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SUMMARY

DNA condensation is a process in which DNA undergoes a polymer phase transition
from an extended state in solution to a much more compacted and ordered state. This
process is most often driven by the association of multivalent cations with DNA or by
molecular crowding effects. DNA condensation is widely appreciated as a fundamental
process in all living organisms. Understanding the organization of DNA within
condensates and the dynamics of their formation has been of interest for many years as a
model of DNA condensation within biological organisms.

More recently, DNA condensation has attracted much attention for its relevance
in optimizing artificial DNA delivery systems for gene therapy, where packaging of the
nucleic acid into particles of the smallest possible size is believed to be important for
efficient cellular uptake. Presently, most efforts to improve the condensation and delivery
of nucleic acids have focused on the synthesis of novel condensing agents. In contrast,
the potential for DNA structure and topology to control condensation for packaging
nucleic acids for cellular delivery has received far less attention. The research presented
in this dissertation provides in depth biophysical studies that demonstrate how local
modulations in the nucleic acid structure can be used to control both the size and the
morphology DNA condensates.

During the past decade major advances have been made in the development of
oligonucleotides as therapeutic agents. However, short oligonucleotides are not as easy to
condense into well-defined particles as compared to gene-length DNA polymers. We

describe a novel strategy for improving the condensation and packaging of

XV



oligonucleotides that is based on the self-organization of half-sliding complementary
oligonucleotides into long duplexes (ca. kb) with flexible sites at regular intervals along
the duplex backbones, in the form of single-stranded nicks or single-stranded gaps. The
results presented in this dissertation also provide new insights into the role of DNA
flexibility in condensate formation and suggest the potential for the use of this DNA
structure in the design of vectors for oligonucleotide and gene delivery.

In both bacteria and eukaryote the active regulation of DNA condensation is
known to be an essential part of the cell cycle. Chromosome packaging in the bacterial
nucleoid involves DNA organization and compaction at multiple levels. The protein HU,
one of the most abundant nucleoid-associated proteins in bacteria, has been shown by
mutant studies to play an important role in shaping the bacterial nucleoid. However, the
mechanism by which HU regulates or promotes DNA condensation is not well
understood. IHF is another high-expression nucleoid-associated protein in bacteria that is
a homolog of HU and is also believed to contribute in compaction of chromosomal DNA.
HU binds DNA without any apparent sequence preference, whereas IHF binds DNA in
both non-sequence specific as well as sequence-specific modes. The similarity of these
two proteins in functionality is illustrated by the fact that IHF can be substituted by HU in
numerous cellular functions. The results presented in this dissertation demonstrate that
both HU and IHF guide DNA to condense into linear bundle-like structures in presence
of cellular condensing components, but the proteins alone do not condense DNA into
densely packed structures. These results suggest a mechanism by which HU and IHF
could act as architectural proteins during DNA condensation. The similar effects on DNA

condensation of IHF and HU suggest that both proteins have related general functions in

XVi



the modulation of chromosome structure in bacteria. IHF and HU, as architectural
factors, are proposed to locally organize bacterial chromosomal DNA in the presence of
cellular condensing environment to facilitate its condensation into a more ordered,
bundle-like state in vivo. The results presented for IHF and HU also suggest that these
proteins could be used in artificial gene packaging and delivery protocols where rod-like

condensates would be advantageous.
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CHAPTER 1

INTRODUCTION

DNA condensation is generally described as the collapse of a DNA molecule from an
extended state in solution into a more compact and ordered state. The condensed particle
may contain a single DNA molecule or multiple DNA molecules. The term DNA
condensation is generally restricted to a process in which the resulting DNA particle is of
finite size with a well-defined morphology and containing ordered DNA packing, which

is distinguished from DNA aggregation or precipitation [1].

1.1. DNA CONDENSATION IN NATURE

Nucleic acid condensation is of fundamental importance to biological organisms
[2]. DNA molecule is the carrier of genetic information in all living cells and therefore
genomic DNA molecules are extremely long (on the order of millimeters in length).
However, genomic DNA molecules must package into a very small space inside a cell or
a virus particle (e.g. with dimensions measured in nanometers). Several DNA packing
systems have evolved to condense genomic DNA from relatively simple particles in
viruses to the complex chromatin of eukaryotic cells.

A classic example of DNA packing in nature comes from the bacteriophage. In
solution, the 40 kb T7 genome with its contour length of 13.6 um, which can span a
space of several um, is packaged into a 55 nm wide virus capsid, a compaction that

represents ~10" fold increased density [3]. During packaging, genomic DNA is



translocated into an empty prohead in an ATP-driven process and condensed as a highly
ordered structure at a density near that of a crystalline state [3-6]. This process results in a
highly compressed and strongly bent viral DNA, forming a spool-like condensate, and
storing enormous elastic energy that has been proposed to help eject the bacteriophage
DNA into a bacterial cell [7-9].

The 4.6 Mb circular chromosome of Escherichia coli with an unfolded
circumference of approximately 1.6 mm in solution is packed into a nucloid region about
I um in diameter, with over a thousand fold linear compaction. Although the detailed
organization of the chromosome in the bacterial nucleoid is not well understood yet, it is
clear that condensation is achieved by the combined effects of supercoiled chromosomal
domains, nucleoid-associated proteins, polyamines and crowding effects exerted by RNA
and proteins [10-12]. Condensation of the eukaryotic genome in the cell nucleus is a
complex phenomenon as the eukaryotic genome is several orders of magnitude larger
than in viruses or prokaryotes.

The average human chromosomal DNA of 1.7 x 10° bp with a contour length of
5.8 cm is condensed by a linear factor of 10* to 10’ to fit inside the cell nucleus. The
chromosome compaction is achieved primarily by histone proteins, although other
chromosomal proteins also have important roles. DNA is wrapped around nucleosomes
that further compact DNA into the 30 nm chromatin fiber [13]. Long loops of chromatin
fiber then attach to the chromosome scaffold composed of nonhistone proteins to form
the chromosomes [13,14]. These structures do not occur in all eukaryotic sperm cells.

Rather, the transcriptionally inactive DNA is packaged within the sperm cell nuclei of



many vertebrates and all mammals by arginine-rich protamines into a highly condensed

structure with near crystalline density [15-17].

1.2. STUDIES OF DNA CONDENSATION IN VIVO

DNA packaging in viruses and sperm cells has long attracted the attention of
biophysicists because of the above mentioned remarkable packing density inside phage
capsids and sperm cell nuclei. Early studies of DNA condensation focused primarily on
unraveling the structural organization of phage DNA and the morphology of DNA
compacted in virus capsids and sperm heads [3,18-22]. X-ray diffraction patterns from
phage heads showed that DNA is packed tightly into locally parallel bundles [23,24].
Further information emerged from electron microscopic studies of phage DNA released
from disrupted bacteriophage capsids that revealed that DNA is packed in an orderly
toroid like structure inside the phage head [18,25]. Early X-ray diffraction and electron
microscopy studies provided information on the spacing between the DNA strands and
about the overall low-resolution structure. Based on these different sources of
information diverse models have been proposed. These models include the ball of string
[18], coaxial spool model [18,19], nontoroidal kink model [26], nematic liquid crystal
model [27] and the folded toroid [28]. The development of cryo-electron microscopy
(cryo-EM) provided the advantages of visualizing bacteriophage DNA in its native
conformation, without possible artifacts from negative staining and/or fixing. Cerritelli et
al. have examined the conformation bacteriophage T7 DNA inside the capside by cryo-
EM and computer-aided image processing techniques [3]. Their data strongly suggests

DNA is densely packed within the phage capsid with 2.5 nm spacing and is wrapped



axially in concentric shells, as proposed by the coaxial spool models. However, a recent
simulation study showed that DNA within the slightly elongated capsid of bacteriophage
029 is not coaxially spooled, instead, DNA resembles a folded-toroidal conformation [6].
This suggests that the conformation of DNA inside the bacteriophage is determined by

the shape of the virus capsid [6].

1.3.  CONDENSING AGENTS FOR IN VITRO DNA CONDENSATION

Over thirty years ago it was discovered that the polyamine spermidine can cause
the in vitro condensation of DNA into toroidal structures with dimensions similar to the
structure observed when encapsidated phage genome is released by the gentle lysis of a
bacteriophage capsid [18,25,29]. The genome packaged in the vertebrate sperm cells was
found to be condensed into a toroidal morphology [16,22,30]. Thus, DNA toroids
represent a fundamental morphology selected by the nature for the high-density
packaging of genomes. Furthermore, the elemental packing unit of DNA in some
bacteriophages and in mammalian sperm cells is in excellent agreement with the DNA
packing in DNA condensates produced in vitro [3,22,31,32]. Thus, in vitro DNA
condensation has long been considered a potential model for DNA condensation in
biological organisms.

Numerous studies have demonstrated that in aqueous solution DNA can be
condensed at room temperature by a wide range of multivalent cations of charge 3+ or
greater (e.g., natural polyamines spermidine’®® and spermine®’, inorganic cation
Co(NH3)s™", cationic polypeptide polylysine, basic proteins histones H1) [29,33-37].

Divalent cations, however, do not generally induce DNA condensation in aqueous



solution at room temperature, but can in water-alcohol mixtures [38,39]. However, the
divalent cation, Mn®", was shown to condense supercoiled plasmid DNA into toroidal
condensates, but not linear plasmid DNA [40]. Multivalent cations reduce the repulsion
between DNA segments by neutralizing DNA backbone charge and thereby promote
condensation of DNA. Alcohols can also induce DNA condensation. Alcohols facilitate
condensation by multivalent cations by reducing the dielectric constant of the solution,
which increases the interaction between DNA and counterions. It was demonstrated that
even divalent cations, such as Mg" initiate condensation of DNA in presence of 50%
methanol solution [39]. Arscott et al. observed well-defined condensate morphology
when ethanol is used in low concentration in the presence of Co(NHj3)e 3* at low ionic
strength and verified that alcohol reduces the critical concentration of condensing agent
required for condensation [41]. DNA can even be condensed into an ordered morphology
by crowding agents such as polyethylene glycol, albumin in presence the monovalent
cations [42-44]. These crowding agents promote y-DNA (Polymer-and-Salt-Induced)
condensation primarily by the excluded volume effect of crowding agents, as these

polymers do not strongly interact with DNA [44-46].

1.4, INTRAMOLECULAR FORCES IN DNA CONDENSATION

Ever since in vitro DNA condensation was first reported there has been a constant
stream of theoretical and experimental investigations focused on unraveling the forces
and the factors that govern DNA condensation. DNA condensation was found to be the
result of a combination of attractive and repulsive forces, where the attractive interactions

must overcome repulsive ones at the onset of DNA compaction. The repulsive



contributions include DNA bending energy, entropy loss and electrostatic repulsion. The
proposed attractive interactions include primarily correlated counterion electrostatics and
hydration forces. Others attractive contributions come from cross-linking or bending by

bound ligands.

1.4.1. DNA Bending Energy

The free energy required to bend or distort the DNA double helix for its
compaction into orderly condensates is referred to as bending energy, which can be
defined in terms of the length of the DNA segment being bent (L), persistence length of

DNA (L,), the radius of curvature of the bent segment (R.) and temperature (T) [47].
A G pena = (RTL,L) / 2 RY) (1.1)

The persistence length of DNA is a measure of DNA bending rigidity or stiffness. This
parameter is defined as the length over which for a free DNA molecule in solution, the
root-mean-square bend angle in any particular direction is one radian [48,49]. In other
words, the persistence length is the distance over which correlations in the direction of
the tangent to the helical axis are lost. The persistence length of a random DNA sequence
in a salt buffer of physiological strength has been measured to be ~50 nm (~150 bp) [48].
However, the measured persistence length of DNA polymer depends on the intrinsic
curvature of DNA molecules and also on solution conditions [48,50-53]. Below the
persistence length, the molecular behavior of DNA approaches that of a rigid rod [48].
The energy required to bend the DNA shorter than the persistence length is energetically

unfavorable. However, the DNA bending energy can be reduced or may even be



favorable by introducing sequence-directed curvature in the DNA [31,54], by altering the
inherent stiffness of the DNA, by bending due to localized binding of the multivalent

cations or by distorting the DNA helix by DNA binding proteins [46,47,55].

1.4.2. Mixing Free Energy

When a DNA polymer is condensed, it undergoes what has been termed as coil-
globule transition. In the uncondensed state, the interaction between DNA and its solvent
milieu is favorable and DNA remains in the extended state. Upon condensation, a coil-
globule phase transition occurs in which solvent-DNA interaction become less favorable
[47]. The demixing of DNA polymer and solvent upon condensation causes entropy loss
which disfavors DNA condensation. The entropy loss due to this demixing was estimated

by Reimer and Bloomfield [56] as

A G mix =- T AS mix = RT (L/L,) (1.2)

where L is the contour length and L,, is the persistence length of DNA.

1.4.3. Electrostatic Energy

Electrostatic interactions are the most significant forces in DNA condensation. In
the absence of positive counterions, strong electrostatic repulsive forces would develop as
the polyanionic backbones of DNA approach during condensation. Ionic effects on DNA
condensation were investigated by Wilson and Bloomfield, who studied condensation of
DNA by different condensing agents including spermidine, spermine under a wide range

of ionic conditions using light scattering and calculated the fraction of DNA phosphate



charge neutralized by counterions using Manning’s counterion condensation theory [39].
Manning modeled DNA as a stiff anionic polymer and predicted that in aqueous solution
at 25°C the quantity of phosphate charge neutralized by solutions of mono-, di- and
trivalent cations would be 76%, 88% and 92%, respectively [38]. Wilson and Bloomfield
estimated that a minimum of about 89-90% of the DNA charge must be neutralized for
condensation to occur [39].

As it was predicted that optimal charge neutralization required for DNA
condensation could not be accomplished by monovalent and divalent cations in aqueous
solutions, monovalent and divalent cations cannot induce condensation under most
circumstances [34,38,39,57]. Multivalent cations with charge 3" or greater are generally
required to condense DNA [29,34,38,39,57]. However, in solutions of lower dielectric
constant, divalent cations cause condensation, which is indicative of a greater percentage
of phosphate charge neutralization in solvents of lower dielectric constant than water [39-
41]. Alcohol facilitates DNA condensation by lowering the dielectric constant of the
solution, but zwitterionic osmolytes inhibits condensation by increasing the dielectric
constant [39,41,58-60]. Although the monovalent and divalent cations cannot initiate
DNA condensation, they directly affect the critical concentration of the condensing agent.
Increasing the concentrations of monovalent and divalent cations in the solution has been
shown to increase the amount of condensing agent required to condense DNA, which
confirms the competition between the condensing agent and other (mono-, di-valent) ions
for binding to DNA [34,35,39,61-65]. Condensation is relatively insensitive to the
chemical nature of the condensing agent but strongly depends on the valency of the

counterion [34,39].



During condensation, counterions neutralize ~90% of the charge of the DNA and
hence screen the repulsive electrostatic interaction between DNA helices. However,
advancements in the polyelectrolyte theory over the past several years revealed that
counterions also increase the attractive electrostatic interaction between helices in the
condensed form through the correlated fluctuations of counterions shared between DNA
molecules at close range [47,66-74]. The importance of correlations in macroion
attraction was first suggested by Oosawa [66,67]. The theory of correlated fluctuations by
Rouzina and Bloomfield proposed that the significant correlation occur when the
counterion distribution has a pseudo-two-dimensional character very close to the highly
charged macroion DNA surface [68]. According to this theory, although each of these
surfaces are neutral on average, due to the coulombic repulsion between these surface
adsorbed mobile counterions, an alternating pattern of positive and negative charges are
formed. When two such DNA molecules with apposing but mobile ionic patterns
approach each other, the mobile patterns or surface lattices adjust in a complementary
way in order to minimize the total energy and ultimately a net attractive electrostatic
potential between the DNA helices. This theory has been provided support by Brownian

dynamics simulations but remain to be proved experimentally [75,76].

1.4.4. Hydration Forces

Hydration forces have been proposed to arise due to the reconfiguration of bound
water molecules located between macromolecular surfaces [58,77]. X-ray diffraction has
been used to measure forces between DNA double helices by analyzing the spacing of

condensed DNA molecules as a function of osmotic stress [78]. Forces were observed to



decay exponentially and were independent of counterion nature or concentration. The
results suggested that forces are not electrostatic in nature and are not due to ligand
bridging [77]. Rau and Parsegian proposed that multivalent cations bound to DNA
helices cause reconfiguration of the water between DNA surfaces to create attractive
hydration forces [47,58,77].

A thermodynamic analysis of the hydration force during DNA condensation was
accomplished by measuring the enthalpy and entropy at different temperatures
[58,77,79]. It was observed that the entropy AS of the multivalent cation-induced DNA-
assembly is positive, and AS is increased by increasing the bulk water entropy with
chaotropic perchlorate anion. The increase in the entropy upon the rearrangement of
water on DNA surfaces or the release of water from the surface is believed to be part of
the attractive hydration forces that are associated with DNA condensation which in turn
depends on counterion binding [58,77,79]. It has also been suggested that multivalent
counterion adsorption reorganizes the water at discrete sites complementary to

unadsorbed sites on the apposing surface [58,80].

1.5. MORPHOLOGY OF CONDENSED DNA

Multivalent cations cause free DNA in solution to condense into nanoscale
particles with various morphologies such as toroids, rods, and spheres [1,47,81,82]. The
morphology of DNA condensates depends on solution conditions (e.g. solvent polarity)
and on properties of the DNA polymer (e.g. DNA length and DNA topology) [41,83-85].
The nature of the condensing agent (e.g. polarity, charge density) has also been shown to

affect DNA condensate morphology [86,87]. The variation in particle morphology and
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size have been used to study the mechanism of DNA condensation. Toroids represent the

most commonly observed morphology, and have been studied the most.

1.5.1. Toroidal DNA Condensates
1.5.1.1. Mechanisms of Toroid Formation

Thirty years ago it was discovered that the polyamine spermidine can cause the
condensation of DNA into toroidal structures that are approximately 100 nm in outside
diameter [29]. This transition of DNA in solution from a wormlike polymer to tightly
packed toroids represents a decrease in the DNA occupied volume by approximately four
orders of magnitude. Toroidal DNA condensates have been reported to be the
morphology of the highly-packed genome within some bacterial phages and sperm cells
[3,18-22]. Thus, understanding the organization of the DNA within the toroidal
condensates and the mechanism of their formation is of interest as a model of DNA
condensation within biological organisms.

It is now known that a wide range of multivalent cations can condense DNA into
toroids [22,33,34,37,86,88,89]. Furthermore, DNA lengths from 1 kb to 50 kb have been
shown to produce toroids that measure around 100 nm in outside diameter [1], toroids
from DNA around 50 kb can be unimolecular, whereas toroids formed from significantly
shorter lengths are multimolecular. Toroids with outside diameters up to 200 nm have
also been reported [90-93]. These larger toroids can result from the condensation of DNA
with lengths greater than 50 kb [91], higher DNA concentrations [92], high
concentrations of condensing agent [93] or by slowing condensation nucleation [94,95].

The wide range of solution conditions and different DNA lengths have been reported to
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produce toroids of similar dimensions has been cited as evidence that 100 nm diameter
toroid represents a minimum energy state for condensed DNA [1]. A significant number
of theoretical models of toroid formation have attempted to explain why DNA toroids
favor particular dimensions [1,96,97]. These theoretical studies have generally assumed
that toroid size is thermodynamically controlled. However, the distribution of toroid sizes
within a single condensation reaction had suggested that toroid formation may not be
under equilibrium control but instead that toroid growth is kinetically limited [1,31].
Furthermore, single-molecule experiments and theoretical studies of DNA condensation
have supported the nucleation-growth process of toroid formation [98-103].

The formation of a stable toroid begins with the nucleation event which is also the
rate-limiting step of this process, as both DNA bending energy and persistence length
constraints are required to be overcome in this step. The size of particles formed by such
a process can depend on the kinetics of particle nucleation and subsequent growth.
Recent studies by the Hud laboratory have sought to determine the respective influence
of kinetic and thermodynamic factors that govern toroid dimension [54,85,94,95]. DNA
toroids formation was systematically studied using a plasmid DNA containing sixty
phased A-tracts, which was designed to produce two static loops in the plasmid DNA. An
A-tract is a DNA sequence containing four to eight consecutive adenine residues and a
single A-tract induce a bend of 12-21° into the helix of DNA [50,104,105]. Under low
salt condition, toroids formed by the condensation of DNA molecules containing the
static loops were significantly smaller than toroids produced by the DNA without static
loops [54,95]. The mean diameter of DNA toroids (i.e. average of inside and outside

diameters) with static A-tract loops was determined to be essentially the same as the A-
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tract loops, which provided support for the proposal that static loops in the DNA act as
built-in sites for toroid nucleation. In contrast, DNA without static loops formed larger
toroids, because DNA loops formed by random DNA fluctuations are on average larger
than those of the static A-tract loops. However, the toroid thickness of DNA with and
without static loops was found to be virtually identical, which demonstrated that under
low salt condition toroid thickness is independent of nucleation size [95]. A quantitative
comparison of toroid dimensions formed at the low ionic strength with those formed in
the presence of additional salts (NaCl or MgCl,) demonstrated that toroid thickness is a
salt-dependent phenomenon [94,95]. Based on these results a nucleation-growth model of
DNA toroid formation has been developed in which toroid diameter is determined by the
size distribution of the nucleation loops along the DNA at the onset of condensation and
toroid thickness is governed by the solution-dependent growth rate [54,81,95].
Condensation studies by Conwell & Hud that focused on the effects of MgCl, on
toroid size have also provided substantial insights into toroid growth limits. When MgCl,
is present during DNA condensation the toroids formed are much larger than those
observed when MgCl, is present prior to condensation or when added after condensation
has occurred [94]. These results provided further evidence that the vast majority of
toroidal DNA condensates reported in the literature were formed under conditions where
toroid growth was limited by the kinetics of condensation, rather than thermodynamic
limits. Thus, to explain the final toroid dimensions theoretical calculations are required

which consider toroid nucleation along with polyelectrolyte bundle growth [81,106].
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1.5.1.2. DNA Packing within Toroids

The organization of DNA within toroidal condensates was a matter of debate for
more than twenty five years. It was generally been assumed that DNA within toroids is
wound in a circumferential manner and, for optimal packing density, with DNA strands
packed in a hexagonal lattice. Early X-ray diffraction studies by Schellman et al.
demonstrated that the spacing between the DNA helices within a toroid was consistent
with hexagonal packing [107]. The first experimental evidence of circumferential DNA
wrapping in the toroidal condensate came from the studies done by Marx and Ruben
using freeze-fracture electron microscopy technique [108,109]. However, the degree of
DNA organization was not clear, and some experimental observations and simple
theoretical arguments regarding the packing of a semi-rigid polymer into a toroidal
particle suggested that DNA might not be packed throughout the toroid in a perfect
hexagonal lattice [28,110].

