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I PREFACE

The interaction of DNA with different cosolutes is fundamental in biology and forms
the basis for manipulating the DNA. The aim of this book is to provide a broad
overview of the interaction of DNA with cosolutes, with an emphasis on inorganic
metal ions, organic cations, positively charged polymers, proteins, surfactants, and
lipids. The interactions in both bulk solution and at interfaces are considered.

The potential benefits of manipulating DNA have ever more increased because of
advances in biotechnology. The interaction of DNA molecules with cosolutes is being
investigated as a way of controlling DNA compaction and release.

DNA Interactions with Polymers and Surfactants provides the basis for under-
standing the factors leading to complexation between DNA and different cosolutes as
well as DNA adsorption at different interfaces, and covers DNA—cosolute interactions
including simple metal ions, polyelectrolytes, spermine, spermidine, surfactants and
lipids, and proteins. Theoretical information, such as the main correlation forces, are
addressed, as well as more practical aspects, such as the biological significance of the
interactions within chromatin and in transfection.

The polyelectrolyte character of DNA largely controls its behavior, and therefore
the book starts with a general account of the physicochemical and biological aspects of
polyelectrolytes (M. Ullner). This together with the survey of the solution behavior of
nucleic acids in general (R. Dias) gives a suitable background for the chapters dealing
with the interactions of DNA with different cosolutes. A. Zinchenko, O. Pyshkina, A.
Lezov, V. Sergeyev, and K. Yoshikawa survey the behavior of single-DNA molecules
in their interactions with mainly cationic cosolutes. In three chapters, accounts are
given for the interaction between DNA and different types of cosolutes, surfactants (R.
Dias, K. Dawson, M. Miguel), polymers (E. Raspaud, A. Toma, F. Livolant, J. Radler),
and proteins, notably histones (K. Rippe, J. Mazurkiewicz, N. Kepper). The last-
mentioned chapter, focused on experimental biological aspects, is complemented by
one dealing with the theoretical aspects (I. Kuli¢, H. Schiessel).

In order to understand various DNA systems the interactions not only with
cosolutes but also with water and the interactions among DNA molecules need to
be analyzed. L. Nordenskold, N. Korolev, and A. Lyubartsev give a broad overview of
DNA-DNA interactions and their implications and C. Leal and H. Wennerstrom
describe DNA hydration, and how hydration is affected by association with
surfactants.

The interfacial behavior of DNA—surfactant and DNA-lipid systems is described in
two chapters, one dealing with liquid interfaces (D. Langevin) and one with solid
surfaces (M. Cardenas, T. Nylander).

xiii



Xiv PREFACE

M. Khan emphasizes the role of electrostatic correlation forces in DNA—cosolute
and DNA-DNA interactions, and A. Pais and P. Linse demonstrate that computer
simulations can be successfully used for the study of the compaction, adsorption onto
surfaces, and confinement of polyions.

As DNA gels and gel particles can be expected to play an important role in
applications, such systems are treated in one chapter by D. Costa, C. Mordn,
M. Miguel, and B. Lindman.

While the electrostatic interactions of DNA have been thoroughly studied, the fact
that DNA has hydrophobic groups, and is thus an amphiphilic polymer, has received
much less attention. Still the formation of the double helix and many other aspects can
only be understood by considering the amphiphilic nature of DNA; these conse-
quences are briefly analyzed by R. Dias, M. Miguel, and B. Lindman.

The final chapter deals with the implications of DNA—cosolute interactions for
transfection (K. Ewert, C. Samuel, C. Safinya).

The editors would like to thank Blackwell for the invitation to produce this book and
mainly Susan Farmer and Susan Engelken for efficient collaboration. We also would to
thank all the contributors for their enthusiasm and their efforts.

The research of the editors has been generously supported by the Swedish and
Portuguese research councils. Of particular significance for this book has been the
research within a EU Marie Curie Research Training Network “CIPSNAC” (Contract
no. MRTN-CT-2003-504932), supported by the European Commission and directed
by Joachim Radler. We are particularly acknowledging the impact on the book from
the other research groups within CIPSNAC; the other groups represent Munich
(responsible J. Radler), Coimbra (M. Miguel), Dublin (K. Dawson), and (with two
groups) Paris (D. Langevin and F. Livolant). We owe special thanks to our colleagues
in Lund that contributed for this book and also to Lennart Piculell.

