since Py« = 1 - Njux/100Q Further, these simulations yielded a distribution of
crossing angles for each geomeffis information coulderelated to the juxtaposition
and norjuxtapositon data to yield the number of juxtapositiqiNang) or probability of a
single juxtapositiorf{Pang) at any range of crossing angles. Since Topo IV has been shown
to prefer a crossing angle of ~8@01), Nangand Pang at a crossig angle between 80°
and 90° wereonsidered in addition i, and Pjux. Simulation data were all normalized
to then = 1 data point in the same way as the experimental data were normglgee:
4.3.3 shows the founormalizedjuxtaposition probability measurements vs. rotation for a
single tetheoverlaid with the normalized experimental data.

As exhibitedin Figure 4.3.3, the experimental data shown best correlates with
Niuxt. The experimental data from the two other tethers showRigaore 4.32 also
correlate best with thij,: simulation values for those tetheFSgure4.3.4 shows a plot
of all three tethers that were considered and the corresponding normblized

simulation data.
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4.3.3 Strand Passagateby Topo IV is Linearly Correlated with Collision Probiitly

As shown inFigure 4.34, the relaxatiorratesfor all three tethers appear to match the
trend of theNj,x: sSimulated data. This immediately suggests that the relationship between
3 and Njuxt IS probably closer to a linear relationship than the quadratic relationship
predicted by the kinetic proofreading model. ShowrFigure 4.35 is a plot of the
experimental data as a function of the simulation @@atall three tetherslhree possible

fits to the datare presented linear fit (red), quadratic fit (blue) and a power fit (green).
Qualitatively, the linear fit is much better than the quadratic fit. Quantitatively, when the
data is fit with a power foction, the fit parameter returns a power of 0.906 + 0.15, which
is a clear indication of a linear or ndarear relationship between the relaxatiateand

the juxtapositiorprobability.
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Figure 435 P1 o't of n'oas raflinctiore afN;,J Although the kinetic
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linear.
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4.4 Conclusions/Discussion

The kinetic proofreading model predicts that the relationship between the rate of a
relaxation event occurring and the rate of strand collision should be quadratic. However,
our data show that the relationship between the velativerse time to relaxation of a
DNA crossing by Topo 1V is linearly related to the relative number of DNA segment
juxtapositions. The inverse relatlisie ti me
relative rate of strand passagkeikewise, the rateof collision of two DNA segments
separated by a distance af @hdtwistedaround one another by a rotationrofurns is
linked to the number of DNA juxtapositioas$ equilibrium. The higher the collision rate,
the more juxtapositions should occur in dirproportion. Hence, our data, which indicate
that 0" and Ny« are linearly related, are not consistent with the kinetic proofreading
model.

Because Topo IV is the most capable topology simplifiegure 1.6.1, Figure
3.6.1), if the kinetic proofreadig modeldescribedtopology simplification by type IIA
topoisomerases, the effects would be npvehouncedn the case of Topo IVSinceour
data with Topo IV indicate a linear, rather than quadratic, relationship between the rate of
strand passage andethioplogy-dependentate of DNA segment collisions, we must
conclude that the kinetic proofreading model does not accurately characterize how type
[IA topoisomerases couple the energy of ATP hydrolysis to preferential strand passage
aimed and simplifying DNA topology.

Now that the bend angle model and the kinetic proofreading model have been
experimentally discounted, one promising model remains: the hooked juxtaposition

model. This model states that type IIA topoisomerases have an inherent binding
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preference for some DNA gment juxtapositions over othg(s7,67-71). Like the bend

angle and kinetic proofreading models prior to this disgertatork, this model has not

yet been experimentally tested. Fortunately, the MC simulations that yielded information
about the relative number of juxtapositions also provided full characterization of the
vector positions of each juxtaposed segment irsiinelated DNA, as well as the vector
positions of the three nearest neighbor segments on both sides of the juxtaposition on
each chain. A future direction for this project would be to use the wealth of juxtaposition
information obtained in the MC simulatie to characterize the "hookedness" of
juxtapositions in a uniform way and then to determine if the topoisomerase acts more
efficiently on those DNA conformations than on conformatidma tlo not have the

preferred juxtaposition conformatians
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