The emergence of cryo-transmission electron microscopy as a powerful method to
visualize macromolecules in its native conformation, made it possible to directly image
DNA in condensates without artifacts from negative staining and/or fixing. Bottcher and
coworkers were the first to study DNA toroids by cryo-TEM. For condensates produced
by 7.7 kb DNA and spermine, they reported an interhelix spacing for DNA within toroids
as 1.8 nm [111]. Based upon the unusual close packing of DNA helices obtained from
electron micrographs, as well as circular dichroism spectra, the authors suggested that the
DNA present in the air dried toroidal condensate is in the C-form DNA. However, the
spacing reported by Bottcher et al. appears to be in error based upon subsequent studies

[32].
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The fine structure of DNA organization within DNA toroids was investigated in
detail by Hud and Downing using cryo-TEM [32]. In this study, DNA toroids were
prepared by the condensation of A phage DNA with hexammine cobalt chloride and
condensates were rapidly frozen before imaging. Top-view images of toroids, in which
the principle axis of a toroid was approximately normal to the image plane of the
microscope, revealed that some toroids have regular organization of DNA throughout
most of the particle (Figure 1.1A). However, no single toroid was observed to have
perfect DNA organization throughout. Edge-view images of toroids provided the first
direct observation of the hexagonal packing lattice of DNA within toroidal condensates
(Figure 1.1B). A Fourier transform of a region of an edge-view toroid micrograph that
contained a highly ordered DNA Ilattice produced diffraction-like patterns typical of a
hexagonal array with a Bragg spacing of 2.4 nm. This spacing corresponds to a radial
spacing of 2.8 nm between the helices, as the Bragg spacing is related to the inverse of
the lattice spacing by a factor of 2/43 for a hexagonal lattice. A DNA interhelical spacing
of 2.8 nm in DNA toroidal condensate is in excellent agreement with the previous reports
regarding the interhelical spacing of DNA condensed with hexammine cobalt chloride
determined by X-ray scattering studies [107]. Edge-view images also revealed regions in
which DNA was packed in a non-hexagonal lattice (Figure 1.1C). These nonhexagonal
regions were attributed to crossovers of DNA strands within the toroid.

A three-dimensional computer model of a DNA toroid was reconstructed by a
program that simulated the wrapping a semi-flexible polymer using a hard-cylinder
potential for DNA-DNA interaction and several topological constraints [107]. Simulated

electron microscopy images of these model-toroids in different orientations were able to
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Figure 1.1. Cryo-EM images of DNA toroids formed by condensation of A phage DNA
with hexammine cobalt chloride. A) Top-view image of a toroid with DNA fringes
visible around almost the entire circumference of the toroid. B) Edge-view image of a
toroid where hexagonal packing of DNA helices is apparent in the outer regions. C)
Edge-view image of a toroid in which the outer regions appear to have DNA packed in a

nonhexagonal lattice. All scale bars are equivalent to 50 nm. Adapted from reference
[32].

reproduce most of the structural features observed in micrographs of toroids. As was
observed in DNA toroids imaged by cryo-EM, the simulated EM micrographs of 3D
models revealed that a toroid will appear uniformly ordered for most of its circumference
in a top-view image, but still contains substantial regions with both hexagonal and non-
hexagonal DNA packing. It was found that the circumferential angle between the regions
of apparent disorder was approximately one-half the circumferential angle over which
DNA deviates from an ideal packing hexagonal Ilattice. Thus, the cryo-electron
micrographs of toroids presented the first direct evidence that DNA within the toroid is
organized in a perfect hexagonal packing with regions of non-hexagonal DNA packaging.
Additionally, the model demonstrated a well-defined mechanism for DNA toroid
packaging that simultaneously explains the regions of local disorder and the possibility

for crossovers in DNA packaging [32,81].
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1.5.2. Rod-Like DNA Condensates

Rod-like condensates are often observed along with toroids when DNA is
condensed by multivalent cations. The population of rod-like condensates is typically
10% or less with respect to toroids for DNA greater than 3 kb in length [1,47].
Bloomfield and co-workers have demonstrated that the population of rod-like
condensates can be substantially increased when DNA is condensed by certain
condensing agents, such as megspermidine [86], or with other condensing agents in
water-alcohol mixtures [41]. DNA that is shorter than 1 kb has been shown to produce a
greater percentage of rods than longer DNA [83,84]. However, the actual mechanism of
rod-like condensate formation, and the relationship between rods and toroids, remains
largely unsolved.

DNA condensate formation has been shown to be the result of a nucleation-
growth process [1,54,94,95,98,103]. It has also been known for decades that both toroidal
and rod-like DNA condensates can be formed in the same condensation reaction. Thus,
the rod-like condensates formation could result either from the nucleation of rods at the
onset of condensation (i.e. kinetic origin), or rod-like structures could co-existed with
toroids in thermodynamic equilibrium (i.e. under equilibrium control) [31,54,95,98].
Interestingly, the length and diameter of the rods are found to be similar to the
circumference and thickness of the toroids respectively [83]. This similarity led to the
speculation that rod is a structural intermediate in toroid formation and rod spontaneously
convert into toroids by bending and end fusion, but this theory has never been proven
[112,113]. However, experimental studies using AFM (atomic force microscopy) have

presented evidence that unimolecular DNA condensates can convert from a toroid to a
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Figure 1.2. Aqueous AFM images displaying dynamic equilibrium between toroidal and
rod-like condensates. All scale bars are equivalent to 200 nm. Adapted from reference
[114].

rod by the collapse of toroidal loop (Figure 1.2), not by the bending of a rod into a toroid
[114]. Molecular and Brownian dynamics simulations have predicted the toroid to be a
minimum energy structure for condensed DNA, and monomolecular rod-like condensate
to be one of several metastable structures. A rod can be converted into the more
thermodynamically stable toroid by internal conversion or by complete decondensation
followed by recondensation into a toroid [100,101,115-117]. However, most theoretical
studies of DNA condensation mechanism have been limited to the studies of
monomolecular DNA condensate formation and have not provided any insight into the
intermolecular growth of DNA condensate. It has also been proposed that the packing of
DNA in rods and toroids is nearly isoenergetic including the energy required for the
smooth bending of DNA within toroids versus that required to produce sharp bends at the
ends of the rods, suggesting that these two morphologies could coexist in a Boltzmann
distribution at equilibrium [1]. It is, therefore, possible that the observed distribution of
toroids and rods actually depends on both the thermodynamics and kinetics of DNA

condensate formation.
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Recent experiments by Vilfan et al. involving the analyses of DNA condensate
morphology statistics, as a function of time and DNA structure, have demonstrated that
both kinetic and thermodynamic factors can influence experimentally observed relative
populations of DNA rods and toroids [85]. It has been shown that rod populations are
overrepresented, with respect to their equilibrium populations, at earlier times following
the initiation of condensation. This higher population of rods at earlier time points
provided the experimental evidence that rod formation is kinetically favored during the
nucleation phase of condensation and is consistent with the theoretical studies that have
suggested a favorable kinetic pathway for rod nucleation [100,101,115-117]. These
results revealed that both rods and toroids represent equilibrium morphologies with their
populations being determined by their relative thermodynamic stabilities.

It has long been appreciated that greater relative rod populations are observed as
DNA fragment length is decreased [83,84]. Vilfan et al. have documented that the shift in
condensate morphology is primarily due to a change in the relative thermodynamic
stability of rods with respect to toroids, rather than a change in the kinetics of condensate
nucleation. The results of these rod formation studies further revealed that the
interconversion of multimolecular DNA rods to toroids over time occurs as a result of
DNA strands exchange with solution, which allows a redistribution of DNA into a
relative population of rods and toroids that is largely determined by relative

thermodynamic stability [85].
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1.6. DNA LENGTH AND STRUCTURAL EFFECTS

The size of DNA toroids formed within single condensate preparation have been
shown to vary appreciably, however, a wide range of DNA lengths (1-50 kb) have been
known to produce similar sized toroids [1,31]. Thus, as mentioned above, toroids can be
formed either by the monomolecular collapse of longer DNA molecule or by
multimolecular condensation of shorter DNA molecules [31]. This observation suggests
that the size of the toroid is determined by the quantity of DNA packaged as opposed to
the length of any one DNA molecule that is incorporated into the structure. Widom and
Baldwin observe that DNA shorter than 400 bp will not condense into orderly, discrete
particles [34]. The requirement for minimum DNA length to condense into orderly
particles is explained by the stability of the nucleation structure during the condensation
process [1,46]. For DNA condensates to form, there must be a minimal attractive
potential between the packed strands, which must be greater than competing energetic
terms that favor DNA remaining as an extended polymer in solution. Bloomfield
calculated the free energy of a nucleating condensed particle as a function of DNA
length, and concluded that the net attractive interactions per base pair are very small,
therefore, at least several hundred base pairs must interact intra- or inter-molecularly to
form a stably condensed nucleation structure [1].

The topology of the DNA molecule has been shown to influence the size and
shape of the condensates particles [40,83,111,118]. Negative supercoiling may facilitate
condensation by bringing stretches of a DNA molecule into close proximity and by
stabilizing distortions that unwind the helix [40,119]. Bottcher et al. condensed three

forms of the same plasmid DNA; supercoiled, linear and relaxed circle with spermine,
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and compared the morphology of the resulting condensates using electron microscopy
[111]. The linearized DNA produced toroids that tended to cluster; supercoiled DNA
produced toroids, linear or loop like assemblies. The nicked circular DNA (i.e. relaxed
circle) produced quantitative yields of individual toroid. The observed variation in
condensate structure and aggregation was attributed to the difference in the flexibility
between the three types of DNA, with supercoiled DNA being most rigid, relaxed circles
of intermediate flexibility and linear DNA being most flexible [111]. It has been
suggested that the supercoiled DNA allows smaller condensates than linear or relaxed
circular DNA due to its increased propensity for bending, not because supercoiled DNA
is more flexible than linear DNA, This size dependence on DNA topology was
experimentally demonstrated by Marx and Ruben and also by Arscott et al. [83,120,121].
The toroids formed by the condensation of closed circular pUC12 DNA molecules with
hexammine cobalt(IIl) chloride were significantly smaller and contained less DNA
molecules than the toroids formed from the linear DNA. An increased propensity for
kinking of supercoiled DNA may also explain the increased formation of rod-like
condensate formation in a preparation of supercoiled DNA condensation.

For the thirty years much work has been done to characterize the effects of
solution conditions on DNA condensation including the development of new condensing
agents. The potential for nucleic acid structure to govern DNA condensation has received
far less attention, although DNA sequence and secondary structure has been found to play
an important role in determining the morphology of DNA condensates [41,122,123]
[54,124]. It has been shown that the introduction of a highly repetitive G-rich sequence

into plasmid DNA can decrease the size of the toroidal condensate by 22% [124]. Studies
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on the plasmid with longer d(CG), inserts capable of undergoing the B- to Z-DNA
transition showed that these DNAs have an increased DNA condensability [123]. DNA
with longer d(CG), inserts formed a higher proportion of the rods at lower concentrations
of condensing agent and toroids at higher concentrations of condensing agent with
smaller inner radii relative to DNA without inserts. This was attributed to the higher
flexibility or kinking of the secondary structure near d(CG), inserts forming B-Z
junctions that allows the tight curvature required for the condensates [123]. Arscott et al.
monitored condensation promoted by hexammine cobalt(II) chloride under conditions
that favor the formation of A-DNA in random sequences, and observed an increased in
rod-like condensates from toroid-like condensates and finally loss of ordered condensate
morphology, and formation of a network of multistranded fibers [41].

The mechanical properties of double stranded DNA in solution are reflected by
the measured persistence length of ~150 bp [48]. Thus a free DNA molecule in solution
is generally considered to be a semi-rigid polymer. However, in genome packaging,
transcription, recombination and other genomic events DNA in vivo is required to be
tightly bend with enhanced local flexibility [55,125-127]. Bends can be induced in the
DNA helix through the intrinsic curvature associated with certain sequence elements
[50,128] or upon participation of protein machineries that remodel DNA structure
[129,130]. Sequence-directed curvature can be generated by A-tract sequences. Long-
range static curvature is produced by multiple A-tracts if the incremental bends are in
phase with the helical twist of DNA. The condensation of DNA containing A-tract
directed static loops has been shown to form smaller toroids than DNA polymers without

static loops [54,95,122].
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Another means of introducing bending in DNA is through protein-DNA
interactions. The free energy release associate with protein binding to DNA is sufficient
to overcome the energetic cost of deforming the relatively stiff DNA polymer over short
lengths [49]. In both prokaryote and eukaryote, the genome is organized in a compacted
form by the nucleoprotein complexes. The eukaryotic chromosome is organized into
chromatin with fundamental nucleosome subunits in which the histone octamer wraps
146 bp of DNA in a 1.6 left-handed superhelical turn. This induces a 47° deflection of the
DNA for each helical turn [55]. This remarkable tight folding of DNA in the histone-
DNA complex is required for chromosome compaction in the nucleus [13]. Besides the
ability of the histones to significantly modify the flexibility of the DNA helix, many
DNA binding proteins of both prokaryote and eukaryote, act as DNA chaperones or
architectural proteins and alter the local DNA structure for several cellular functions
[55,125-127].

Bacterial proteins HU, integration host factor (IHF) and eukaryotic high mobility
group proteins (HMG) are well-characterized DNA bending proteins. The HU dimer,
which binds in the minor groove of DNA without sequence specificity, induces a
substantial DNA bend, although the structural homolog of HU, integration host factor
(IHF), binds to sequence specific sites with a higher affinity and induces a ~160° DNA
bend over ~35 bp [131-133]. Due to their high cellular abundance and DNA bending
ability, HU and IHF have been implicated in the compaction of the bacterial nucleoid in
vivo [12,134]. HU has no structural similarity with eukaryotic HMG proteins but
functionally, HU is analogous to high mobility group proteins. HMG proteins are

abundant in eukaryotes and like HU, bind to DNA with only limited sequence selectivity,
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but have a high affinity for bent or distorted DNA [135-137]. HMGB proteins are
observed to be effective in substituting for HU (or IHF) proteins in promoting the
nucleoprotein assembly for many cellular reactions, like invertasome formation in
prokaryotes and chromosome segregation, confirming that these proteins function strictly
as DNA architectural factors [138,139]. In eukaryotes, HMG proteins primarily act as
DNA bending proteins in a wide variety of cellular functions, including DNA replication,
transcription, and chromosome organization [55,138-145]. The ability of the above
mentioned architectural proteins to induce a high degree of bending and their implicated
role in genome packing suggest an enormous potential for the application of these
proteins for in vitro DNA condensation. Further studies are required to understand in
finer detail, the exact contribution of DNA architectural proteins like HU, IHF and HMG
in DNA condensation.

DNA persistence length has shown by theoretical studies to be a major
determinant of condensate morphology [97], and DNA persistence length is recognized
as a principal factor governing the size of toroids [31,54,95]. Thus, by decreasing the
persistence length of the DNA, it may be possible to form smaller condensate structures
due to the reduced bending energy required during condensation. The intrinsic rigidity of
the DNA double helix can be altered by the introduction of single-stranded nicks and
gaps in the DNA helix [146-148]. Electron microscopic studies have suggested that nicks
significantly reduce the persistence length of the DNA in low salt conditions [149].
However, nicked DNA molecules displayed small retardation with respect to unnicked
molecules in native polyacrylamide gel electrophoresis [147,150] suggesting that nick-

induced bends are in dynamic exchange between bent and linear structures (i.e. stacked
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helices at nick sites). The significant increase in the flexibility of DNA structure by the
incorporation of single-stranded gaps in the DNA helix has been specifically addressed
experimentally in previous reports [146-148]. Detailed studies of DNA with single-
stranded nicks and gaps were necessary to determine the influence of DNA persistence

length on condensation, and are presented in Chapters 2 of this thesis.

1.7. DNA CONDENSATION FOR GENE THERAPY

DNA condensation has also attracted much interest for its direct relevance in the
development of gene therapy [151-154]. Gene therapy shows great potential for treating
diseases ranging from genetic disorders, acquired diseases, cancer, viral infections to
neurodegenerative diseases [155-158]. However, significant progress must still be made
as the clinical application of gene therapy still faces numerous challenges [154,159]. A
key challenge is the development of a system that can selectively and efficiently deliver a
gene to target cells, and in a way that permits the gene to express efficiently [154]. Two
broad approaches have been used for DNA delivery to cells, namely viral and non-viral
delivery systems. Viral delivery systems are highly efficient in DNA delivery and
expression. However, nonviral delivery systems are attractive as alternatives to viral
delivery system because their potential for reduced immunogenic response and lower
toxicity [160]. Nevertheless, non-viral vectors also have significant limitations. Nonviral
gene delivery methods generally exhibit low transfection efficiency. This low efficiency
is due to a combination of extracellular and intracellular barriers including instability of
the complex containing DNA and the delivery agent, poor uptake across the plasma

membrane, inability to release DNA from the endosome into the cytoplasm, degradation
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of the DNA, and inefficient targeting to the nucleus [154,161,162]. The condensation of
DNA into compact particles is believed to be essential for the improvement of DNA
uptake by the cell via diffusion and endocytosis and also for improvement in chemical
and physical stability. Intercellular diffusion, which is necessary for gene delivery to
many tissues In Vivo, and the intracelluar uptake and transgene expression, have been
observed to be greatly facilitated by the packing of DNA into particles with dimensions
smaller than 50 nm [151,154,161,163-166]. Thus, being able to control DNA
condensation in vitro could play a major role in the development of novel approaches to
gene therapy. The possibilities for improving gene therapy have motivated much of the

work presented in this thesis.
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CHAPTER 2

CONDENSATION OF OLIGONUCLEOTIDES ASSEMBLED INTO
NICKED AND GAPPED DUPLEXES: POTENTIAL STRUCTURES

FOR OLIGONUCLEOTIDE DELIVERY

2.1. INTRODUCTION

During the past several years major advances have been made in the development
of oligonucleotides as therapeutic agents. Triplex forming oligonucleotides (i.e.
antigene), antisense oligonucleotides, aptamers and ribozymes (catalytic RNA) have
shown promise in modulating gene expression [167-170]. More recently, the discovery of
RNA interference (RNAi) has revealed how duplex RNA oligonucleotides can be used
for gene-silencing, a mechanism that is both useful for basic research and very promising
for the treatment of acquired and genetic diseases [171-176]. Effective implementation of
oligonucleotide technology in biology and medicine depends on the efficient transfection
of oligonucleotides. However, the cell membrane is a formidable barrier to the delivery
of therapeutic nucleic acids [154,161,177]. Most chemical-based (i.e. non-viral and non-
mechanical) artificial DNA delivery systems involve charge-neutralization and
condensation of DNA into small particles that facilitate DNA entry into cells by
endocytosis and in some cases, a mechanism for escape into the cytoplasm before

endosomal degradation. Even the widely implemented method of cell transfection using
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cationic lipids can be enhanced several fold when DNA is pre-condensed by cationic
polymers into nanometer-scale condensates [166].

Efforts to improve oligonucleotide delivery have driven the development of novel
reagents for DNA condensation that include cationic liposomes [178,179], polycationic
dendrimers [180], polyethylenimine (PEI) [181-183] and various cationic peptides [184].
In contrast, relatively few studies have addressed the potential for alterations in nucleic
acid structure to improve DNA packaging for delivery. Nevertheless, altering DNA
structure appears to be a promising approach to controlling DNA condensation. For
example, the introduction of a particular G-rich sequence into plasmid DNA can decrease
condensate particle size by 22%, and supercoiled DNA has been shown to condensed into
smaller particles than linear DNA [83,124]. Our laboratory has also demonstrated that the
size of DNA condensates produced by plasmid DNA is substantially reduced if static
DNA loops are incorporated into the plasmid to act as nucleation sites for condensation
[54,95]. These studies suggest that the influence of DNA structure on condensation can
be as great as the effects of condensing agent structure.

In this report, we describe the development of a new strategy for the compaction
of short oligonucleotides into well-defined condensates. We have designed
oligonucleotides with half-sliding complementary sequences [185] that self-assemble to
produce duplexes with flexible sites at regular points along the double helix, in the form
of single-stranded nicks and singled-stranded gaps. These nicked- and gapped-DNA
duplexes were prepared by mixing equal amounts of two oligonucleotides that self-
assemble into duplexes and reach lengths longer than 2 kb. The condensation behavior of

nicked- and gapped-DNA are compared with the condensation of a 21-mer duplex and a
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3 kb plasmid DNA by transmission electron microscopy and light scattering.
Condensation studies were carried out using the trivalent cation hexammine cobalt(III),
an arginine-rich peptide and two polymeric condensing agents. The peptide and
polymeric condensing agents chosen for this study are each known for their ability to
enhance artificial DNA delivery. The results presented here demonstrate that long nicked-
and gapped-DNA duplexes generally condensed into smaller and more homogenous
particles than short oligonucleotides duplexes. We also demonstrate that nicked- and
gapped-DNA condenses more easily than continuous duplex DNA of comparable length.
The substantial difference in the average size of nicked- and gapped-DNA condensates
and those of continuous DNA duplexes demonstrate that the increased local flexibility of
nicks and gaps provide both a kinetic and a thermodynamic advantage to DNA
condensation. Because controlling the size of condensed DNA particles is a critical
parameter for in vivo delivery [186], we propose that DNA with regular nicks or gaps
represents a new class of nucleic acid structure that should prove useful in conjunction

with a variety of non-viral mediated nucleic acid delivery systems.

2.2. EXPERIMENTAL PROCEDURES

2.2.1. Plasmid DNA Preparation

Bluescript II SK- (Stratagene, La Jolla, CA) (2961 bp), referred to as 3kbDNA in
the text, was grown in the E. coli cell line DH5a (Life Technologies, Carlsbad, CA) and
isolated using the Qiagen Maxi-Prep kit (Valencia, CA). The circular plasmid DNA was
linearized by incubation with the restriction enzyme HindIIl (New England Biolabs,

Beverly, MA). The linearized plasmid DNA was rinsed using a Microcon YM-30 spin
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column (Millipore, Bedford, MA) five times with 5 mM Bis-Tris, 50 uM EDTA (pH 7.0)
to remove excess salt introduced during restriction digestion. The DNA was then eluted
from the spin column membrane with 5 mM Bis-Tris, 50 uM EDTA (pH 7.0). DNA

concentration was verified spectrophotometrically.

2.2.2. Nicked-DNA, Gapped-DNA and Short DNA Duplex Preparation

To produce nicked-DNA, two 42-mer oligonucleotides were designed such that
the 3 half-sequence (i.e. 21 bases at the 3’ end) of one strand (N1) is complementary to
the 3°-half sequence of another strand (N2), with the same being true for the 5’ half-

sequences of these two oligonucleotides.

57" -GCTGGTGAGACGACTATGAGTTCGAATGGCTTACTGACACCG-3" (N1)

(N2) 3”-AGCTTACCGAATGACTGTGGCCGACCACTCTGCTGATACTCA-5"

DNA sequences were also designed to produce duplexes with short gaps at 21 bp
intervals. These two 44-mer sequences, G1 and G2, were created by inserting two

thymine nucleotides (TT) into the middle of the 42-mer oligonucleotide sequences.

5" -GCTGGTGAGACGACTATGAGTTTTCGAATGGCTTACTGACACCG-3" (G1)

(G2)3~-AGCTTACCGAATGACTGTGGCTTCGACCACTCTGCTGATACTCA-

Oligonucleotides were purchased from Integrated DNA Technologies (Coralville,
IA) and separated from truncation products by denaturing polyacrylamide gel

electrophoresis. DNA was eluted from the gel matrix, precipitated with ethanol and then
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further purified by passage over a Sephadex G-15 column (Sigma). Purified
oligonucleotides were lyophilized and resuspended in dH,O. Oligonucleotides
concentrations were determined by UV-Vis spectroscopy using the following extinction
coefficients: 42-mer (N1), &350 = 406 700 M! cm'l; 42-mer (N2), €60 =410 500 M Tem
I 44-mer (G1), €260 = 422 900 M ' cm’’; 44-mer (G2), €260 =417 700 M ' cm™.

To create nicked-DNA, oligonucletoides N1 and N2 were mixed in a buffer of 10
mM Bis-Tris, 100 uM EDTA (pH 7.0), annealed at 85°C for 5 min, and then slowly
cooled to 4°C. The lengths of annealed products were determined by nondenaturing
polyacrylamide gel electrophoresis.

Gapped-DNA duplexes were prepared and analyzed in the same manner as
nicked-DNA, except using the oligonucleotides Gl and G2. Nicked-gapped-DNA,
containing alternating nicks and gaps along the phosphate backbone, were produced by
mixing and annealing equal amounts of oligonucleotides N1 and G2. The 21-mer

oligonucleotide duplex used in the present study had the nucleotide sequence 5’-

TCGAATGGCTTACTGACACCG-3’ (complementary strand implied).

2.2.3. DNA Condensate Preparation

All solutions were filtered through Amicon Ultrafree-MC centrifugal filters with
0.22-um pore diameter (Millipore) prior to use in condensation reactions. For light
scattering and TEM experiments, condensates were prepared by mixing DNA (15 uM in
bp) with an equal volume of the specified condensing agent in a buffer of 5 mM Bis-Tris,
50 uM EDTA (pH 7.0). Condensates were allowed to incubate for 5 min at room

temperature before analysis by light scattering or TEM. The four condensing agents used
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in this study were hexammine cobalt chloride (Sigma), poly-L-lysine (PLL) (Sigma; Mw
(LALLS) 8.3 kDa), polyethylenimine (PEI) (Sigma; M,, 750 kDa) and TAT47.57 peptide
(YGRKKRRQRRR) (Bachem). For all TEM studies with hexammine cobalt(IIl) as a
condensing agent, 200 uM hexammine cobalt chloride was used. For condensate
preparations involving the TAT peptide, PLL and PEI, the condensation reaction
mixtures were prepared using appropriate concentrations of these condensing agents such
that there were two positively charged nitrogens of the condensing agent for every
phosphate group of DNA (at pH 7.0). Equivalents of condensing agents are defined as
protonated nitrogen atoms of cationic groups of the condensing agents (For PEI, one out

of the six of amino nitrogen atoms [187]).

2.2.4. Light Scattering

DNA condensation was monitored by measuring the average intensity of scattered
light at a 90° scattering collection angle using a DynaPro MS/X dynamic light-scattering
instrument (Proterion, Piscataway, NJ) with a laser of wavelength 824.8 nm. All light
scattering measurements were performed at room temperature. Each measurement
reported is the average of thirty 10s scattering intensity accumulations taken over the

course of five minutes.

2.2.5. Transmission Electron Microscopy (TEM)
DNA condensate reaction mixtures were deposited on carbon-coated copper EM
grids (Ted Pella, Redding, CA) and allowed to settle for 10 min. The solutions were

negatively stained with aqueous (2% w/v) uranyl acetate (Ted Pella) for 1 min to enhance
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contrast. The grids were rinsed with 95% ethanol and subsequently air-dried. The TEM
images of DNA condensates were collected using a JEOL-100C transmission electron
microscope. Images were recorded on film at 100,000 magnification. Negatives were
scanned into electronic format at 300 pixels/inch, and a computer graphics program was
used to measure the size of DNA condensates. The average size of the DNA condensates

in each sample was calculated by measuring the diameter of a minimum of 100 particles.

2.3. RESULTS AND DISCUSSION

2.3.1. Assembly of Duplex DNA with Regularly Spaced Single-Stranded Nicks

and/or Gaps

A pair of 42-mer oliogonucleotides was designed such that each was a half-sliding
Watson-Crick complement of the other (sequences N1 and N2, Materials and Methods).
The annealing of such oligonucleotides would be expected to produce long DNA
duplexes (Figure 2.1). The backbones of these duplexes would not be continuous along
either strand, but would possess nicks at every 21 bp in alternate strands. Because the
synthetic oligonucleotides are not phosphorylated at their 5° ends, these nicks represent
positions where a single phosphate group is missing from an otherwise continuous
backbone. DNA of this composition will be referred to in the present study as ‘nicked-
DNA’. Similarly, a pair of 44-mer oligonucleotides was also generated in which two
thymine residues were inserted into the middle of the 42-mer oligonucleotides (sequences
G1 and G2, Materials and Methods). The annealing of these 44-mer oligonucleotides
would be expected to produce duplex DNA with two-nucleotide gaps at 21 bp intervals

along alternating strands (Figure 2.1). DNA of this composition will be referred to as
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“gapped-DNA”. By mixing one of the 42-mer oligonucleotides (i.e. N1) with its half-
sliding complementary 44-mer (i.e. G2), it is possible to generate DNA duplexes with
alternating nicks and gaps (Figure 2.1). DNA of this composition will be referred to as
“nicked-gapped-DNA”. In general, our approach allows for the incorporation of flexible
points, in the form of nicks and/or gaps, at regular intervals into duplex polymers of
significant length. This mode of nucleotide assembly also provides a means to assemble
many copies of two or more oligonucleotide sequences into a volume that is defined by
the persistence length of the resulting nicked/gapped-DNA polymer.

The length of nicked-DNA duplexes formed upon annealing of oligonucleotides
N1 and N2 was examined by nondenaturing polyacrylamide gel electrophoresis. A 1:1
mixture of oligonucleotides N1 and N2 produced DNA assemblies with a distribution of
lengths between approximately 200 bp and 2 kb, with the majority of these nicked-DNA
duplexes being on the longer side of this range (Figure 2.2). The length of nicked-DNA
duplexes was observed to vary directly with the stoichiometry of oligonucleotides N1 and
N2. For N1:N2 ratios of 1:2, 1:3 and 1:4, where a significant excess of one strand was
present, ladder-like bands appeared in the gel and the length of nicked-DNA duplexes
decreased with the degree of deviation from a 1:1 ratio (Figure 2.2). The nicked-, gapped-
and nicked-gapped-DNA assemblies formed from equal moles of monomer
oligonucleotides, which in all cases yielded the longest assemblies (Figure 2.3), were

used in the condensation experiments described below.

34



N1(42 mer) N1 N1
S HO FFTTTTT] FTTTTTT] [TTTTTT o8

R Wo] M A I I I I Jy I I I e

N2(42 mer) N2
nicked-DNA
G1 (44 mer) G1 G1
SO PP L. PLTTIIT L. [TTITIT ) aie
s RLLLLLLLL]  LLLLLLE ) s
G2 (44 mer) G2
gapped-DNA
N1 (42 mer) N1 N1
2L O
e L DI EI L Y
G2 (44 mer) G2

nicked-gapped-DNA

Figure 2.1. Schematic representations of DNA duplexes formed by oligonucleotides,
which contain nicks and/or gaps at regular intervals. (A) The pairing of the 42-mer
oligonucleotides N1 and N2 to produce a nicked-DNA duplex with nicks in the backbone
at every 21 bp. (B) The formation of gapped-DNA, with 2-nt gaps at every 21 bp, by the
pairing of the 44-mer oligonucleotides G1 and G2. (C) The formation of nicked-gapped-
DNA, with alternating nicks and 2-nt gaps at every 21 bp, by the pairing of the 42-mer
oligonucleotide N1 and the 44-mer oligonucleotide G2. Oligonucleotide sequences are
given in Experimental and Procedures.
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Figure 2.2. Characterization of nicked-DNA duplexes by non-denaturing polyacrylamide
gel electrophoresis. Lane 1, AmpliSize molecular ruler (Bio-Rad); lanes 2-5, nicked-
DNA from oligonucleotides N1 and N2 with N1:N2 strand stoichiometries of 1:1, 1:2,
1:3, 1:4, respectively; lane 6, 20 bp molecular ruler (Bio-Rad). The concentration of each
oligonucleotide was 150 uM per strand. Gel was 3.5% polyacrylamide with a running
buffer of 1x TBE (pH 7.9).

Figure 2.3. Characterization of nicked-DNA, nicked-gapped-DNA, gapped-DNA
duplexes by non-denaturing polyacrylamide gel electrophoresis. Lanes 1-3, nicked-DNA
from oligonucleotides N1 and N2 at strand stoichiometries of 1:1, 1:2, 1:4, respectively;
lanes 4-6: nicked-gapped-DNA from oligonucleotides N1 and G2 at N1:G2 strand
stoichiometries of 1:1, 1:2, 1:4, respectively; lanes 7-9: gapped-DNA from
oligonucleotides G1 and G2 with G1:G2 strand stoichiometries of 1:1, 1:2, 1:4,
respectively; lane 10, AmpliSize Molecular Ruler (Bio-Rad). Gel was 3.5%
polyacrylamide with a running buffer of 1x TBE (pH 7.9).
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2.3.2. Condensation of Nicked- and Gapped-DNA with Hexammine Cobalt

Chloride

The condensation of nicked-DNA by hexammine cobalt chloride, a well-
characterized DNA condensing agent [34], was compared to the condensation behavior of
a short 21-mer duplex and a linear 3 kb plasmid DNA (3kbDNA). For this study,
condensation reactions were performed by mixing hexammine cobalt chloride solutions
of increasing concentrations with equal volume solutions of DNA at a constant
concentration (7.5 uM in base pair after mixing). The process of DNA condensation was
monitored by measuring the average light scattering intensity of the reaction mixture as a
function of hexammine cobalt chloride concentration (Figure 2.4). When hexammine
cobalt chloride was titrated into a solution of 3kbDNA the average light scattering
intensity of this sample increased rapidly in the low concentration regime and then
reached a plateau at around 80 uM hexammine cobalt chloride (Figure 2.4). This increase
in average light scattering can be attributed to the increased concentration of densely
packed DNA particles [35,188-190]. The midpoint of 3kbDNA condensation, under the
conditions of our study, was at 49 uM hexammine cobalt chloride. This midpoint of
condensation, and the shape of the titration profile, are consistent with earlier reports of
DNA condensation under low salt conditions [89]. A similar titration of a 21-mer
oligonucleotide duplex failed to produce a significant increase of light scattering intensity
within the titration range, which indicates no appreciable formation of DNA condensates.
This observation is consistent with earlier reports that DNA duplexes even as long as 140
bp in length are more difficult to condense with hexammine cobalt chloride than DNA

that is thousands of bp in length [34]. In contrast, titration of nicked-DNA with
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hexammine cobalt chloride produced a light scattering profile with a shape very similar
to that of 3kbDNA. A sigmoidal fit of scattered light intensity as a function of hexammine
cobalt chloride concentration demonstrates that the nicked-DNA condenses with a
midpoint of 37 uM (Figure 2.4, inset). Thus, nicked-DNA actually has a greater
propensity to condense than linear duplex DNA of comparable length (i.e., 3kbDNA), and
dramatically different condensation properties when compared to the duplex 21-mer
oligonucleotides. We note that the maximum light scattering intensity observed for
condensed nicked-DNA is approximately half of that observed for 3kbDNA. This result
does not necessarily indicate that the nicked-DNA is in a less condensed state, as particle
number and particle morphology also contribute to light scattering intensity.
Hydrodynamic radius measurements based upon dynamic light scattering actually
indicate that particles formed by nicked-DNA and hexammine cobalt chloride are larger
than those formed by 3kbDNA (Figure 2.5). Electron microscopy studies discussed below
also confirm this to be the case. Light scattering measurements clearly indicate that the
condensation of nicked-DNA by hexammine cobalt chloride is more similar to 3kbDNA
condensation than to the condensation of short duplex oligonucleotides.

The size and morphology of particles formed by the condensation of nicked-,
gapped- and nicked-gapped-DNA DNA duplexes with hexammine cobalt chloride were
directly analyzed using transmission electron microscopy (TEM) and compared with
those formed by 3kbDNA. Nicked-DNA condensed into ribbon-like aggregates that were
around 75 nm in width, but frequently over 1 uM in length (Figure 2.6A). Gapped- and
nicked-gapped-DNA duplexes produced similar ribbon-like structures when condensed

by hexammine cobalt chloride (Figures 2.6B and 2.6C). Spherical particles of a size close
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Figure 2.4. Condensation of 3kbDNA, nicked-DNA and a 21-mer duplex by hexammine
cobalt chloride, as monitored by light scattering. For each data point shown, DNA
concentration was 7.5 uM in base pair (5 mM Bis-Tris, 50 uM EDTA, pH 7.0). Light-
scattering intensities shown are averages from measurements taken over a 5 min period.
(Insert) 3kbDNA and nicked-DNA scattering intensities, as a function of hexammine
cobalt chloride concentration, normalized to maximum observed intensity. Note: nicked-
DNA condensation occurs at a lower hexammine cobalt chloride concentration than
3kbDNA.

500
®
£ 400J @ nicked-DNA
@ & 3kbDNA .
- °
=]
L
o 300+ ®
E o
E 200 - 4
E n o
s 100 . 5 ©
>
© @ & o5 o &
0 E ] | | | | I |
0 20 40 60 80 100 120

[hexamminecobalt chloride] (LM)

Figure 2.5. Hydrodynamic radius of nicked-DNA and 3kbDNA condensate as a function
of hexammine cobalt chloride concentration. The average hydrodynamic radius of the
particles was calculated based on diffusion coefficients obtained by dynamic light
scattering (Materials and Methods).
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Figure 2.6. TEM images of particles formed by various DNA samples upon condensation
with hexammine cobalt chloride. (A) Condensates formed by the nicked-DNA duplexes
of oligonucleotides N1 and N2. (B) Condensates formed by the gapped-DNA duplexes of
oligonucleotides G1 and G2. (C) Condensates formed by the nicked-gapped-DNA duplex
of oligonucleotides N1 and G2. (D) Condensates formed by 3kbDNA. For all samples,
DNA was 15 uM in base pair, and condensed by mixing with an equal volume of 200 uM
hexammine cobalt chloride in 5 mM Bis-Tris, 50 uM EDTA (pH 7.0). Scale bar is 100
nm.

to that typical of DNA toroids were occasionally found among the elongated ribbon-like
aggregates. Under the same solution conditions, the condensation of 3kbDNA by
hexammine cobalt chloride produced toroids as the dominant morphology with a mean
outer diameter of 85 nm (Figure 2.6D). This result for 3kbDNA is consistent with the

previous reports of linear plasmid DNA condensation from a low-salt buffer [95].
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2.3.3. Condensation of Nicked- and Gapped-DNA by a Cationic Peptide

We also studied the condensation of DNA duplexes with multiple nicks and/or
gaps by larger and more highly charged condensing agents. For these studies, condensing
agents were chosen from molecules that had previously been shown to facilitate artificial
gene delivery. Many cationic peptides have been reported as successful vectors for non-
viral gene delivery [184,191]. Some of these peptides include naturally derived sequences
that facilitate the translocation of DNA across biological membranes in the absence of
any specific transporter or receptor. For example, a short peptide derived from the
nuclear localization sequence (NLS) of the TAT protein, residues 47-57
(YGRKKRRQRRR), has been shown to promote the entry of nucleic acids into several
different cell types [192-195]. Thus, we chose the Tat-NLS peptide as a model peptide to
investigate if nicked- and gapped-DNA are condensed by a cationic peptide into a form
that would be suitable for delivery.

Changing the condensing agent from hexammine cobalt chloride to the Tat-NLS
peptide caused a dramatic alternation in the size and morphology of condensates formed
by DNA duplexes containing nicks and/or gaps. Nicked-, gapped- and nicked-gapped-
DNA duplexes all condensed into spherical particles, each with an average diameter of 45
nm (Figure 2.7A-C). The continuous 3kbDNA was also condensed into spheres by the
Tat-NLS peptide, but these particles were significantly larger with an average diameter of
65 nm (Figure 2.7D). Histograms of condensate particle diameters illustrate that
distribution of particle sizes was also very similar among the three types of nicked- and
gapped-DNA, and narrower for each than the distribution observed for 3kbDNA (Figure

2.8A). We note that the 21-mer oligonucleotide duplexes (which did not condense with
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Figure 2.7. TEM images of particles formed by various DNA samples upon
condensation with the Tat-NLS peptide. (A) Condensates formed by the nicked-DNA
duplexes of oligonucleotides N1 and N2. (B) Condensates formed by the gapped-DNA
duplexes of oligonucleotides G1 and G2. (C) Condensates formed by the nicked-gapped-
DNA duplex of oligonucleotides N1 and G2. (D) Condensates formed by 3kbDNA. (E)
Condensates formed by 21-mer duplex. For all samples, DNA was 15 uM in base pair,
and was condensed by mixing with the Tat-NLS peptide at a charge ratio of 1:2 (DNA
phosphate:cationic charged group of the peptide) in 5 mM Bis-Tris, 50 uM EDTA (pH
7.0). Scale bar is 100 nm.
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Figure 2.8. Histograms of DNA condensate diameters. Measurements were taken from
TEM images similar to those shown in Figure 2.7. The DNA molecules associated with
each histogram are given to the right of each. The condensing agents for the three sets of
histograms are (A) Tat-NLS peptide (B) PEI and (C) PLL. The average particle diameters
given in the figure are based upon measurements from at least 100 particles for each
value reported. Experimental conditions for condensate formation are given in Materials
and Methods.
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hexammine cobalt chloride) were condensed by the Tat-NLS peptide, but much larger
aggregates were observed compared to nicked- and/or gapped-DNA (Figure 2.7E). Thus,
DNA with nicks and/or gaps can be condensed into smaller particles by the Tat-NLS
peptide than either oligonucleotide duplexes or 3kbDNA. The difference observed
between the size and morphology of nicked- and gapped-DNA condensates when the
condensing agent is changed from a trivalent cation to an eight-charged cationic peptide
also illustrates the fundamental interplay between condensing agent type and DNA

structure on DNA condensation.

2.3.4. Condensation of Nicked- and Gapped-DNA by PLL

We have also studied the condensation of DNA with multiple nicks and/or gaps
by the much larger cationic peptide poly-L-lysine (PLL). PLL is of interest as a DNA
condensing agent because it is known to enhance the cellular uptake of DNA and protect
DNA from nuclease digestion [196,197]. All three types of nicked- and gapped-DNA
duplexes were found to uniformly condense into small spherical particles with PLL
(Figure 2.9). The average diameter of nicked-, gapped- and nicked-gapped-DNA-PLL
condensates was essentially the same at 21 nm, 17 nm and 18 nm, respectively. However,
3kbDNA under the same conditions produced appreciably larger spheres with an average
diameter of 30 nm and with a somewhat greater size distribution (Figures 2.8B). Based
upon an average length for our nicked- and gapped-DNA of 2 kb, the volume of a sphere
with a 20 nm diameter and the previously determined packing density of condensed DNA
[32], the spherical nicked- and gapped-DNA-PLL particles are the result of a single DNA

polymer collapse. On the other hand, 30 nm PLL-3kbDNA particles are estimated to
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contain 6 kb, or two strands of 3kbDNA. The short 21-mer duplex was also condensed by
PLL into well-defined spheres, but with a much greater degree of aggregation as

compared to DNA with nicks and/or gaps (Figure 2.9).

2.3.5. Condensation of Nicked- and Gapped-DNA by PEI

Among the various polymeric DNA transfection agents described in the literature,
polyethylenimine (PEI) has proven particularly efficient in a variety of in vitro and in
vivo transfection studies [181-183]. Apart from DNA condensation and protection from
nucleases, endosomal release of DNA is known to be essential for efficient transfection
[198]. Among the different DNA carriers, PEI has been shown to effectively promote
early release of DNA from the endosomal pathway [181]. Furthermore, additional
chemical modifications can easily be introduced to the PEI molecule to enhance the
target specificity without perturbing its bio-compatibility [199]. Thus, we have also
investigated the condensation of DNA duplexes with multiple nicks and/or gaps by PEL
PEI condensed these DNA duplexes into spherical condensates with average diameters of
26 nm, 25 nm and 27 nm for nicked-, gapped- and nicked-gapped-DNA duplexes,
respectively (Figure 2.8C). Thus, PEI condensates of nicked- and gapped-DNA are
substantially smaller than condensates formed with hexammine cobalt chloride or the
Tat-NLS peptide, but larger than those formed with PLL. PEI also condensed 3kbDNA
duplexes into spherical particles, however, the average diameter of the PEI-3kbDNA
spheroids was 51 nm and with increased particle size distribution as compared to all three
types of DNA duplexes with nicks and/or gaps (Figure 2.8C). Unlike PLL, PEI did not

condense the duplex 21-mer oligonucleotides into discrete particles with a regular
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Figure 2.9. TEM images of particles formed by various DNA samples upon condensation
with PLL. (A) Condensates formed by the nicked-DNA duplexes of oligonucleotides N1
and N2. (B) Condensates formed by the gapped-DNA duplexes of oligonucleotides G1
and G2. (C) Condensates formed by the nicked-gapped-DNA duplex of oligonucleotides
N1 and G2. (D) Condensates formed by 3kbDNA. (E) Condensates formed by 21-mer
duplex. For all samples, DNA was 15 uM in base pair, and was condensed by mixing
with PLL at a charge ratio of 1:2 (DNA phosphate:lysine) in 5 mM Bis-Tris, 50 uM
EDTA (pH 7.0). Scale bar is 100 nm.
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Figure 2.10. TEM images of particles formed by various DNA samples upon
condensation with PEI. (A) Condensates formed by the nicked-DNA duplexes of
oligonucleotides N1 and N2. (B) Condensates formed by the gapped-DNA duplexes of
oligonucleotides G1 and G2. (C) Condensates formed by the nicked-gapped-DNA duplex
of oligonucleotides N1 and G2. (D) Condensates formed by 3kbDNA. (E) Condensates
formed by 21-mer duplex. For all samples, DNA was 15 uM in base pair, and was
condensed by mixing with PEI at a charge ratio of 1:2 (DNA phosphate:protonation site
of PEI) in 5 mM Bis-Tris, 50 uM EDTA (pH 7.0). Scale bar is 100 nm.
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morphology (Figure 2.10).

2.3.6 Nicked- and Gapped-DNA Are More Prone to Condensation than

Continuous Duplex DNA

The light scattering studies reported here revealed that nicked-DNA condenses at
a lower concentration of hexammine cobalt chloride than 3kbDNA (Figure 2.4). This
observation is consistent with nicked-DNA being intrinsically more prone to
condensation than continuous duplex DNA of comparable length. The greater tendency
of nicked-DNA to condense is most likely due to the ability of nicked-DNA to fold upon
itself every 21 bp. The energetic cost associated with the introduction of sharp bends (i.e.
kinks) at nicked sites would be considerably less than that associated with the tight
kinking of continuous duplex DNA. In other words, the greater propensity for nicked-
DNA to condense is likely due to the reduced rigidity or persistence length of nicked-
DNA in comparison to continuous duplex DNA [149].

The large ribbon-like condensates produced by mixing nicked- or gapped-DNA
with hexammine cobalt chloride clearly contain more DNA than a single 2 kb
nicked/gapped-DNA duplex. As an illustration, if we approximate the ribbon-like
structure shown in Figure 3A as a cylinder and assume hexagonal DNA packing with an
inter-helix spacing of 2.8 nm [32], then this particle contains approximately 1 Mb of
DNA. Given that the nicked-DNA duplexes used in this study are approximately 2 kb in
length, this structure contains on the order of 50 nicked-DNA duplex molecules. The
actual mechanism for the assembly of nicked- and gapped-DNA into ribbon-like

structures is not clear. It is possible that the greater flexibility of nicked-DNA may allow
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rearrangements to occur in the condensed state that lead to higher-order assemblies. In
any case, this phenomenon is apparently particular to the condensation of nicked- and
gapped-DNA when a trivalent cation, such as hexammine cobalt(IIl), is used as the

condensing agent.

2.3.7 Nicked- and gapped-DNA Favors Small Condensates by Altering the

Kinetics of Condensation

For all DNA samples of the current study, condensate size decreased as the net
charge of the condensing agents increased from a trivalent to polyvalent cations. These
results are consistent with the previous reports that DNA condensates tend to decrease in
size as condensing agents increase in positive charge valency [200-202]. The trend to
smaller particle size with greater condensing agent charge valency can be understood by
considering the fact that DNA condensation is a nucleation-growth phenomenon [94,95].
Like crystal growth, if particle nucleation is rapid and the addition of molecules onto a
growing particle is irreversible, then many small particles tend to form [203]. In such
cases, particle growth is said to be “kinetically limited”, because particle size is
determined by the rate at which the bulk solution becomes depleted of free molecules
from which the particles can grow. In contrast, if particle nucleation is slow and molecule
addition is reversible, then a smaller number of particles grow to a much larger size. In
terms of DNA condensation, condensing agents with greater charge valency are expected
to more rapidly nucleate DNA condensation, and DNA condensed by such condensing
agents is less likely to exchange back into solution than DNA condensed by a chemical

agent of lower charge valency. Thus, like rapid crystal nucleation, condensing agents of
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greater charge valency can favor the formation of smaller condensates by kinetically
limiting DNA particle growth.

We have demonstrated that the condensates formed by nicked and gapped-DNA
in presence of TAT peptide, PLL and PEI are smaller than those formed by continuous
duplex 3kbDNA. Our data also indicates that the spherical particles produced by nicked-
and gapped-DNA in the presence of PLL result from the unimolecular collapse of
nicked/gapped-DNA duplexes, whereas 3kbDNA does not appear to form unimolecular
particle under the same conditions. Together, these observations indicate that DNA with
multiple nicks or gaps has a greater propensity to nucleate condensate formation than
continuous duplex DNA. Single-stranded nicks and gaps in duplex DNA are known to
effectively reduce the overall persistence length of a DNA polymer in solution by
increasing the conformational freedom of the polymer through localized dynamic kinks
[147-150,204,205]. These points of increased flexibility in nicked- and gapped-DNA
would be expected to allow intra-polymer helix-helix associations that could act as
nucleation sites for DNA condensate formation. As mentioned above, if DNA condensate
nucleation is sufficiently rapid and essentially irreversible, then DNA condensate size can
be limited by the kinetics of condensation. Since the condensates formed by nicked-,
gapped- and nicked-gapped-DNA with the Tat-NLS peptide, PLL and PEI are smaller
than the corresponding condensates of 3kbDNA, the condensate nucleation sites provided
by the flexible sites of nicked- and gapped-DNA apparently provide a mode of
condensate nucleation that is kinetically more accessible than the nucleation structures

formed by continuous duplex DNA.
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The similar condensation of nicked-, gapped- and nicked-gapped-DNA is
somewhat surprising, as the persistence length of nicked- and gapped-DNA duplexes
have been reported to be significantly different [147,148,150,204,206,207]. Given the
observation that these three types of DNA condense similarly, one might conclude that
reduced persistence length does not fully account for the difference in the condensation
of nicked- and gapped-DNA with respect to continuous DNA duplex. However, it is
possible that the concept of DNA persistence length alone is not sufficient to describe
what is observed and that the kinetics of nucleation must also be considered. Clearly, a
common feature of our nicked-DNA and gapped-DNA is the propensity for sharp kinks
to occur spontaneously along the helical axis [148,150,204,205]. We propose that that
these kinks act as local nucleation sites for condensation and that at any given time a
nicked-DNA duplex contains a sufficient number of these kinks to nucleate condensation.
Gapped- and nicked-gapped-DNA may contain a larger number of these kinks, but
because these sites principally act to nucleate condensation, having more kinks than

nicked-DNA may not further alter DNA condensation.

2.4. CONCLUDING REMARKS

Our motivation to study the condensation of nicked- and gapped-DNA was two-
fold: to acquire a more fundamental understanding of DNA condensation and to develop
methods for the packaging of therapeutic oligonucleotides into discrete particles. We
have described a new method for the efficient condensation of DNA oligonucleotides into
discrete particles. By assembling oligonucleotides into long nicked or gapped duplexes,

the condensation of short oligonucleotides into well-defined particles can be achieved
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with various condensing agents. As noted above, efficient condensation of DNA into
nanometer-scale particles correlates strongly with enhanced DNA delivery to living cells
[166,200,208]. Thus, based on this criterion, the small particles produced by the self-
assembly of oligonucleotides into long DNA duplexes with regularly spaced nicks or
gaps represent promising vectors for oligonucleotide delivery. Nevertheless, we
acknowledge that the utility of our approach for cellular delivery must still be proven by
actual delivery studies.In addition, we have provided one more illustration of the
interplay that exists between DNA structure and condensing agent structure on the size
and morphology of condensates. The introduction of dynamic kinks in the nucleic acids
structure represents a simple way to introduce nucleation sites that kinetically favor the
formation of small, uniform condensates. The results presented also provide addition
support to earlier proposals that nucleation can be a defining step in the determination of
condensate size [54,81,95].

The simple strategy presented here should be readily amenable to further studies
that aim to use short oligonucleotides to block viral or cellular disease-causing genes. In
addition to facilitating the condensation of oligonucleotides, appending nicked- or
gapped-DNA onto one end of a continuous gene-length DNA could provide nucleation
sites for condensation. This might be a way to promote the condensation of gene-length
DNA into small spherical particles, as we have previously shown that the incorporation
of static loops into a 3 kb long DNA kinetically favors condensation into toroids with
reduced dimensions [54,81,95]. Whether these improvements in DNA condensation
result in enhanced gene/oligonucleotide transfer to target cells must ultimately be

addressed directly by in vitro and in vivo gene delivery experiments.
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CHAPTER 3

BACTERIAL PROTEIN HU DICTATES THE MORPHOLOGY OF
DNA CONDENSATES PRODUCED BY CROWDING AGENTS AND

POLYAMINES

3.1. INTRODUCTION

Multivalent cations and molecular crowding agents can cause DNA to collapse
from solution into well-defined nanometer-scale particles [29,36,47,57,81]. This
phenomenon of DNA condensation has been studied for many years as a model of high
density DNA packing in living systems, particularly in sperm cells and viruses
[3,22,25,28]. More recently, efforts to enhance artificial gene delivery for the
improvement of gene therapies have generated substantial interest in the development of
methods to control the size and shape of DNA condensates [151,153,154]. The principal
morphologies of DNA condensates formed in vitro are toroids, rods and spheroids.
Toroidal condensates are the predominant morphology observed under many
experimental conditions, and have historically received the most attention.

We have recently demonstrated that the size of toroidal DNA condensates can be
controlled by solution conditions and by static DNA loops that act as nucleation sites for
toroid formation. Such loops can significantly decrease the average diameter of toroidal
condensates [54,94,95]. Monovalent and divalent salt concentrations have also been

shown to affect the size and thickness of DNA toroids [94,95]. In contrast, controlling the
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morphology of DNA condensates between toroids and rods is largely an unexplored
problem. Bloomfield and co-workers have demonstrated that condensation of DNA with
meg-spermidine (a derivative of spermidine with methylated amines), or with other
condensing agents in water-alcohol mixtures, increases the population of rod-like
condensates [1,41,47,86]. However, a general method for obtaining complete control
over condensate morphology for a range of condensing agent structure and solution
conditions has not been previously reported.

We have hypothesized that some natural proteins active in DNA condensation
could be adapted to gain further control over DNA condensation in vitro. Protamines,
which package DNA in vertebrate sperm cells, are obvious candidates because sperm cell
chromatin represents one of the most highly condensed forms of DNA found in nature
[16,209-211]. The DNA condensing properties of protamines have been the subject of
numerous investigations [22,211-214], and have been used for artificial gene delivery
[215-217]. Our laboratory has recently demonstrated that cysteine-rich mammalian
protamines readily condense DNA into spherical particles that are salt-stable [218].
Nevertheless, sperm cell proteins represent only one possible class of proteins to aid the
control of DNA condensation in vitro.

Prokaryotic cells contain a set of proteins that bind DNA and are associated with
the nucleoid. Among these proteins, HU has been characterized as the most important
protein for structural organization of the bacterial chromosome. For example, the lack of
HU in the hupAhupB mutant results in decondensed nucleoids and anucleate cells
[139,219-221]. In E. coli, HU exits predominantly as a 20 kDa heterodimer composed of

two subunits, HUa and HUP encoded by the hupA and hupB genes. While HU was
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initially characterized as the bacterial equivalent of histones, more recent studies have
revealed that the main role of HU in a number of cellular processes is that of a DNA
architectural protein that bends DNA in a non-sequence specific manner [134,222-225].
Thus, HU appears to be more similar in function to the HMG proteins of eukaryotes than
it is to histones [139,226-228]. The structure of Anabaena HU in a co-crystal with DNA
revealed that conserved prolines of HU intercalate between the bases of DNA from the
minor groove to induce pronounced kinks in the double helix [131]. The crystal structure
reveals that the HU-induced bend angle in DNA is as great as 105° to 140° [131].
However, these HU-DNA co-crystals contained DNA with both mismatched and
unpaired bases. Solution state studies with un-nicked DNA support a bend angle of
approximately 60° [229,230]. Measurements of DNA bending by HU also vary because
HU-DNA complexes form flexible hinges which can accommodate a range of different
bend angles [131,133,231].

In the present study we have investigated the effects of HU on the process of
DNA condensation in vitro. HU does not, by itself, cause DNA to condense into high
density particles. Furthermore, HU has been shown previously by in vitro assays to only
moderately decrease the concentration of macromolecular crowding agents required to
condense DNA [232,233]. These previous experiments did not explore the potential role
of HU in shaping the morphology of condensed DNA. Here we report that HU causes a
substantial change in the preferred morphology of DNA condensates formed upon the
addition of molecular crowding agents or polyamines. The results presented provide
additional support that local alterations in nucleic acid structure can be used to control

both the size and morphology of DNA condensates [54,95,234]. To the best of our
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knowledge, this is the first report of controlling DNA condensation with a protein that
does not by itself condense DNA into high density condensates. The results presented
here are also suggestive of how HU may work in some capacity as an architectural

protein in the compaction of the bacterial chromosome in Vvivo.

3.2. EXPERIMENTAL PROCEDURES

3.2.1. DNA Preparation

Bluescript II SK- (Stratagene) plasmid was isolated from the E. coli strain DHS-a
(Life Technologies) using the Qiagen maxi-prep kit (Valencia, CA), and linearized by
digestion with the restriction endonuclease HindIIl (New England Biolabs). Following
enzymatic digestion, the DNA was rinsed at least five times with 1x TE (10 mM Tris, 1
mM EDTA, pH 7.8) using a Microcon-YM 30 spin column (Millipore) to remove salts
and buffers from the restriction digest. The DNA was finally resuspended from the spin
column in 1x TE. DNA concentration was verified spectrophotometrically. Bluescript 11
SK- plasmid is abbreviated as “linear DNA” throughout the text. Supercoiled Bluescript
IT SK- plasmid, obtained directly from the plasmid isolation procedure, was determined
to be more than 90% supercoiled based on agarose gel electrophoresis analysis.
Supercoiled DNA was also rinsed at least five times with 1x TE to ensure that the buffer

conditions of all DNA stock samples were identical.

3.2.2. HU Protein
HU protein was isolated and purified from E. coli strain RLM1078 following a

procedure previously described by Wojtuszewski et al. [235]. To eliminate a
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contaminating nuclease, isolated HU protein was further purified on an FPLC MonoS 5/5
or 10/10 cation exchange column (Amersham-Pharmacia). The column was developed
with a 0.05 to 1.0 M linear NaCl gradient and HU eluted at 0.35 M NaCl. The lack of
nuclease activity was verified by the absence of digested products after incubating
plasmid DNA with the protein. The extinction coefficient at 230 nm of 37.5 mM'cm’

was used to calculate HU protein concentration [235].

3.2.3. Preparation of DNA Condensates

PEG-induced DNA condensates were prepared by mixing solutions of DNA and
PEG 8000 to yield a final reaction mixture 5 uM DNA bp (given in units of base pair
throughout), 125 mg/ml PEG 8000, 50 mM Tris-HCI (pH 7.8), 1 mM EDTA, 100 mM
NaCl. The condensate reaction mixtures were allowed to equilibrate at room temperature
for 20 min before depositing on grids. For PEG-induced condensates prepared in the
presence of HU, HU was introduced to the DNA at three different points in the
condensation process: (1) DNA was condensed with solutions of PEG containing HU for
20 min (HU during condensation); (2) DNA was incubated with HU for 10 min and then
condensed with PEG for 10 min (HU before condensation); (3) HU was incubated for 10
min after DNA had been condensed by PEG for 10 min (HU after condensation). In all
cases, the reaction mixtures were allowed to equilibrate at room temperature for 20 min
before depositing on grids, and final condensate solutions were all 5 uM DNA bp, 125
mg/ml PEG 8000, 50 mM Tris-HCI (pH 7.8), 1 mM EDTA, 100 mM NaCl.

Spermidine-induced condensates were prepared by mixing solutions of DNA and

spermidine to yield a condensation reaction mixture of 5 uM DNA, 700 uM spermidine,
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0.33x TE (pH 7.8), 15 mM NacCl. The same protocol was followed for the preparation of
spermine-induced condensates, in which DNA was mixed with spermine to yield a
condensation reaction mixture of 5 uM DNA, 15 uM spermine, 0.33x TE (pH 7.8), 15
mM NaCl. For spermidine and spermine DNA condensation in the presence of HU, the
same three protocols were followed as described above for the condensation of DNA by

PEG in the presence of HU (i.e. HU before, during and after condensation).

3.2.4. Electron Microscopy and Analysis of DNA Condensates

A 5 pl aliquot of each DNA condensate reaction mixture was deposited directly
onto a carbon-coated electron microscopy grid (Ted Pella, Redding, CA). After allowing
condensates to settle onto the grid for 15 min, 2% uranyl acetate was added to the grid for
2 min, and then the grid was rinsed in 95% ethanol and air-dried. The condensates
prepared with PEG 8000 were rinsed in 20% ethanol to reduce the deposition of PEG
aggregates. The size and morphology of DNA condensates were examined using a JEOL-
100C transmission electron microscope (TEM). To obtain the relative toroid and rod
populations in each sample, the grid surface was randomly scanned and the number of
unaggregated toroids and rods visible on the viewing screen were counted. Several
hundred structures were counted for each grid. Each measurement reported is the average
of the counts from three different grid preparations. Images were acquired at 100,000x
magnification and film negatives were scanned into digital format at 300 pixels/inch. A
computer graphics program was used to measure the dimensions of individual

condensates for each sample.

58



3.3.  RESULTS AND DISCUSSION

3.3.1. HU Governs the Morphology of Condensates Formed Under Molecular

Crowding Conditions

The addition of PEG 8000 to a sample of linear DNA at physiological ionic
strength causes the condensation of DNA into toroidal and rod-like particles (Figure
3.1A, B). The mean outer diameter of toroids was 199 nm (o, £94 nm) with a mean
thickness of 71 nm (o, £39 nm). The average length of rods was 386 nm (o, £81 nm)
with a mean thickness of 95 nm (o, £27 nm). The relative populations of rods and toroids
measured under the PEG-induced condensation conditions were 83% toroids and 17%
rods.

When the protein HU was added along with PEG to DNA a definitive shift was
observed in condensate morphology from toroids to rods as a function of HU
concentration (Figure 3.1C). A plateau in relative rod population was reached around 250
nM HU (in units of HU dimer). At this HU concentration, and up to at least 400 nM HU,
rods represent 75% of the condensates tallied. The midpoint between the initial rod
population and that of the plateau occurs at an HU concentration of 80 nM. Given that the
DNA concentration for these experiments was 5 uM in bp, and that the binding site for
HU is one HU dimer per 9 DNA bp, the concentration of HU required to cause the
observed change in condensate morphology is less than that which would be required to
fully load the DNA (ca. 560 nM HU). The number of HU molecules necessary to control
DNA condensate morphology was actually found to be significantly less than full loading

(vide infra).
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Figure 3.1. PEG-induced DNA condensate morphologies and morphology statistics as a
function of HU concentration. (A) TEM image of a representative condensate of linear
DNA condensed by PEG 8000 (no HU present). (B) TEM image of a representative
condensate produced under identical conditions as in A, except in the presence of 200 nM
HU. Scale bar is 100 nm. (C) Relative rod populations versus HU concentration for linear
DNA condensed by PEG. Samples were 5 pM DNA bp, 125 mg/ml PEG 8000, 50 mM
Tris-HCIL, 1 mM EDTA (pH 7.8), 100 mM NaCl, and indicated concentrations of HU
dimer. Each rod population measurement reported is the average of counts from three
different EM grid preparations.

The addition of HU alone to DNA (i.e. in absence of PEG) was not observed to
condense DNA into densely packed particles, even up to an HU concentration of 400 nM
Furthermore, the DNA toroids and rods produced by PEG in the presence of HU are
similar in size to those produced by PEG alone. Thus, HU apparently functions primarily
as an architectural protein in condensation reactions rather than as either a strong
protagonist or antagonist of DNA condensation, at least for the range of HU

concentrations studied here.
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We note that PEG 8000 (without DNA or HU) was observed to form globule
structures under the same solution conditions and EM grid preparation procedure
(Materials and Methods). PEG 8000 did not produce particles with toroidal or rod-like
morphologies. Thus, the statistics reported for PEG-induced DNA condensate
morphology accurately represent the relative populations of toroids and rods. However, it
cannot be ruled out that the globule structures observed when DNA is condensed by PEG
do not contain any condensed DNA. This caveat does not apply to the other condensation
protocols presented below, because the polyamine condensing agents did not produce any

particles on the EM grids when DNA was not present.

3.3.2. HU Governs the Morphology of Spermidine-DNA Condensates

When linear DNA of 3 kb in length or greater is condensed from solution by a
wide variety of cationic molecules (e.g. polyamines, poly-lysine, protamines) the
resulting condensate particles are mostly toroids, with the remaining particles being
almost entirely rods [29,33,36,47,213,236]. Under our experimental conditions,
spermidine condensed linear 3 kb DNA into 97% toroids and only 3% rods. To elucidate
the effect of HU on DNA condensation by polyamines, the morphology of spermidine-
induced condensates was examined as a function of HU concentration. As shown in
Figure 3.2, HU also causes a significant increase in the population of rod-like
condensates for linear DNA (5 uM bp) when condensed by spermidine (700 puM).
Specifically, the relative population of rod-like condensates increases from 3% rods (in
the absence of HU) to greater than 90% rods in the presence of 50 nM HU, with the half

maximum rod population being observed at 15 nM HU (Figure 3.2E).
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DNA toroids produced by spermidine-induced condensation were of similar
dimensions to those produced by PEG-induced condensation, with a mean outside
diameter of 250 nm (o, £22) and a mean thickness of 82 nm (o, £12 nm), but with
smaller standard deviations in these dimensions. DNA rods produced by spermidine-
induced condensation in the presence of HU exhibited an overall mean length of 450 nm
and a mean width of 78 nm for all HU concentrations investigated. Rod length and
thickness proved to be relatively insensitive to HU concentration. For example, rods
formed in the presence 100 nM HU and 200 nM HU were the same size within
experimental variation, i.e. mean rod length of 458 nm (o, £46 nm) vs. 450 nm (o, £61
nm), and mean rod thickness of 76 nm (o, = 4 nm) vs. 82 nm (o, £16 nm), respectively.
We note that these mean thicknesses are also the same, within experimental error, for
toroids and rods observed in absence and presence of HU. These observations
demonstrate that HU does not significantly affect the dimensions of condensates
produced by spermidine, only the relative population of rods. Thus, HU can act as a guide
for DNA condensate morphology for both crowding-induced and polyamine-induced
condensation. We note that HU causes a similar morphology shift for condensates formed
by another commonly used tri-cationic DNA condensing agent, hexammine cobalt (IIT)

(data not shown).

3.3.3. HU and Supercoiling Work Together to Promote the Formation of Rod-Like
Condensates
It is known that supercoiling of DNA can provide high affinity binding sites for

HU [237]. To explore the possibility that HU can work in conjunction with supercoiling
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Figure 3.2. Spermidine-induced DNA condensates morphologies and morphology
statistics as a function of HU concentration. (A) TEM image of a representative
condensate of linear DNA condensed by spermidine (no HU present). (B) TEM image of
representative condensates produced under identical conditions as in A, except in the
presence of 50 nM HU. (C) TEM image of representative condensates of supercoiled
DNA condensed by spermidine (no HU present). (D) TEM image of a representative
condensate produced under identical conditions as in C, except in the presence of 50 nM
HU. Scale bar is 100 nm. (E) Relative rod populations versus HU concentration for linear
and supercoiled DNA condensed by spermidine. Samples were 5 uM DNA bp, 700 uM
spermidine chloride, 0.33xTE (pH 7.8), 15 mM NaCl, and indicated concentrations of
HU dimer.
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to govern DNA condensate morphology, we investigated the condensation of supercoiled
DNA as a function of HU concentration. For these particular studies we chose to use
spermidine-induced condensation because, as mentioned above, the statistics for DNA
condensate morphology were potentially more accurate than those obtained for PEG-
induced condensation. Additionally, the dimensions of rods and toroids were more
uniform for the spermidine condensation reaction, which arguably makes rod versus
toroid population statistics more relevant with regards to the amount of DNA condensed
into each of these two morphologies.

The condensation of supercoiled DNA by spermidine (in the absence of HU)
produces a greater population of rods than linear DNA, i.e. 50% vs. 3%, respectively
(Figure 3.2). The addition of HU along with spermidine to supercoiled DNA again
resulted in a concentration-dependent increase in the population of rods (Figure 3.2E).
We observed that this combination of HU and superhelical stress increases the population
of DNA rods to at least 99% at 100 nM HU (5 uM DNA bp; 700 uM spermidine), which
is greater than the maximum rod population observed with linear DNA. The half
maximum rod population was observed at 15 nM HU dimer, which is similar to that
observed for linear DNA condensed by spermidine. Thus, HU and superhelical stress
apparently work together to increase the population of rod-like condensates, and the
effect of HU on DNA condensation is not fundamentally different for linear versus
supercoiled DNA.

The role of HU in controlling DNA condensate morphology, rather than as a true
condensing agent, is again illustrated by the similar condensate structures observed for

supercoiled DNA in the absence and presence of HU. Under the conditions of our study,
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the rod-like condensates of supercoiled DNA condensed by spermidine exhibited thin
fibril structures extending out from the main mass of the condensate (Figure 3.2C, D).
We have previously shown that such structures indicate the existence of partially
condensed DNA that collapses into fibrils upon preparation of EM grids [94]. Slight
changes in condensation conditions (e.g. ionic strength, temperature, sample dilution) can
cause the appearance or disappearance of such fibrils [94]. Thus, the coexistence of these
fibrils on DNA condensates prepared in samples that only differ by the presence of HU is
another strong indication that HU does not significantly promote or hinder DNA
condensation at the protein concentrations used in this study. We note that fibrils
extending from DNA condensates are not particular to supercoiled DNA, but are also

observed for condensed linear DNA depending upon specific sample conditions [94].

3.3.4. HU Governs the Morphology of Spermine-DNA Condensates

Condensation reactions similar to those described above were also performed with
linear DNA and the tetracation spermine to further explore the possibility that guiding
DNA condensation is a general property of HU, regardless of condensing agent. Similar
to spermidine, when linear DNA was condensed by spermine the majority of particles
formed were well-defined toroids with a minor population of rods (97% toroids, 3% rods)
(Figure 3.3).

DNA condensed by spermine also exhibited a gradual increase in the percentage
of rod-like condensates as a function of HU (Figure 3.3C). A maximum plateau for rod
population of approximately 90% was observed near 200 nM HU, with the half

maximum population observed at 60 nM HU. Thus, HU is somewhat less effective in
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Figure 3.3. Spermine-induced DNA condensate morphologies and morphology statistics
as a function of HU concentration. (A) TEM image of representative condensates of
linear DNA condensed by spermine (no HU present). (B) TEM image of representative
condensates produced under identical conditions as that shown in A, except in the
presence of 100 nM HU. Scale bar is 100 nm. (C) Relative rod populations plotted as a
function of HU concentration for linear DNA condensed by spermine. Samples were 5
uM DNA bp, 15 pM spermine chloride, 0.33xTE (pH 7.8), 15 mM NaCl and indicated
concentrations of HU dimer.

controlling the condensates formed by spermine in comparison to spermidine (a
polyamine with one less charge).

In contrast to the condensates formed in the presence of PEG or spermidine, the
condensates formed by spermine are considerably smaller (Figure 3.3A, B). Toroids had
a mean outside diameter of 102 nm (o, £12 nm) and a mean thickness of 34 nm (o, +6
nm). The overall mean length and thickness of spermine-DNA rods, 215 nm and 28 nm,

respectively, for all samples was also considerably smaller than those produced by PEG

or spermidine. These condensate dimensions did not change significantly with increasing
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Figure 3.4. Histograms of spermine-induced rod dimensions formed in presence of
different HU concentrations. Rod dimensions were compared after linear DNA (5 uM in
base pair) were condensed by 15 uM spermine in 15 mM NaCl at (A-B), 100 nM of HU,
(C-D) 200 nM HU. Rods at 100 nM HU: (A) length, average 221 + 32 nm; (B) width,
average 26 = 5 nm. Rods at 200 nM HU: (C) length, average 212 + 23 nm; (D) width,
average 29 + 5 nm.
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HU concentration. For example, at 100 nM HU the mean rod length was 221 nm (o, £32
nm) and the mean rod thickness was 26 nm (o, 5 nm), compared to 212 nm (o, £23 nm)
and 29 nm (o, £5 nm), respectively, at 200 nM HU (Figure 3.4). The similar dimensions
for spermine-DNA condensates formed in the absence and presence of HU again
demonstrates the general ability for HU to guide DNA condensate morphology without
significantly altering condensate size. The small change observed in condensate size with
increasing HU concentration is even less significant when one considers the much greater

difference in rod lengths that are associated with different condensing agents.

3.3.5. How Many HU Proteins Are Necessary to Guide the Condensation of a DNA

Molecule?

DNA condensed by spermidine appeared to be the most practical system of those
presented here from which to determine the minimum number of HU proteins necessary
to guide DNA condensation. A series of condensation experiments was conducted in
which the concentration of linear DNA was increased above 5 uM bp (i.e. the
concentration used in all other experiments). For these experiments HU concentration
was fixed at 67 nM and spermidine concentration at 700 uM. This concentration of HU
was chosen because it represents a point at which the rod population was within the
plateau region (Figure 3.2E). At the initial concentrations of 5 UM DNA bp and 67 nM
HU there is the potential to bind at most one HU dimer per 75 bp. Our analysis by EM
did not reveal any reduction in rod population when DNA concentration was increased to
15 uM bp, at which point there could be no more than one HU dimer bound per 225 bp.

In a condensation reaction where the DNA concentration was increased to 20 uM bp (i.e.
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1 HU dimer per 300 bp), the rod population exhibited the first appreciable decrease to
approximately 80%. However, at this concentration of DNA the condensates began to
aggregate, which did not allow for the collection of precise morphology statistics. At
DNA concentrations higher than 20 uM bp condensate aggregation became even worse.
Thus, within the limits of these experiments, our results demonstrate that at most one HU
dimer is required per 225 bp to guide spermidine-DNA condensates into rod-like
structures. This ratio could be smaller, as this estimate assumes that all HU is bound to
DNA that is condensed in the rod-like condensates.

For DNA rods 450 nm in length, one 180° bend occurs in the DNA helix
approximately every 1300 bp. It is known that HU binds more tightly to bent DNA
[229,238,239], so it is reasonable to hypothesize that HU proteins would be localized at
the end regions of rods. As mentioned above, HU can stabilize DNA bend angles that
range from 60 to 140° [131,133,229-231]. Thus, at most three HU dimers would be
expected to localize at each DNA bend within a spermidine-DNA rod. This estimate
translates to a maximum of one HU dimer per 430 bp. Our determination that not more
than one HU dimer is required per 225 bp is within a factor of two of this simple
theoretical estimate. Our observation that rod populations begin to decrease at a ratio of 1
HU per 300 bp (at 67 nM HU) is also in reasonable agreement with our estimate for the
maximum number of HU dimers bound per rod.

Our determination that 67 nM HU will guide the condensation of DNA by
spermidine into almost exclusively rod-like structures at a ratio of 1 HU dimer per 225
DNA bp also has important implications regarding the observed initial increase in rod

population as a function of HU concentrations below 50 nM HU (Figure 3.2E). In
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particular, the same ratio of HU to DNA bp does not result in the formation of more than
66% rods for a DNA concentration of 5 uM bp and an HU concentration of 22 nM
(Figure 3.2E). Thus, for DNA samples 5 uM in bp and HU concentrations below
approximately 50 nM the ability for HU to guide DNA condensation is not simply limited
by the number of HU molecules present in the sample but apparently by the number of
HU molecules actually bound to DNA (i.e. association constant limited). This conclusion
is also supported by a set of experiments in which relative rod populations were measured
for HU concentrations from 0 to 50 nM with a reduced DNA concentration was of 2.5
uM bp. Rod populations were found to be the same as those measured for DNA at 5 uM
bp (data not shown), which also indicates that rod populations are governed by the HU-
DNA association constant for HU concentrations below 50 nM, rather than simply the
ratio of HU to DNA present in the samples.

The HU-DNA disassociation constant (Kq) for the salt conditions of the
condensation experiments carried out with spermidine was previously determined to be
400 nM [240]. However, it is not currently possible to establish a complete equilibrium
description of HU association with DNA in the presence of spermidine, as the possibility
exists that HU binds more tightly to the sharp bends within a rod-like condensate than

free DNA in solution.

3.3.6. Order of HU Addition Affects Condensation Morphology Statistics
We have previously shown that DNA condensate size and morphology is affected
differently by chemical agents that alter DNA structure if these agents are added to DNA

before, during (i.e. coincident) or after the addition of a condensing agent [94]. For
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example, order-of-addition studies provided important clues regarding how Mg*" (which
promotes helix-helix contacts) influences the different stages of DNA condensation (i.e.
nucleation, proto-toroid formation and equilibrium growth) [94]. The results presented
above that reveal the effects of HU on DNA condensation were from experiments in
which HU was added to DNA coincident with the condensing agents. As a means to gain
insight into the stages at which HU controls the morphology of DNA condensates we
have also performed experiments in which HU was added before or after the addition of
each condensing agent.

When HU was incubated with DNA prior to condensing agent addition an
increase in rod population was also observed for condensation by PEG/NaCl, spermidine
and spermine (Figure 3.5). However, for all three condensing conditions, and for
supercoiled DNA, a higher concentration of HU was required to achieve the same rod
population measured when HU was added coincident with the condensing agent (Figure
3.5). The addition of HU to a PEG-DNA solution after condensation had occurred
resulted in an even lower percentage of rod-like condensates. For example, an HU
concentration of 400 nM resulted in an increase in rod population to 44% (data not
shown), as compared to the 70% rod population observed when 400 nM HU was added
before or during condensation by PEG (Figure 3.5). For condensates prepared with
spermidine or spermine in the absence of HU, no apparent increase in rod population was
observed when HU was added up to a concentration of 400 nM to solutions containing
the pre-formed DNA-polyamine condensates.

The difference in rod populations observed for experiments in which the same

concentration of HU was added before or coincident with condensation versus after
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Figure 3.5. Condensate morphology statistics versus HU concentration for reactions with
HU added to DNA before condensation. (A) Relative rod populations versus HU
concentration for linear DNA condensed by PEG. Samples were 5 uM DNA bp, 125
mg/ml PEG 8000, 100 mM NacCl, 50 mM Tris-HCL, 1 mM EDTA (pH 7.8), and indicated
concentration of HU dimer. (B) Relative rod populations versus HU concentration for
linear (circle) and supercoiled DNA (triangle) condensed by spermidine. Samples were 5
uM DNA bp, 700 uM spermidine chloride, 0.33xTE (pH 7.8), 15 mM NaCl and
indicated concentrations of HU dimer. (C) Relative rod populations versus HU
concentration for linear DNA condensed by spermine. Samples were 5 uM DNA bp, 15
uM spermine chloride, 0.33xTE (pH 7.8), 15 mM NacCl and indicated concentrations of
HU dimer. Dashed curves are best-fit curves from rod populations measured for
corresponding experiments in which HU was added coincident with the condensing agent
(see Figures 1-3 for details).
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Figure 3.6. TEM images of representative condensates of (A) linear DNA and (B)
supercoiled DNA condensed by spermidine, followed by addition of HU. Samples were 5
uM DNA bp, 700 uM spermidine chloride, 400 nM HU, 0.33xTE (pH 7.8), 15 mM
NaCl. Scale bar is 100 nm.

Figure 3.7. TEM image of representative condensates of linear DNA condensed by
spermine, followed by addition of HU. Samples were 5 uM DNA bp, 15 uM spermine
chloride, 400 nM HU, 0.33xTE (pH 7.8), 15 mM NacCl. Scale bar is 100 nm.

condensation clearly demonstrates that HU influences condensate morphology during the
process of DNA particle formation (i.e. nucleation and initial growth). On the other hand,
the ability of HU to significantly increase the population of rods formed in the presence
of PEG after condensation has occurred demonstrates that the ability for HU to increase
the relative populations of rod-like condensates is also thermodynamic in nature. We note
that the addition of HU to DNA condensed by spermidine and spermine caused a
substantial increase in condensate aggregation, which may have limited DNA re-

arrangement into rods (Figure 3.6 and Figure 3.7).
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3.3.7. A Model for How HU Guides DNA Condensation In Vitro

The co-existence of rods and toroids as products of in vitro DNA condensation
reactions reflects the nearly equivalent energetics of DNA packing within these two
distinct morphologies, including the energy required for the smooth bending of DNA
within toroids versus that required to produce sharp bends at the ends of rods [1,85,117].
When DNA is condensed in the presence of high concentrations of alcohol, or
condensing agents with hydrophobic groups (e.g. permethylated spermidine), rod
populations increase with respect to toroid populations [41,86,112,241,242]. Under such
conditions hydrophobic groups of the solvent or condensing agent interact favorably with
unstacked DNA bases. These interactions lower the free energy penalty associated with
sharp bending at the ends of rods, which renders rod formation more energetically
favorable [41,86,243]. The higher population of rods observed with supercoiled DNA
versus linear DNA can be attributed to torsional strain, which also makes DNA more
prone to the formation of sharp bends [83,120]. These correlations between the
promotion of sharp bends and increased rod populations inspired us to investigate the
possibility that DNA bending proteins could be used to control the morphology of DNA
condensates.

To understand the origin of the increase in rod populations observed in the
presence of HU we must consider both what is known about HU binding to DNA and the
state of DNA within rods and toroids. DNA condensed into a rod exists in two states, in a
sharply bent state in the end regions, and presumably unbent state in the linear region
between the two ends. HU has been shown to preferentially bind pre-bent DNA, and to

bend linear DNA [229,230,238,239]. Therefore, HU binding is expected at the ends of
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rods, where binding would increase rod stability, and not in the linear regions, at least not
at the HU concentrations used in the present study. DNA condensed within toroids is
smoothly bent over a radius of curvature that is much greater than that of the sharp bends
induced by HU [32]. Thus, HU would not be expected to stabilize toroids, and may even
suppress toroid formation, by introducing bends that are incompatible with DNA packing
within a toroid.

DNA condensation in vitro is a nucleation-growth process that includes rod/toroid
nucleation, proto-rod/proto-toroid formation (i.e. intramolecular condensation) and
particle growth by intermolecular condensation [85]. In Figure 5 we present a schematic
diagram of this process for DNA condensed in the presence of HU. Steps involving rod
nucleation and growth are indicated by bold arrows as being more favorable in the
presence of HU, as our data indicates that DNA condensation steps under both kinetic
and thermodynamic control are more favorable towards rod formation in the presence of
HU.

The apparent kinetic advantage provided to rods by HU can be understood in
terms of how HU binding would preferentially promote rod nucleation. The nucleation
structure for rods has not been investigated by experiment as it has been for toroids
[54,95]. However, Langevin dynamics simulations of DNA condensation indicate that
rods are also nucleated by DNA loops, with toroids being nucleated by loops with an
obtuse internal contact angle and rods being nucleated by loops with an acute internal
contact angle [117]. We propose that the binding of HU to either type of DNA loop
would increase the probability for the loop to collapse on itself (Figure 3.8), forming a

condensed oval structure that would nucleate rod formation. This proposed path to rod
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nucleation would simultaneously increase the probability of rod nucleation and reduce
the probability of toroid nucleation. Creation of rod nucleation sites, by this or an
alternative route, can also be viewed as a reduction in the activation energy required for
rod nucleation as a result of DNA binding and bending by HU.

The intramolecular condensation of a single 3kb DNA molecule gives rise to a
proto-rod or a proto-toroid, depending upon nucleation structure (Figure 3.8). HU binding
is again expected to be most favored at the ends of a proto-rod, which would increase the
stability of the proto-rod. HU-stabilized proto-rods would then be more likely to grow
into full size rods by the addition of DNA from solution (Figure 3.8), versus proto-rods in
the absence of HU. Finally, the binding of HU to DNA within a rod at any stage of
growth would also be expected to provide additional stability to the rod structure versus
DNA condensed into a toroid, and thereby provide a thermodynamic advantage to rods
under equilibrium conditions (i.e. after the kinetically-controlled stages of condensation).

While the model describe above explains our observation that rod populations
increase in the presence of HU, this model does not explain the reduced effectiveness of
HU in promoting rod formation when HU is added prior to a DNA condensing agent, as
compared to coincident addition. However, this observation can be understood
considering what is known about the bound lifetime of HU on DNA versus the time scale
of DNA condensation. HU-DNA complexes have a dissociation half-life of 0.6 min and
6.3 min in 50 mM NaCl and 5 mM NaCl, respectively [244]. The initial stages of DNA
condensation, including nucleation and intramolecular collapse of a DNA strand, are
complete within milliseconds [245,246]. Thus, HU molecules preassociated with DNA

may not be able to completely redistribute within the time frame of condensate formation
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to maximize their influence on the nucleation of rods or the stabilization of proto-rods. In
contrast, HU added coincident with a condensing agent would be more efficient in
guiding condensate structure if the on-rate of binding to DNA is faster for bent DNA, in
which case HU would preferentially bind at the ends of nucleated rods rather than in the

linear region of a rod or along a DNA strand that has nucleated a toroid.

condensate

. intramolecular
nucleation

condensation particle
growth

Figure 3.8. A model for how HU affects the process of DNA condensation in which rods
and toroids are formed. The three stages of DNA condensation in vitro, as described in
text, are: rod/toroid nucleation; proto-rod/proto-toroid formation (intramolecular
condensation); and condensate growth (intermolecular condensation), which includes
strand exchange between condensates (under some conditions). Bold arrows indicate
steps that apparently become more favorable in the presence of HU. Black ellipsoids
represent HU molecules.

We have observed that the relative rod population of DNA condensates formed in
the presence of PEG/NaCl increases when HU is added even after condensation has taken
place. In contrast, HU did not significantly increase rod populations when added after
DNA was condensed by spermidine or spermine. We have previously presented evidence

that the conversion between fully-formed toroids and rods takes place through the
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exchange of condensed DNA with solution [85]. The ability for HU to cause the
conversion of toroids formed in the presence of PEG/NaCl into rods suggests that
appreciable strand exchange occurs between toroids and solution after condensation is
complete. In contrast, our observation that HU does not promote rod formation after
condensation by spermidine or spermine, suggests that strand exchange in these
preparations is minimal, and that the observed effects of HU on spermidine and spermine
condensate morphology occurs during the earlier stages of condensation (i.e. nucleation,
proto-structure formation and initial growth). Nevertheless, it is likely that HU can alter
the morphology of condensates formed by polyamines under equilibrium conditions if
conditions are used that allow DNA strand exchange with solution after initial
condensation (e.g. higher monovalent ionic strength). This possibility is currently being
explored. We also note that the amount of HU bound to DNA within HU-induced rods
has not been determined directly for any of the condensate preparations reported here. It
is possible that less HU may be necessary to maintain the rod morphology than is initially
required to guide the condensation of DNA into rods. Experimental conditions may even
exist for which it is possible to completely remove HU from rods without reverting to

alternative condensate morphologies.

3.3.8. Implications Regarding the Functionality of HU in DNA Condensation

Our present study of controlling DNA condensation with the protein HU also
suggests a possible functionality of this nucleoid-associated protein within bacteria cells.
The bacterial nucleoid is a highly compact structure containing chromosomal DNA and

nucleoid-associated proteins. A combination of factors has been suggested to contribute
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to the compaction of the bacterial chromosome. Two principle levels of organization are
known to facilitate bacterial chromosome packing: long-range structural organization that
involves the folding of a single chromosome into multiple independent supercoiled
domains, and short-range organization of these negatively supercoiled regions by
nucleoid-associated proteins [247,248]. Polyamines and macromolecular crowding forces
are also known to play an indispensable role in bacterial chromosome condensation
[12,249,250]. However, the details concerning how these factors work together to
condense the bacterial chromosome is not well understood.

The 4.6 Mb circular chromosome of E. coli is organized into topologically
independent domains of approximately 10 kb in size [251-257]. The introduction of
negative supercoils, interwound and highly branched structures within these domains
produce a more compacted form of DNA than that adopted by free DNA in solution
[258,259]. Nevertheless, supercoiling alone is unable to account for the 1000-fold or
greater degree of condensation of the bacterial chromosome in the nucleoid. Therefore,
other cellular factors must also play a significant role in bacterial chromosome
condensation.

Prokaryotic cells contain a set of basic proteins that bind DNA and are associated
with the nucleoid. Among these nucleoid-associated proteins, the protein HU has been
characterized as the most important protein in structural organization of the bacterial
chromosome. Although HU is one of the most abundant nucleoid-associated proteins and
has often been referred to as a ‘histone-like’ protein, the role of HU in condensing the
bacterial chromosome is not understood [134,230,231,260-263]. Our use of spermidine

(one of the major polyamines in bacteria) and PEG (a macromolecular crowding agent) is
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clearly far too simplistic to be considered a reasonable model of the bacterial cytoplasm.
Nevertheless, we have demonstrated that HU guides the condensation of DNA into
structures with linear bundles (i.e. rods) when DNA is condensed by two very different
solution conditions, polyamines and a crowding environment. Thus, the ability to control
DNA condensate morphology appears to be an intrinsic property of HU. These combined
results indicate that HU is much more effective in controlling the morphology of DNA
condensation than it is in promoting DNA condensation, which may reflect how HU
plays an architectural role in the condensation of bacterial chromosomal DNA.

Azam et al. have estimated that 30,000 HU dimers exist per E. coli cell during the
exponential growth phase [264]. If HU is evenly distributed throughout the chromosomal
DNA of an E. coli cell in this phase, then HU loading of DNA would be on average only
1 HU dimer per ~300 to 400 bp [264]. Our results demonstrate that HU can act as an
architectural protein for guiding DNA condensing at such low loading levels (< 1 HU
dimer per 225 bp). As HU is believed to be somewhat evenly distributed throughout the
bacterial chromosome, our experimental evidence of the architectural role of HU in
guiding DNA condensation is definitely of physiological relevance [265].

Mutational and biochemical analyses have implicated HU as a determinant
protein in packaging the bacterial chromosome [139,219-221,266]. Zimmerman and
coworkers demonstrated that HU reduces the concentration of crowding agents (i.e. PEG
8000, albumin) required to condense DNA in vitro [232,233]. However, more recent
studies question the exact role of HU in chromosome condensation. Single molecule
investigations of HU binding to DNA have revealed that HU has a dual mode of binding

to DNA. At low HU to DNA ratios, (e.g. less than 1 HU dimer per 150 bp), HU-induced
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bends decrease the persistence length of DNA [230,231,262]. In contrast, at high HU to
DNA ratios (e.g. 1 HU dimer per 9 bp) HU actually increases the stiffness of DNA
[230,231,261,262]. While the high-loading mode of HU is intriguing, it is still unknown
why such a mode exists for a protein that is believed to facilitate DNA compaction. In the
present study we have observed a dramatic effect of HU on DNA condensation at much
lower HU concentrations and at much lower DNA loading levels than those of the above
mentioned studies.

We propose that HU can function in vivo as an architectural protein during
chromosomal condensation. Over the range of HU concentrations we have investigated,
HU primarily functions as an architectural protein but not as an antagonist to DNA
condensation, as has been suggested in recent reports [10,231,250,261,262]. We
hypothesize that HU could locally organize bacterial chromosome DNA in the presence
of polyamines and a crowded environment to facilitate DNA condensation into a more
ordered, bundle-like state. We emphasize that the rod-like DNA structures observed with
HU and DNA condensing agents are not likely the same dimensions as condensed
domains of DNA within bacterial cells, which will be restricted by higher levels of
chromosome structure and domain supercoiling. Nevertheless, the morphology of DNA
condensates produced in vitro appears to be useful means for monitoring the conditions
under which HU affects DNA condensation, which could prove valuable for further
exploration of HU-controlled condensation within more sophisticated models of the

bacterial cytoplasm.
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3.4. CONCLUDING REMARKS

In conclusion, our demonstration that the morphology of DNA condensates,
formed under a variety of conditions, is shifted completely from toroids to rods if the
bacterial protein HU is present during condensation has important implications for
controlling DNA condensates for gene delivery, as well as potential implications
concerning the mechanism of packaging of chromosomal DNA in bacteria. HU is a
nonsequence-specific DNA binding protein that sharply bends DNA, but alone does not
condense DNA into densely packed particles. Less than one HU dimer per 225 bp of
DNA is sufficient to completely control condensate morphology when DNA is condensed
by spermidine. We propose that rods are favored in the presence of HU because rods
contain sharply bent DNA, whereas toroids contain only smoothly bent DNA. The results
presented illustrate the utility of naturally derived proteins for controlling the shape of
DNA condensates formed in vitro. HU is a highly conserved protein in bacteria that is
implicated in the compaction and shaping of nucleoid structure. However, the exact role
of HU in chromosome compaction is not well understood. Our demonstration that HU
governs DNA condensation in vitro also suggests a mechanism by which HU could act as

an architectural protein for bacterial chromosome compaction and organization in vivo.
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CHAPTER 4

INTEGRATION HOST FACTOR (IHF) ALTERS DNA
CONDENSATION IN VITRO: IMPLICATIONS FOR THE ROLE OF

IHF IN THE COMPACTION OF BACTERIAL CHROMATIN

41. INTRODUCTION

The bacterial nucleoid is a highly compacted structure containing chromosomal
DNA and nucleoid-associated proteins. Two principle levels of organization are known to
facilitate bacterial chromosome packing. In E. coli long-range structural organization
involves the folding of the 4.6 Mb circular chromosome into multiple, topologically
independent domains of approximately 10 kb in average length [251-257]. Short-range
organization involves DNA domains which are negatively supercoiled and stabilized by
the interaction of the major chromosome-associated proteins [247,248]. Thus, these
proteins are believed to function in compaction of the chromosomal DNA. In addition to
these factors, polyamines and macromolecular crowding effects, exerted by RNA and
cellular proteins are also known to play an indispensable role in bacterial chromosome
condensation [10-12,249].

Among the ten nucleoid-associated proteins, IHF is one of the major proteins that
alter local DNA structure by bending the DNA helix upon binding. IHF acts as an
architectural protein in many cellular processes, including replication, transposition,
regulation of transcription initiation, site specific recombination of A phage, packaging of

phage DNA [12,267-269]. IHF is a highly abundant protein within the E. coli cell, with a
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concentration that varies as a function of the growth phase [264]. In E. coli, IHF is
primarily a heterodimeric protein composed of two subunits a- and -, approximately 11
kDa and 9.5 kDa in size, respectively, with 30% sequence homology [12]. In contrast to
HU, a protein which shares 40% sequence homology with IHF, IHF binds to specific
DNA sequences with very high affinity; K4 ranges from 0.3 to 20 nM [270-272]. A
typical sequence-specific IHF binding site is 30 to 35 bp in length. The 3’ region of these
sequences are highly conserved, IHF binds to a consensus sequence
WATCAANNNNTTR (W = A/T; R = G/A; and N = all bases) [273]. The 5’ domain,
which is composed of ~20 bp, has no consensus sequence but is commonly A/T rich.
Many IHF binding sites have an A-tract containing three to six consecutive adenines in
the 5’ region [274,275]. In addition to binding sequence-specific DNA sites, IHF also
binds to DNA in a sequence-independent manner, but with 1,000 to 10,000-fold lower
affinity [270-272].

The x-ray crystal structure of the E. coli IHF protein bound to a 35 bp DNA
fragment containing the A phage H’ IHF binding site showed that the fold of IHF is
almost identical to that of HU [131,132,276-278]. The two subunits of IHF form an
intertwined compact o-helical core from which B-sheet strands extend. These two
flexible B-sheet “arms” of IHF wrap around the DNA and inserted into the minor groove
[132]. The intercalation of conserved proline residues (residues 65 and 64 of the o and 3
subunits, respectively) located at the tip of the B-ribbon arms induce two sharp kinks that
are separated by 9 bp, which causes a sharp bend of 160-180° over only ~35 bp. This
DNA bend is stabilized by both the minor groove IHF-base interactions described above,

as well as electrostatic interactions between IHF and the sugar phosphate backbone of
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DNA [132]. Solution state studies of IHF-DNA complex using single-pair FRET
measurements also corroborate the crystallographic data that IHF induces a bend angle of
approximately 160° in the DNA [230,279].

The E. coli genome is estimated to contain approximately 1,000 specific binding
sites for IHF [280]. In the exponential phase, E. coli cells contain approximately 6,000
IHF dimer molecules per cell [264]. The numbers are even higher for cells in stationary-
phase, the IHF concentration increases to approximately 30,000 dimers per cell. Recent
in Vivo measurements estimate that during the exponential phase only ~1 nM of IHF
proteins remain free inside the cell, and only 5 nM in the stationary phase [272].
Therefore, essentially all IHF specific binding sites are continuously occupied. This high
concentration of DNA bound IHF proteins, is far beyond that necessary to fully load all
the high-affinity IHF binding sites known to present in E. coli genome. These
conclusions indicate that most of the IHF in E. coli is bound nonspecifically to
chromosomal DNA, which suggests that nonspecific binding of IHF has an important
biological role, such as chromosome compaction.

The single molecule experiments conducted by Ali et al. using A-DNA provide
evidence for the possibility that IHF facilitates DNA compaction in bacterial cells, as
DNA is compacted ~30% upon binding by IHF [281]. This compaction was concluded to
result from the sequence independent binding of IHF to multiple sites on A-phage DNA
because of the large concentration of IHF that is required to obtain the observed effect.
Furthermore, the same degree of compaction was achieved with DNA molecules with

and without a sequence-specific IHF binding site, and that the compaction of A-phage
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DNA was reduced in the presence of DNA that did not contain any sequence-specific
IHF binding sites.

The combined results of the experiments discussed above and the intracellular
concentration of IHF strongly suggest that the nonspecific binding of IHF to DNA plays a
significant role in the compaction of the bacterial chromosome. There is some evidence
that IHF can also bind nonspecifically in a side-by-side manner along DNA, which might
give rise to stiff IHF-DNA filaments, as previously observed with high concentration of
HU [231,282]. However, there is no evidence of such rigidification of DNA in the single-
molecule elasticity measurements reported by Ali et al. [281]. Overall, experiments with
IHF strongly suggest a role in bacterial chromosome packaging, but its exact role is still
not well understood.

While nucleoid-associated proteins, DNA supercoiling and cellular crowding
effects have all been implicated in bacterial chromosome condensation, no single factor is
sufficient to achieve full condensation at the level observed in vivo. Previous experiments
have provided evidence for the functional involvement of multiple cellular factors in
shaping the bacterial nucleoid [232,233]. Furthermore, we have shown that HU functions
as an architectural protein that guides DNA to condense into linear rod-like structures in
the presence of polyamines and macromolecular crowding agents, but does not act as a
condensing agent per se [283]. We have also suggested that HU could work in a similar
manner in vivo with other cellular condensing factors to locally organize the bacterial
chromosome. As discussed above, HU and IHF are closely related DNA bending
proteins. The studies presented in this chapter were designed to investigate the effects of

IHF on in vitro DNA condensation. Like our studies of HU presented in the previous
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chapter, our goal was to understand the interplay between IHF, DNA supercoiling, and
polyamines as a means to gain insights into role of IHF in DNA compaction within the
bacterial nucleoid.

In this chapter a systematic study is presented regarding the effects of sequence
specific and sequence independent IHF binding on DNA condensation. Using
transmission electron microscopy we demonstrate that IHF causes DNA to compact into
bundle-like structures upon condensation by polyamines, which suggests functional
similarity of HU and IHF during DNA compaction. Our results support the view that IHF
plays an active role in shaping the local structure of the bacterial chromosome in the

compact state of the nucleoid.

4.2. EXPERIMENTAL PROCEDURES

4.2.1. DNA Preparation

A phage DNA (A DNA) was purchased from Invitrogen. Another DNA substrate
YEp13 yeast episomal vector (10.7 kb circular DNA) was isolated from the E. coli strain
DHS5-a using the Qiagen maxi-prep kit (Valencia, CA), and linearized by digestion with
the restriction endonuclease BamHI (New England Biolabs). Shorter plasmid DNA
molecules (3.4 kb and 3.9 kb) were also used in our experiments with and without
sequence-specific binding sites for IHF. A series of DNA plasmids were constructed that
contain one or two specific sites for IHF binding where specific sites are separated by
varied lengths of DNA. The parent plasmid used was pBluescript II SK-. The ECoRI site
of Bluescript I SK- was destroyed by insertion of a 14 bp linker containing a BglII site

(GGTGAGATCTCACC) at position 706 to create a modified pBluescript I SK-. A 209
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bp fragment (derived from a portion of the RhoA DNA sequence) with BamHI and BglII
restriction sites at the two ends was inserted into the compatible cohesive BamHI site in
the multiple cloning region of the modified Bluescript II SK- vector. Then the 242 bp
insert (present between BamHI/BglII restriction fragment) was isolated from the modified
vector and unidirectionally subcloned once and three times into the modified Bluescript 11
SK- vector containing one 242 bp insert. Subcloning was accomplished by first
linearizing the modified Bluescript I SK- vector with BglIl and then dephosphorylated
with calf intestinal alkaline phosphatase (CIAP), followed by ligation in the presence of
the desired RhoA-derived insert. The orientation of the inserts in the vector was verified
using BamHI/BgIII co-digestion [284]. The resultant plasmid, which contained two
tandem repeats (242 bp each repeat; 484 bp total insert), was named pBD (3.4 kbp) [284].
Another plasmid containing four tandem repeats (242 bp each repeat; 968 bp total insert)
was named pBQ (3.9 kbp) [284]. A 30 bp duplex with sticky ends (formed by annealing
two synthetic oligonucleotides, sequences given below as oligol and oligo2) containing
the H’ site of phage A, one of the best characterized and highest affinity IHF binding sites
[132,270], was used to insert IHF binding sites into pBD. This 30 bp duplex was ligated
into the pBD plasmid between the two restriction sites HindIII and BglIl. The resultant
plasmid, named pBDIHF, was used in the transformation of E. coli K12 strain ER2925
(dam’/dcm’) (New England Biolabs). The sequences around the ITHF binding site were
confirmed by the dideoxy-NTP sequencing method. To insert a second specific IHF
binding site in the plasmid pBDIHF, another 32 bp duplex (sequences given below as
oligo3 and oligo4) containing the H’ site of phage A was ligated into the plasmid

pBDIHF between the two restriction sites Xbal and Sacl. The ligation reaction was used

88



to transform E. coli K12 strain DH5-a and the resultant plasmid was named as pBD2IHF.
The sequences around the IHF binding sites were confirmed by the dideoxy-NTP
sequencing method. In the plasmid pBD2IHF, two IHF sites are 497 bp apart. We also
constructed another plasmid where two IHF sites are separated by 956 bp DNA length.
The synthetic 30 bp duplex containing the H’ site of phage A was also ligated into
the plasmid pBQ between the two restriction sites HindIIl and BglIl. This modified
plasmid, named pBQIHF, was transformed into E. coli K12 strain ER2925 (dam’/dcm).
To insert second a IHF specific binding sites in the plasmid, the 32 bp duplex formed by
annealing oligo3 and oligo4, was ligated into the plasmid pBQIHF between the two
restriction sites Xbal and Sacl and the ligation reaction was used to transform E. coli K12
strain DH5-a, the resultant plasmid was named pBQ2IHF. The sequences around the IHF

binding sites were confirmed by dideoxy-NTP sequencing.

oligol 5'-AGCTTAAAAAAGCATTGCTTATCAATTTGTTGCA-3'
oligo2 3-ATTTTTTCGTAACGAATAGTTAAACAACGTCTAG-5'
[A]
oligo3 5'-CTAGATAAAAAAGCATTGCTTATCAATTTGTTGCAGAGCT-3'
oligo4 3-TATTTTTTCGTAACGAATAGTTAAACAACGTC-5'
[B]

Plasmids pBD, pBQ, pBD2IHF and pBQ2IHF were isolated from the E. coli
strain DH5-a and plasmids pBDIHF and pBQIHF were isolated from the E. coli strain
ER2925 using the Qiagen maxi-prep kit (Valencia, CA). To remove any IHF proteins

bound to in the plasmids after isolation, purified plasmids (pBDIHF, pBQIHF, pBD2IHF
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and pBQ2IHF) were treated with Proteinase K and later Proteinase K was removed by
heat inactivation at 65°C and the Qiagen PCR purification kit (Valencia, CA).

The purity of the isolated DNA plasmids was verified spectrophotometrically (UV
absorbance ratio Ajeo/Azgo >1.8). All plasmids were linearized by digestion with the
restriction endonuclease Scal (New England Biolabs). Following enzymatic digestion,
the DNA was rinsed at least five times with 1xTE (10 mM Tris, 1 mM EDTA, pH 7.8)
using a Microcon-YM 30 spin column (Millipore) to remove salts and buffers from the
restriction digest. The DNA was finally resuspended from the spin column in 1xTE.
DNA concentration was determined spectrophotometrically. Supercoiled plasmids,
obtained directly from the plasmid isolation procedure, were determined to be more than
90% supercoiled based on agarose gel electrophoresis analysis. Supercoiled DNA was
also rinsed at least five times with 1xTE to ensure that the buffer conditions of all DNA
stock samples were identical.

Plasmid pBD, pBQ and YEp13 are designated as 3.4 kb DNA, 3.9 kb DNA, and
10.7 kb DNA, respectively, throughout the chapter. Plasmid DNA containing one specific
IHF binding site pPBDIHF and pBQIHF are designated as 3.4 kb DNA with one IHF
specific binding site, 3.9 kb DNA with one IHF specific binding site, respectively,
throughout the text. Plasmid DNA containing two specific IHF binding sites pBD2IHF
and pBQ2IHF are designated as 3.4 kb DNA with two IHF specific binding sites 500 bp
apart, 3.9 kb DNA with two IHF specific binding sites 950 bp apart, respectively,

throughout the chapter.
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4.2.2. IHF Protein
IHF protein was provided by the laboratory of Prof. Ishita Mukerji, Wesleyan University,

as part of a collaboration with the Hud laboratory at Georgia Tech.

4.2.3. Preparation of DNA Condensates

Spermidine-induced condensates were prepared by mixing solutions of DNA and
spermidine to yield a final condensation reaction mixture of 5 uM DNA in bp (given in
units of base pair throughout), 700 uM spermidine, 0.33xTE (pH 7.8), 15 mM KCI. The
condensate reaction mixtures were allowed to equilibrate at room temperature for 10 min
before depositing on grids. The same protocol was followed for the preparation of
spermine-induced condensates, in which DNA was mixed with spermine to yield a
condensation reaction mixture of 5 uM DNA, 15 uM spermine, 0.33xTE (pH 7.8), 15
mM KCI. For spermidine-induced condensates prepared in the presence of IHF, DNA
was incubated with [HF for 10 min and then condensed with spermdine for 10 min before
depositing on grids, and final condensate solutions were all 5 uM DNA, 700 puM
spermidine, 0.33xTE (pH 7.8), 15 mM KCI. For spermine DNA condensation in the
presence of IHF, the same protocol was followed as described above for the condensation
of DNA by spermidine in the presence of IHF, where all final condensate solutions were

all 5 uM DNA, 15 uM spermine, 0.33xTE (pH 7.8), 15 mM KCI.

4.2.4. Electron Microscopy and Analysis of DNA Condensates

A 10 pl aliquot of each DNA condensate reaction mixture was deposited directly

onto a carbon-coated electron microscopy grid (Ted Pella, Redding, CA). After allowing
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condensates to settle onto the grid for 15 min, 2% uranyl acetate was added to the grid for
2 min, and then the grid was rinsed in 95% ethanol and air-dried. The size and
morphology of DNA condensates were examined using a JEOL-100C transmission
electron microscope (TEM). To obtain the relative toroid and rod populations in each
sample, the grid surface was randomly scanned and the number of unaggregated toroids
and rods visible on the viewing screen were counted. Several hundred structures were
counted for each grid. Each measurement reported is the average of the counts from three
different grid preparations. Images were acquired at 100,000% magnification. A computer
graphics program was used to measure the dimensions of individual condensates for each

sample.

43. RESULTS AND DISCUSSION

4.3.1. Effects of IHF on Spermidine Induced Condensation of A-Phage DNA and

Linear Plasmid DNA with and without Specific IHF-Binding Sites

A-phage DNA condensed by spermidine is compacted into toroidal condensates
with a mean outside diameter of 200 nm (o, £16 nm) and a mean thickness of 66 nm (o,
+8 nm). Along with the toroids, approximately 10% of observed condensates are bundle-
like or rod-like structures with a mean length of 415 nm (o, £30 nm) and a mean
thickness of 62 nm (o, +6 nm). To examine the effects of IHF on a A-phage DNA
condensation, spermidine-induced DNA condensates were examined using electron
microscopy, as a function of IHF concentration. IHF causes a significant increase in the
population of rod- like condensates that increases with IHF concentrations, as shown in

Figure 4.1 and 4.2. The relative population of rod-like condensates increases from ~10%
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Figure 4.1. Transmission electron microscopy (TEM) images of spermidine-induced
linear DNA condensates produced in the presence and absence of IHF. (A) DNA
condensates produced by the addition of spermidine to A-DNA. (B) DNA condensates
produced by the addition of spermidine to A-DNA in the presence of 75 nM IHF. (C)
DNA condensates produced by the addition of spermidine to linear 3.4kbDNA. (D) DNA
condensates produced by the addition of spermidine to linear 3.4kbDNA in the presence
of 75 nM IHF. (E) DNA condensates produced by the addition of spermidine to linear
3.4kbDNA containing two specific IHF binding sites 500 bp apart. (F) DNA condensates
produced by the addition of spermidine to linear 3.4kbDNA having two specific IHF
binding sites 500 bp apart in the presence of 75 nM IHF. (G) DNA condensates produced
by the addition of spermidine to linear 3.9kbDNA containing two specific IHF binding
sites 950 bp apart. (H) DNA condensates produced by the addition of spermidine to linear
3.9kbDNA having two specific IHF binding sites 950 bp apart in the presence of 75 nM
IHF. All reactions contained final concentration of 5 uM DNA bp, 700 uM spermidine
chloride, 0.33%TE (pH 7.8) and 15 mM KCI. Scale bar is 100 nm

93



e 100

.t

Lambda-DNA
3.4kb DNA
3.4kb DNA, 2 specific IHF-binding sites 500bp apart
3.9kb DNA, 2 specific IHF-binding sites 950bp apart
I | I |

| |
0 20 40 60 80 100
[IHF] (nM)

N A O @
o o o o
| ] | |

00

Relative rod population (%

Figure 4.2. Spermidine-induced DNA condensates morphology statistics for DNA
samples having specific IHF-binding sites or without a binding site, as a function of IHF
concentration. All reactions contained final concentration of 5 uM DNA bp, 700 uM
spermidine chloride, 0.33XTE (pH 7.8), 15 mM KCI and indicated concentrations of IHF
dimer.

rods (in the absence of IHF) to greater than 90% rods in the presence of 75nM IHF,
whereas above this THF concentration further increases in rod percentages are not
observed (Figure 4.2).

DNA rods produced by spermidine-induced condensation in the presence of IHF
exhibited an overall mean length of 396 nm and a mean width of 58 nm at a IHF
concentration of 75 nM. Rod length and thickness proved to be relatively insensitive to
IHF concentration at the point where the relative rod population almost reaches a plateau.
For example, rods formed in the presence 75 nM IHF and 100 nM IHF were of similar
dimensions, i.e. mean rod length of 396 nm (o, £36 nm) vs. 386 nm (o, £41 nm), and
mean rod thickness of 58 nm (o, £+ 9 nm) vs. 61 nm (o, =10 nm), respectively. These
observations demonstrate that THF does not significantly alter the dimensions of
condensates produced by spermidine, only the relative population of rods. Thus, IHF can

act as a guide for formation of bundle like condensate structure for spermdine-induced
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Table 4.1 Dimensions of rods produced from linear DNA having specific IHF-
binding sites or without a binding site in presence of IHF protein

Linear DNA

Condensing Length Thickness
Agent (nm) (nm)
3.4kbDNA spermidine 383432 5748
3.4kbDNA with one specific IHF site spermidine 373124 5618
3.4kbDNA with two specific IHF sites
500 bp apart spermidine 394433 5849
3.9kbDNA with one specific IHF site spermidine 391425 5711
3.9kbDNA with two specific IHF sites
950 bp apart spermidine 373146 577
10.7 kb DNA spermidine 406127 5949
A-DNA spermidine 396136 5849
3.4kbDNA spermine 206135 3443
3.4kbDNA with one specific IHF site spermine 227429 3144
3.4kbDNA with two specific [HF sites
500 bp apart spermine 203426 3445
3.9kbDNA with one specific IHF site spermine 202424 3447
3.9kbDNA with two specific IHF sites
950 bp apart spermine 202+24 3447
10.7 kb DNA spermine 231431 3245
A-DNA spermine 248+32 30+3

Table 4.2 Dimensions of rods produced from supercoiled DNA having specific IHF-
binding sites or without a binding site in presence of IHF protein

Supercoiled DNA Condensing Length Thickness
Agent (nm) (nm)
3.4kbDNA spermidine 352141 517
3.4kbDNA with two specific IHF sites spermidine 340443 4848
10.7kbDNA spermidine 37540 50£8
3.4kbDNA spermine 206£35 32+6
3.4kbDNA with two specific IHF sites spermine 20027 3445
10.7kbDNA spermine 231432 35+4
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condensation in a similar fashion as we have observed previously in presence of DNA
bending protein HU (Chaper 3).

The A-phage genome contains a small number of high affinity specific binding
sites for IHF that are highly clustered. Therefore, the effect of IHF on spermidine induced
DNA compaction could be due to the binding of IHF protein to both sequence-specific
and non-specific binding to A-phage DNA. To determine whether the effect on
condensation is caused by specific or non-specific binding, we conducted similar
experiments with comparatively shorter linear plasmid DNA (3.4 kb) with and without
specific IHF binding sites. For this purpose, DNA molecules 3.4 kb long without a
specific site, 3.4 kb long with two high affinity binding sites and another DNA molecule
3.9 kb long with two high affinity binding sites were studied. In the former case, two IHF
sites were 500 bp apart, whereas in the later case 950 bp apart. All three DNA molecules
were preincubated with IHF protein and then condensed by spermidine. DNA condensate
morphology as a function of IHF concentration was determined by TEM. Representative
TEM images of condensates formed from all three DNA molecules are shown in Figure
4.1. A definite shift in the DNA condensate morphology from toroid to rod was observed
with the increasing IHF concentration, irrespective of whether or not IHF specific sites
were present in the DNA (Figure 4.2).

The similar magnitude increase in relative rod populations of linear DNA
molecules with specific IHF-binding sites and without specific sites, as a function of IHF
concentration, indicates that the effect of IHF on DNA condensation is due to the non-
sequence specific binding of IHF to the DNA (Figure 4.2). The half-maximum of rod

population was observed at 21 nM IHF dimer for A-phage DNA, which is similar to that
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observed for 3.4 kb linear DNA containing two specific IHF sites (24 nM IHF dimer) and
3.9 kb linear DNA containing two specific IHF sites (25 nM IHF dimer) condensed by
spermidine. However, the half-maximum of rod population was found to be at 34 nM
IHF dimer for 3.4 kb linear DNA containing no sequence specific IHF-binding sites
(Figure 4.2). Thus, in the A-phage DNA and plasmid length DNA with specific IHF-
binding sites, the high-affinity (sequence specific) and low-affinity (sequence
independent) binding apparently work together to increase the population of rod-like
condensates.

The dimensions of the spermidine-induced rod condensates formed in presence of
75 nM IHF, where relative rod populations were greater than 90% for all above
mentioned linear DNA, are shown in the Table 4.1. Rods formed by the condensation of
the A-phage DNA and 3.4 kb linear DNA containing no IHF specific sites, linear DNA
containing two specific IHF binding sites 500 bp apart, 3.9 kb linear DNA containing two
specific IHF binding sites 950 bp apart were similar in size. For example, the mean rod
length of 3.4 kb linear DNA containing no IHF specific sites was 383 nm (o, £32 nm)
and thickness 57 nm (o, £8nm), whereas rod length of 3.4 kb linear DNA containing two
specific IHF binding sites was 394 nm (o, £33 nm) and thickness 58 nm (o, #9nm). 3.9
kb DNA containing two specific IHF binding sites, but separated by 950 bp, condensed
into rod-like structure with mean length 373 nm (o, £#46 nm) and mean thickness of 57
nm (G, £7nm).

3.4 kb and 3.9 kb linear DNA containing only one specific IHF-binding site, and
10.7 kb linear plasmid DNA (which contains one natural IHF specific site) were

condensed by spermidine in the presence of 75 nM IHF and found to produce rod-
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populations that were over 90% in all cases. The dimensions of the rod condensates
formed from these DNA samples were determined to be very similar in size as the
samples reported in Table 4.1. Thus, the dramatic increase in the relative rod population
and similar dimensions for spermidine-DNA condensates formed in the presence of IHF
for 3.4 kb to 48.5 kb linear DNA, including 10.7 kb DNA with and without IHF specific
sites, demonstrate the general ability of IHF to guide bundle like morphology, which is
irrespective of the absence or presence of IHF specific binding sites and also independent

of the DNA length.

4.3.2. Effects of IHF on Spermine Induced Condensation of A-Phage DNA and

Linear Plasmid DNA with and without Specific IHF-Binding Sites

The 48 kb A-phage DNA and other plasmid-length linear DNA, including
plasmids with one and two specific IHF-binding sites, were condensed with the
tetracation polyamine spermine in absence and presence of IHF proteins. Similar to the
spermidine results presented in the previous section, when linear DNA was condensed by
spermine the majority of particles (over 95%) formed were well-defined toroids with a
minor population of rods (Figure 4.3). DNA condensed by spermine in presence of IHF
(125 nM) also exhibited a striking increase in the percentage of rod-like condensates to
approximately 85% from less than 5% in absence of IHF (Figure 4.3). These results
suggest that guiding DNA condensate morphology is a general property of IHF,
regardless of condensing agent.

In contrast to the condensates formed in the presence of spermidine, the

condensates formed by spermine are considerably smaller (Figure 4.1, 4.3). Toroids
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Figure 4.3. Transmission electron microscopy (TEM) images of spermine-induced linear
DNA condensates produced in the presence and absence of IHF. (A) DNA condensates
produced by the addition of spermine to A-DNA. (B) DNA condensates produced by the
addition of spermine to A-DNA in the presence of 125 nM IHF. (C) DNA condensates
produced by the addition of spermine to linear 3.4kbDNA. (D) DNA condensates
produced by the addition of spermine to linear 3.4kbDNA in the presence of 125 nM
IHF. (E) DNA condensates produced by the addition of spermine to linear 3.4kbDNA
containing two specific IHF binding sites 500 bp apart. (F) DNA condensates produced
by the addition of spermine to linear 3.4kbDNA having two specific IHF binding sites
500 bp apart in the presence of 125 nM IHF. (G) DNA condensates produced by the
addition of spermine to linear 3.9kbDNA containing two specific IHF binding sites 950
bp apart. (H) DNA condensates produced by the addition of spermine to linear
3.9kbDNA having two specific IHF binding sites 950 bp apart in the presence of 125 nM
IHF. All reactions contained final concentration of 5 uM DNA bp, 15 uM spermine
chloride, 0.33xTE (pH 7.8) and 15 mM KCI. Scale bar is 100 nm.
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formed by the condensation of A-phage DNA with spermine had a mean outside diameter
of 110 nm (o, £14 nm) and a mean thickness of 31 nm (o,+3 nm). The overall
dimensions of the spermine-DNA rod condensates formed in presence of 75 nM IHF, for
all DNA samples were also considerably smaller than those produced by spermidine, as
shown in Table 4.1. For example, the mean rod length of the spermine-induced A-phage
DNA condensate was 248 nm (o, +32 nm) and the mean rod thickness was 30 nm (o, £3
nm) at 125 nM IHF, compared to 396 nm (c,+36 nm) and 58 nm (c,+9 nm),
respectively, of spermidine-induced A-phage DNA condensate at 75 nM ITHF. However,
similar to spermidine, the dimensions of spermine induced rod-like condensate formed in
presence of IHF did not change significantly with the DNA length or presence and
absence of specific IHF-binding sites, as illustrated in Table 4.1. The 48 kb A-phage
DNA condensed into rod-like condensate at 125 nM IHF with a mean length of 248 nm
(o, £32 nm) and a mean thickness of 30 nm (o, =3 nm), whereas under similar condition
linear plasmid DNA size 3.4 kb and 10.7 kb 212 nm condensed into rod-like condensate
with the mean length of 206 nm (o, £35 nm) and 231 nm (o, +5 nm), the mean thickness
of 34 nm (o, £3nm) and 32 nm (o, =5 nm), respectively (Table 4.1). The dimensions of
spermine-DNA rods were also found to be insensitive to the presence and absence of
specific IHF-binding sites. For example, rods formed from the 3.4 kb linear DNA
containing no specific IHF sites and the same DNA containing one and two specific IHF
sites were the same size within experimental variation, i.e. mean rod length of 206 nm
(o, £35 nm) for non specific sites vs. 227 nm (o, £29 nm) and 203 nm (o, +26 nm) for
one and two specific sites, respectively, and mean rod thickness of 34 nm (o, £3 nm) vs.

31 nm (o, 44 nm) and 34 nm (o, £5 nm), respectively (Table 4.1). These results also

100



suggest an architectural role of IHF in DNA condensation, and implicate an underlying
similarity in function of IHF and another architectural protein HU which is known to bind
and bend the DNA without any sequence specificity in DNA condensation.

When the linear plasmid DNA molecules containing two specific IHF-binding
sites separated by 500 and 950 bp DNA length were condensed by spermine in presence
of 125 nM IHF, the bundle or rod-like structures produced were very similar in
dimensions (Figure 4.3E-H). The mean rod length and thickness of 3.4 kb DNA with two
IHF sites separated by 500 bp DNA length were measured to be 203 nm (o, £26 nm) and
34 nm (o, £5 nm) and of 3.9 kb DNA with two IHF sites separated by 950 bp DNA
length 202 nm (o, £24 nm) and 34 nm (o, £7 nm), respectively (Table 4.1). This finding
is also consistent with the condensation studies done with the same DNA molecules in
presence of 75 nM IHF and spermidine, as shown in Figure 4.1(E-H) and Table 4.1. The
mean rod length and thickness of 3.4 kb DNA with two IHF sites 500 bp apart were
measured to be 394 nm (o, £33 nm) and 58 nm (o, £9 nm) and of 3.9 kb DNA with two
IHF sites 950 bp apart 373 nm (o, +46 nm) and 57 nm (o, =7 nm), respectively. These
findings indicate that the bundle lengths are less dependent on the separation between the
specific IHF binding sites as compared to the nature of the condensing agents. These
results may indicate that the sequence specific IHF binding sites do not dictate the size of
a DNA bundle produced upon condensation. However, the phasing of the sites
incorporated may not be optimal for controlling rod formation, and we therefore cannot
conclude that IHF sites found in the E. coli genome do not facilitate the local

condensation of DNA into linear bundles.
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4.3.3. Effects of IHF on Spermidine and Spermine Induced Condensation of

Supercoiled DNA with and without Specific IHF-Binding Sites

We have also investigated the effects of IHF on the condensation of supercoiled
DNA by spermidine. Supercoiled DNA is the natural substrate of IHF in the bacterial
cell, and supercoiling of DNA within topologically independent domains (~10 kb in
average size) is known to facilitate bacterial chromosome compaction in vivo [257,285].
We investigated the spermidine-induced condensation of 10.7 kb supercoiled DNA
(which contains one natural high affinity specific binding site) and 3.4 kb supercoiled
DNA lacking a specific IHF-binding site in absence and presence of IHF. We also
studied the condensation of 3.4 kb supercoiled DNA containing two IHF sites under
identical condition.

The condensation of supercoiled DNA by spermidine (in the absence of IHF)
produces a greater population of rods than linear DNA, due to the torsional strain of the
supercoiled DNA (Figure 4.4). The incubation of supercoiled DNA with 75 nM IHF
before condensation with spermidine again resulted in an increase in the population of
rods to greater than 95%, compared to 40% in the absence of IHF (Figure 4.4). The
spermidine induced rod condensates formed from the condensation of supercoiled DNA
of two different lengths 10.7 kb and 3.4 kb in presence of IHF were observed to be
similar in dimensions. The mean rod lengths were 375 nm (o, +40 nm) and 352 nm
(o, +41 nm) and the mean thickness were 50 nm (o, £8 nm) and 51 nm (o, £7 nm),
respectively (Table 4.2). These results illustrate that the effects of ITHF on DNA
condensation are fundamentally similar for linear and supercoiled DNA. The 3.4 kb

supercoiled DNA containing two specific IHF-binding sites when condensed by
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Figure 4.4 Transmission electron microscopy (TEM) images of spermidine-induced
supercoiled DNA condensates produced in the presence and absence of IHF. (A) DNA
condensates produced by the addition of spermidine to supercoiled 10.7kbDNA. (B)
DNA condensates produced by the addition of spermidine to supercoiled 10.7kbDNA in
the presence of 75 nM IHF. (C) DNA condensates produced by the addition of
spermidine to supercoiled 3.4kbDNA. (D) DNA condensates produced by the addition of
spermidine to supercoiled 3.4kbDNA in the presence of 75 nM IHF. (E) DNA
condensates produced by the addition of spermidine to supercoiled 3.4kbDNA containing
two specific IHF binding sites 500 bp apart. (F) DNA condensates produced by the
addition of spermidine to supercoiled 3.4kbDNA containing two specific IHF binding
sites 500 bp apart in the presence of 75 nM IHF. All reactions contained final
concentration of 5 uM DNA bp, 700 uM spermidine chloride, 0.33%TE (pH 7.8) and 15
mM KCIl. Scale bar is 100 nm.
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Figure 4.5. Transmission electron microscopy (TEM) images of spermine-induced
supercoiled DNA condensates produced in the presence and absence of IHF. (A) DNA
condensates produced by the addition of spermine to supercoiled 10.7kbDNA. (B) DNA
condensates produced by the addition of spermine to supercoiled 10.7kbDNA in the
presence of 125 nM IHF. (C) DNA condensates produced by the addition of spermine to
supercoiled 3.4kbDNA. (D) DNA condensates produced by the addition of spermine to
supercoiled 3.4kbDNA in the presence of 125 nM IHF. (E) DNA condensates produced
by the addition of spermine to supercoiled 3.4kbDNA containing two specific IHF
binding sites 500 bp apart. (F) DNA condensates produced by the addition of spermine to
supercoiled 3.4kbDNA containing two specific IHF binding sites 500 bp apart in the
presence of 125 nM IHF. All reactions contained final concentration of 5 uM DNA bp,
15 uM spermine chloride, 0.33xTE (pH 7.8) and 15 mM KCI. Scale bar is 100 nm.
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spermidine in presence of IHF produced rods with the average length of 340 nm (o, +43
nm) and the average thickness of 48 nm (o, =8 nm). Thus, rod dimensions appear to also
be independent of the presence of specific IHF-binding sites in supercoiled DNA.

Supercoiled DNA 10.7 kb, 3.4 kb lacking a specific IHF-binding site and 3.4 kb
DNA with two specific sites condensed by spermine formed toroids and rods (toroids
55%, rods 45%). When supercoiled DNA was condensed in presence of 125 nM IHF an
increase in the relative rod populations to over 90% were observed for all three DNA
molecules (Figure 4.5). The rod condensates formed by spermine in presence of IHF
were ~200 nm in length and ~30 nm in thickness (Table 4.2). Rod dimensions did not
change significantly with the length of the supercoiled DNA or with the introduction of
specific IHF-binding sites, as shown in Table 4.2.

Significant differences in condensate dimensions were observed for the different
condensing agents (trivalent spermidine or tetravalent spermine). As an example, when
3.4 kb supercoiled DNA with two specific IHF sites was condensed by spermine in
presence of 125 nM IHF rods were formed with a mean length of 200 nm (o, +27 nm)
and a mean thickness of 34 nm (o,+5 nm), while rods formed by the addition of
spermidine had a mean length of 340 nm (o, £43 nm) and a mean thickness of 48 nm
(o, £8 nm), in presence of 75 nM IHF. Our findings illustrate that supercoiled DNA of
different length, and with and without specific IHF sites, are compacted by polyamines
into linear bundles in presence of IHF proteins with bundle length being dictated mostly

by the nature of the condensing agent.
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4.3.4. Model for Enhanced Bundle-Like DNA Condensate Formation in the

Presence of IHF

The co-existence of both condensate morphologies reflects the isoenergetics of
DNA packing within rods and toroids, including the energy required for the smooth
bending of DNA within a toroid versus that required to produce sharp bends at the ends
of a rod [1]. It has also been demonstrated that DNA condensation under conditions that
make base pair destacking less energetically unfavorable (e.g. in mixed alcohol-water
solvents, hydrophobic ligands, superhelical stress) increases the population of rod-like
condensates by lowering the energetic penalty associated with sharp bends
[41,83,86,112,241,242]. In the previous chapter it was demonstrated that DNA
condensate morphology can be controlled by HU protein which can significantly bend the
DNA and stabilize the rod-like condensate structure. We demonstrated that HU alone
does not condense DNA into ordered densely packed particles, but kinetically and
thermodynamically stabilized rod-like DNA condensate structures by acting as a DNA
bending protein during in vitro DNA condensation. The experiments presented in this
chapter for an another DNA bending protein, IHF, confirm and extend these conclusions.
We have demonstrated that IHF can guide the condensation of DNA into structures with
linear bundles (i.e. rods) when DNA is condensed from two different condensing agents,
trivalent spermidine and tetracation spermine. Thus, the ability to control DNA
condensate morphology appears also to be an intrinsic property of IHF. Together our
results suggest that the primary function of IHF and HU in DNA compaction appears to

an architectural function.
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As discussed in Chapter 3 for HU, the bends created by IHF in DNA will
effectively facilitate the rod formation in the presence of a condensing agent that
promotes DNA helix-helix contacts because the ends of the rod condensates contain
sharply bent DNA. In contrast, DNA condensed within toroids is smoothly bent over a
radius of curvature that is much greater than that of the sharp bends induced by IHF.
Thus, IHF should not be expected to promote toroid formation, but should be expected to
suppress toroid formation by introducing bends that are incompatible with DNA packing

within toroids.

44. SUMMARY AND IMPLICATIONS

The structure of the bacterial nucleoid is not well-established. Furthermore, even
the roles of major nucleoid proteins in modulating the structure of the bacterial nucleoid
remain to be understood in detail. The nucleoid-associated proteins are classified as DNA
bending proteins (HU, IHF) and DNA bridging proteins (H-NS, SMC) [286]. We have
used in vitro DNA condensation as a means to elucidate the effects of DNA bending
proteins (IHF, HU) on the compaction of bacterial chromosome into the nucleoid. We
have shown that IHF strongly influences condensate morphology when DNA is
condensed by polyamines. The non-sequence specific DNA bending protein HU showed
similar effects when present during condensation of DNA by polyamines and crowding
agents. In contrast to HU, IHF binds DNA both sequence specifically (high-affinity) and
non-sequence specifically (low affinity). We show that sequence specific binding by IHF
is not required for IHF to strongly influence condensate morphology. However, for DNA

containing the IHF sequence specific binding sites, the effect of IHF may be due to the
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both, sequence specific and non-sequence specific binding of IHF proteins. We also
demonstrate that the positions of IHF sequence specific binding sites do not generally
correlate with the dimensions of the bundle-like DNA condensates. However, we cannot
rule out that IHF specific sites inserted may not be in proper phase for dictating the size
of the rod condensates.

The increase in the relative population of rod-like DNA condensates is
independent of DNA length over the range 3.5-48.5 kbp for linear and supercoiled DNA.
These results demonstrate that IHF can guide the morphology of DNA condensates
without significantly altering condensate dimensions. The ability of the IHF to guide
DNA into bundle like structure in vitro, as observed with HU previously, suggests that
IHF can act as an architectural factor during DNA condensation by providing the bending
energy required for rod-formation through the binding energy offered from IHF-DNA
interactions. The similar effects on DNA condensation of IHF and HU suggest that both
the proteins have related general functions in the modulation of chromosome structure in
bacteria. IHF and HU, as architectural factors, could locally organize chromosomal DNA
in the presence of cellular condensing environment to facilitate its condensation into a

more ordered, bundle-like state in vivo.
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CHAPTER 5

CONCLUSIONS AND FUTURE WORK

5.1.  IMPLICATIONS OF DNA CONDENSATION ON THE DEVELOPMENT

OF GENE DELIVERY SYSTEMS

In the past few years major advances have been made in the fields of
oligonucleotide therapy [167-170,172,174-176,287]. Among these, siRNAs have
emerged with great promise for effective therapies for a wide variety of diseases, like
cardiovascular diseases, viral infections, and cancer, as well as providing a functional
genomics tool for modulating gene expression through RNA interference (RNAi) [171-
176]. Effective implementation of oligonucleotide technology in biology and medicine
largely depends on the transfection efficiencies of the oligonucleotides. However, poor
permeability of the cell membrane is the critical barrier to the development of
oligonucleotides therapeutics [154,161]. Most non-viral DNA delivery systems
developed to date involve charge-neutralization and condensation of DNA into small
particles that facilitate DNA entry into the cells by endocytosis and escape into the
cytoplasm before endosomal degradation [154]. Finally, the entry of the DNA into the
nucleus is believed to occur by transport through the nuclear pores (~10 nm diameter) or
during cell division [154]. Thus, many oligonucleotide delivery systems that are very
potent for in vitro transfection, fail to exhibit the same level of potency in nondividing

cells, such as hepatocytes in vivo. The efficiency of cellular uptake and transgene
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expression has shown to be greatly improved by the packaging of DNA into particles
with dimensions smaller than 50 nm [151,154,161,165,166].

Efforts to improve oligonucleotide delivery system have driven the development
of novel reagents for DNA condensation and their physiochemical characterization. The
potential for nucleic acid structure and topology to improve DNA compaction for
nonviral DNA delivery has received far less attention than the development of new
condensing agents. In this dissertation, we have described the development of new
strategies for the compaction of short oligonucleotides into smaller condensates and
shown a series of DNA condensation strategies that should more generally facilitate the
design of novel delivery vectors. We have designed oligonucleotides with half-sliding
complementary sequences that self-assemble to form long duplexes with flexible sites at
regular intervals, in the form of single-stranded nicks and single-stranded gaps. The
introduction of nicks and gaps in the nucleic acid structure is a simple way to introduce
nucleation sites that favor the formation of small and uniform condensates. As controlling
the size of condensed DNA particles is an important factor for in vivo delivery, DNA
with regular nicks or gaps represents a new class of nucleic acid structure that should
prove useful in conjunction with a variety of non-viral nucleic acid delivery systems. The
results of this thesis support a new approach for the design of vectors for efficient
delivery of oligonucleotides as well as gene-length DNA where nicked or gapped DNA
could be appended at one or both ends. However, further studies involving in vitro and in
Vivo gene delivery experiments are necessary to address whether these improvements in
DNA condensation actually translate to enhanced gene/oligonucleotide transfer to target

cells.
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5.2. A MODEL FOR THE CONDENSATION OF BACTERIAL NUCLEOID

Prokaryotes and eukaryotes must condense genomic DNA in a manner that
confers both significant compaction and accessibility of the genome for replication,
transcription and repair machinery. Bacterial chromosomes are distinguished from the
eukaryotic nucleus as not being organized into nucleosome structures and not being
confined within a cell nucleus. The 4.6 Mb circular chromosome of E. coli with a contour
length of approximately 1.6 mm must fit within a cell of about 1 um in linear dimensions.
However, under optimal conditions, E. coli replicates, segregates and repackages the
chromosomes every 20 min. Thus, the bacterial chromosome is very dynamic in nature
[288], and several mechanisms operate to compact and organize the bacterial
chromosome [11,12,249,286].

Biochemical and physical techniques have improved our understanding of
bacterial chromosome organization and dynamics. The electron microscopic and
biochemical analysis confirmed that the 4.6 Mb circular E. coli chromosome does not
organize into a single topological unit but rather package into rosette-like structures with
many individually plectonemically interwound loops that emanate from a central core
[251,252,254,255,289]. Initially, the average size of these domains was estimated to be
several hundreds of kb [134,252,254,290]. However, most recent studies using the
transcription of more than 300 supercoiling-sensitive genes in E. coli and electron
microscopy indicate that these domains are much smaller than previously reported, with
an average length of approximately 10 kb [257]. Furthermore, domain boundaries are
dynamic as well distributed in a random manner throughout the genome, rather than

stably fixed at specific sites [257]. Similar conclusions about the dynamic nature of the
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domain boundaries were reached regarding the domain structure in a region of the
Salmonella chromosome using the supercoiling dependent yd site-specific recombination
assay [291]. The dynamic nature of topologically isolated domains implies that barriers
separating them are transient in nature. However, the factors responsible for creating
topological barriers and for determining domain sizes are not known. Barriers could be
the result of binding by yet unidentified proteins and perhaps RNA [11,249,257,259].

The introduction of negative supercoiling and the resulting formation of highly
branched DNA structures is recognized as an effective way by which the E. coli
chromosome reduces the size of the topologically restricted domains [12,258,290]. While
topological constraints are clearly important for maintaining DNA compaction, these
constraints alone do not account for the level of DNA condensation observed in the
nucleoid. Proteins associated with the chromosome can facilitate the additional
compaction through the energy provided by protein-DNA interactions. In bacteria, about
half of the supercoils in a domain exist as branched interwound structures and half of the
negative supercoils are stabilized by the association highly conserved bacterial proteins
that are referred to as nucleoid-associated proteins (NAPs) [12,292,293]. The key
nucleoid proteins that are highly expressed under nutrient-rich exponential growth
conditions include HU, integration host factor (IHF), histone-like, nucleoid-structuring
protein (H-NS).

The crowded nature of the cytoplasm and polyamines also play a critical role in
bacterial chromosome condensation, dictating the well-defined structure of the nucleoid.
As the nucleoid is not confined by a nuclear membrane, the extremely crowded bacterial

cytoplasm, rich in proteins and RNA (~340 mg/ml), constrains the volume occupied by
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the nucleoid and favors DNA condensation [294-296]. Indeed, when the cytoplasm leaks
out of the cell membrane the nucleoid has been shown to expand to the entire internal
volume of the E. coli cell [297]. Conversely, polyethylene glycol or dextrans can stabilize
isolated nucleoids [233,260,296]. Cellular polyamines, which are polycationic at
physiological pH, are major components of bacterial cells and also well characterized
DNA condensing agents [33,298]. In prokaryotes, the most abundant polyamines are
putresciene and spermidine [299-301]. The high cellular abundance of these polyamines
(5-20 mM) and the ability of spermidine to stabilize the condensed bacterial chromosome
in isolated nucleoids suggest an important role of polyamine in the compaction of DNA
in bacterial cells [299,302].

While DNA supercoiling, nucleoid-associated proteins and other cellular factors
have all been implicated in bacterial chromosome condensation, no single factor is
sufficient to achieve high-density DNA condensation. The relative contribution of each
factor to DNA condensation also remains unclear. Zimmerman and coworkers have
presented evidence that cellular extracts from E. coli can work together with HU to
condense DNA [232,233]. However, the molecular mechanisms by which nucleoid-
associated proteins work with each other, with polyamines, macromolecular crowding
and DNA topology to control chromosome condensation have not been systematically
explored. Subsequent studies by Zimmerman and coworkers have even suggested that
HU and other nucleoid-associated proteins are not primarily responsible for maintaining
the condensed form of DNA in the isolated nucleoids [250,260]. Thus, while nucleoid-
associated proteins have been implicated in the organization of the E. coli chromosome in

the nucleoid, their modes of action in vivo is still the source of an ongoing debate.
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We have used an experimental system for probing the function of nucleoid-
associated proteins on DNA compaction in E. coli cell. Based on our results we conclude
that HU and IHF, bacterial proteins associated with the bacterial chromosome and DNA
bending, function as architectural proteins during chromosomal condensation by directing
the local packing of DNA into a linear bundle-like state. Our results regarding the
functionality of two DNA bending proteins associated with bacterial chromosomes in the
presence of condensing agents that mimic cellular conditions (i.e. polyamines and
crowding agents) suggest a model for chromosome organization in the bacterial nucleoid.
In this model the chromosome is compacted in part by isolated topological domains
which are further folded by negative supercoiling. The size of the domains would be
dictated by the dynamic domain barriers (Figure 5.1). In presence of polyamines and
macromolecular crowding agents (RNA and protein present in cytoplasm) DNA helices
in the domains approach each other to maximize the attractive interactions between them.
Our condensation experiments with polyamines and crowding agents showed that in
absence of DNA bending proteins HU and IHF, DNA is condensed into toroidal
structure. Previous experiments showed that E. coli treated with chloramphenicol, an
inhibitor of translation induces the nucleoid to compact into toroidal structures [303,304].
Together, these observations suggest that the binding of DNA architectural proteins HU
and IHF in supercoiled domains directs the local packaging of the DNA into linear
bundle-like structures (Figure 5.1). The sequence independent binding of these proteins
potentially allows them to effectively function throughout the chromosome.

Our model is consistent with what is currently known about DNA condensation

and architectural factor binding to DNA. Linear bundle-like or rod-like structures of
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Figure 5.1. A model for the condensation of DNA in bacterial nucleoid. The different
levels of organization of chromosomal DNA in bacterial cell, as described in text, are:
(A) topologically isolated domain formation, (B) negatively supercoiled DNA helices
within the domains and (C) local organization of DNA into linear-bundle like structures.
A portion of duplex DNA is shown with bound DNA bending protein (HU/IHF) as a
ribbon structure.

condensed DNA formation is facilitated and stabilized further by HU and IHF binding to
DNA, which reduces the free energy required for DNA bending at ends of regions that
contain DNA condensed in linear bundles. Our model suggests a generally condensed,
mostly folded chromosome in which the architecture of the chromosome is partly dictated
by the DNA bending proteins HU and IHF. In this model we assume that the

condensation of DNA includes close interactions between the DNA helices in parallel
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alignment. However, binding of some proteins could cause antagonistic effects and
thereby decrease condensation (e.g., under some conditions H-NS has been reported to
rigidify DNA in vitro) [305].

We note that cellular RNA content could also affect nucleoid condensation by
modulating the availability of polyamines for DNA binding as strong competition
between RNA and DNA has been reported for polyamine binding [250,306]. In the late
stationary phase when most of the DNA binding proteins are degraded, the only proteins
tht are present in high copy number are Dps and IHF (15,000 copies each per cell) and
also HU (7,500 copies per cell) [12,264]. The bacterial chromatin reorganizes into
cholesteric crystalline morphologies in which DNA filaments are arranged into local
parallel bundle fashion [304,307-309]. Although the phase transition has been attributed
to the DNA-Dps complex formation [307,308,310], according to our model other DNA
bending proteins like IHF and HU could also facilitate reorganization of DNA into
parallel bundle-like structures in the presence of polyamines (Figure 5.1). Our model is
also supported by the fact that in starved dps™ bacteria chromosome also organizes into
cholesteric phase [307,308].

We note that the model we have developed is structurally similar to a model
recently proposed by Zimmerman for DNA organization in the bacterial nucleoid during
the growth phase, even though the two models are based upon completely different
observations [250]. Both models suggest the formation of parallel bundles of condensed
DNA, with nucleoid-associated proteins bound at the ends of the bundles. However,
Zimmerman suggests that HU promotes this structure by acting as an antagonist to

condensation. The results presented in this dissertation do not suggest that HU acts as an
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antagonist to DNA condensation. However, additional experiments are needed to
determine definitively if HU antagonizes or promotes condensation. We also note that
our condensation experiments in the absence of any restricted domain barriers showed
that the linear DNA condensate size is independent of DNA length and is controlled by
the condensing solution conditions. The scenario could be different during bacterial
chromosome compaction in the presence of cellular factors responsible for creating

domain boundaries and hence dictating the size of the domains.

5.3. FUTURE WORK

5.3.1. Determining whether HU Promotes or Antagonizes DNA Condensation

The condensation studies presented here demonstrated that HU functions as an
architectural protein during DNA condensation by polyamines and crowding agents.
Because HU has another binding mode that could be antagonistic to DNA compaction
[10,231,250,261,262] it is necessary to investigate whether such an antagonistic mode of
HU binding exists during polyamine-driven or crowding-induced condition condensation.
The results from such investigations will have important implications regarding previous
conflicting proposals regarding the ability for HU to promote or antagonize DNA

condensation.

5.3.2. Investigation of the Interplay between HU Binding and DNA Topology on
Condensation
Among the different factors facilitating DNA condensation, sequence-dependent

intrinsic curvature may also modulate the propensity of chromosomal DNA to compact in
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a ‘programmed’ manner [311]. Indeed, phased A-tracts are found in 100 bp clusters in the
E. coli genome [311]. Phased A-tracts promote local bending in the helix which could
facilitate DNA loop formation and provide high affinity binding sites for chromosomal
associated proteins, such as HU and H-NS. Similarly supercoiling are also known to
provide high affinity binding sites for HU [229,237,239,244,311,312]. Accordingly, it
has been proposed (but never demonstrated) that these structural features of bacterial
DNA act in concert with nucleoid proteins to package chromosomal DNA.

A plasmid DNA containing fifteen phased A-tract repeats (Bluescript II SK- with
the insert 5’-ATC,ATCGACy(AcCG3CA6CG2C);AcGCAGTGLA,G-3’) was used to
investigate the activity of HU in compaction of DNA containing sequence-directed
curvature. In our condensation studies of linear plasmid DNA with fifteen phased A-tract
repeats, Atractl5, we have found that HU exerts a powerful influence over the
morphology of DNA particles formed upon condensation by spermidine. When Atract15
is condensed by spermidine the population of rod-like condensates increases with HU
concentration (Figure 5.2). More extensive studies are required to investigate how HU
works in conjunction with DNA static curvature. Atractl5 DNA, and related plasmids
with two to four identical inserts, could be used to model regions of the E. coli genome
that contain extensive sequence-directed curvature. The circular plasmid can be
linearized to separate the influence of supercoiling from sequence-directed curvature.
Instead of linear DNA, similar experiments with supercoiled plasmid DNA containing
phased A-tracts would enable us to determine the contribution of sequence-directed

curvature and supercoiling together on DNA condensation in the presence of HU.
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Figure 5.2. Spermidine-induced DNA condensates morphologies and morphology
statistics as a function of HU concentration. (A) TEM image of a representative
condensate of Atractl5 DNA condensed by spermidine (no HU present). (B) TEM image
of a representative condensate produced under identical conditions as in A, except in the
presence of 50 nM HU. Scale bar is 100 nm. (C) Relative rod populations versus HU
concentration for Atractl5 DNA condensed by spermidine. Samples were 5 uM DNA bp,
700 puM spermidine chloride, 0.33xTE (pH 7.8), 15 mM NaCl, and indicated
concentrations of HU dimer.

5.3.3. Investigation of HU Binding to Pre-Bent and Condensed DNA

A complete understanding of how HU guides DNA condensation will also require
determining if HU alters the kinetics and/or the thermodynamics of condensation. This
will require knowledge of the Ko, and Ko rates for HU binding to linear DNA and bent
DNA, and for these forms of DNA under a range of solution conditions. HU has
previously been reported to exhibit greater binding affinity for circularized DNA than
linear DNA [313]. Thus, we anticipate observing a stronger binding affinity of HU to the

more easily bent DNA relative to unbent DNA. Our study demonstrated that the
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effectiveness of HU is reduced in promoting rod formation when HU is added prior to a
DNA condensing agent, as compared to coincident addition. We have hypothesized that
HU added coincident with a condensing agent is more efficient in guiding condensate
structure if the on-rate of binding to DNA is faster for bent DNA. In that case HU would
preferentially bind at the ends of nucleated rods rather than in the linear region of a rod or
along a DNA strand that has nucleated a toroid. However, it is difficult to predict how Koy,

and Ko rates might change during DNA condensation.

5.3.4. Determine the Mechanism by which H-NS Promotes or Antagonizes DNA

Condensation

H-NS (histone-like nucleoid structuring protein) is the third protein to be
identified as a major nucleoid-associated protein that was suggested to participate in the
structural organization of the bacterial chromosome. H-NS is a 15.6 kDa protein with two
distinct domains: an N-terminal dimerization-oligomerization domain and a C-terminal
DNA binding domain, connected by a flexible linker [286]. It exists predominantly as
dimer which has the ability to oligomerize into higher-order complexes via a coiled-coil
domain [314]. In E. coli ~10 000 dimers of H-NS are present per cell [264]. H-NS
binding to DNA is nonspecific, however it preferentially binds to curved DNA or A/T
rich sequences [10,315,316]. Massive overexpression of H-NS in E. coli results in a
highly condensed nucleoid with decreased global transcription and cell viability [317-
319].

Microscopy studies have suggested that H-NS compacts DNA by forming bridges

between distal DNA segments, but there is also evidence of H-NS coating on DNA
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without inducing any significant compaction of DNA [316,320,321]. The exact role of H-
NS in bacterial DNA compaction is much less understood and more contested than that of
HU and IHF. Recent single molecule experiment with H-NS and A-DNA indicate no
appreciable compaction of DNA by H-NS binding, but rather the rigidification of DNA
by the polymerization of H-NS [305]. If this is true, H-NS may work as an antagonist to

other nucleoid proteins, including HU and IHF.

5.3.5. Determine if HU, IHF and H-NS Work Together and with Other Solution

Factors to Regulate DNA Condensation

For a better understanding of how nucleoid-associated proteins function in
structuring the nucleoid, it is important to investigate the possible interplay between the
nucleoid-associated proteins HU, IHF and H-NS in guiding and/or promoting and/or
antagonizing DNA condensation by polyamines and crowding agents. Studies of
individual nucleoid proteins will not, of course, reveal how these proteins might work
together (or as mutual antagonists) in DNA condensation. However, the information
regarding their interplay is scarce in the literature. This deficiency originates in part from
the fact that in vivo techniques designed to assess the biological roles of these proteins
HU, IHF and H-NS in combination fail because a viable triple mutant deficient in HU,
IHF and H-NS could not be constructed [322]. Thus, our experimental system can be
used to gain insight into these issues. For example, the condensation of lincar DNA by
spermidine in the presence of HU with increasing concentrations of IHF and H-NS,
respectively, IHF with H-NS, and ultimately with all three proteins together can be

systematically studied. In the case of HU and H-NS, competition might be involved for
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the interactions of these proteins to DNA during condensation, as both proteins exhibit
preferential binding to curved DNA [229,237,323,324]. This possibility can be probed
using the A-tract DNA described above. Similar studies with the supercoiled plasmid of a
domain size (~10kb) can determine if the interplay between these nucleoid-associated
proteins is specific to, or enhanced by, DNA supercoiling.

The intracellular abundance of HU, IHF and H-NS significantly varies with the
growth phase of the bacteria. Thus, growth dependent intracellular concentrations of
these proteins could have direct consequences on the architectural function of these
proteins that control many cellular functions. Hence, AFM analysis could be useful for
developing a better picture of the structural modulations that might occur in the nucleoid
with different growth phases. Together these results could lead to a better understanding
of how these proteins work together with other cellular factors in structuring the bacterial

chromosome in a compact nucleoid.
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