Lund, March 2008

Rita Dias
Lund University, Lund, Sweden
Bi6rN LINDMAN

Lund University, Lund, Sweden
Coimbra University, Coimbra, Portugal
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Figure 2.4 Secondary structures of (from left to right) A-form, B-form, and Z-form of DNA.
Space-filling model (a) and “ball-and-stick” representation with the phosphate backbones
highlighted in a side (b) and top (c) view (taken from http://www.biochemistry.ucla.edu/
biochem/Faculty/Martinson/Chime/abz_dna/abz_master.html).



Nucleation and growth Decollapsing Process

Figure 3.10 Dynamic process of transition of single T4 DNA molecule. The color indicates
the intensity of the fluorescence, corresponding to the spatial density of the segments in a single
DNA. (Left) Transition from elongated coil to compacted globule. The kinetic process is
characterized as “nucleation and growth.” The time interval is 2 seconds. (Right) Transition
from globule into coil. The time interval is 3 seconds, except for the period, 20 seconds, between
d and ¢'. The image size is 10 x 10 um. (Reproduced from [49] with permission from American
Chemical Society)



Figure 4.8 Examples of DNA—cationic surfactant structures. (a) Suggested supramolecular
arrangement in stoichiometric DNA-CTA complexes. The cylindrical surfactant rods—
cationic head groups (blue) and hydrocarbon tails (yellow)—are hexagonally deformed as a
response to the interaction with the DNA helices—negatively charged backbone (red) and sugar
bases (black). (b) Lamellar phases obtained for DNA (red)—cationic lipid (green)/zwitterionic
lipid (blue) mixtures. The zwitterionic and the cationic lipids comprising the bilayer are
expected to locally demix with the cationic (blue) lipids more concentrated around DNA.
(c) Reversed hexagonal phases obtained for DNA (red)—cationic lipid (green)/alcohol (blue)
mixtures. (Illustrations rendered by Daniel Topgaard and Cecilia Leal using POVRAY®)



Figure 6.4 Molecular structure of the core nucleosome. The DNA is depicted as backbone
line, the histones as ribbons. Histone proteins are colored blue for H3, green for H4, yellow for
H2A, and red for H2B. The dyad axis is depicted as broken line. (A) A top view of the
nucleosome with a vertical alignment of the dyad axis. (B) The side view of the nucleosome. (C)
The upper half portion of the nucleosomal structure. (D) The corresponding lower half. The
positions of superhelical locations are referenced by numbers. The structures were generated
from the 147 bp X-ray nucleosome structure [6].
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Figure 7.1 Steps of DNA compaction: (1) DNA, (2) nucleosomes, (3) chromatin fiber,
(4) higher order structures, and (5) the mitotic chromosome. Details of the structures
beyond the nucleosome are still under debate.



Figure 8.12 Details from all-atom MD simulations illustrating bridging of DNA molecules
by oligocationic histone tails: (fop) side view; (bottom) view from the top of the simulation cell.
The parts of the two closely separated (23-25 A) DNA oligomers are displayed in different
colors (atoms shown as spheres). The H4 histone tail fragments taking part in DNA-DNA
bridging are shown in sticks with NZ atoms of Lys™ as blue spheres; the pink spheres are K*.
(Details given in [113])

Figure 9.6 Illustration of the supramolecular structure of complexes made of DNA and a
single-chain surfactant CTA: 2D hexagonal structure (leff). With a double-chain surfactant
DDA a lamellar structure is obtained (right).



Figure 11.10 Results from supramolecular stamping that make replication of single-stranded
DNA features through a hybridisation—contact—dehybridization cycle. (A) Tapping mode AFM
heightimage of a series of DNA lines printed from a uniformly gold-coated SiO, substrate. Only
the DNA on top of the wires could reach the second substrate and thus be printed. The inset
shows the AFM height profile of the printed lines. Note that the distance between the two lighter
lines is 15 nm. (B) Fluorescence microscopy image of a sample printed from a master that is
created lithographically by dip pen nanolithography (DPN). A 40 by 40 pm rectangular box of
octadecanethiol was written on gold; then a DNA monolayer was formed around it. This
monolayer was printed and the sample was immersed in a solution of Rhodamine Green labeled
DNA. The fluorescent DNA hybridized to its complement, leaving a 40 um black box. These
images show the versatility of the technique. Note that printable length scales range from
hundreds of nanometers to hundreds of microns. (—Reproduced with permission from [87])
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Figure 12.1 (a) Distribution of the long-axis lengths L of T4 DNA molecules vs the weight
fraction of tert-butyl alcohol in aqueous solution. 100 single DNA molecules are measured for
each rert-butyl alcohol concentration. (Reprinted from [22])



Figure 13.1 (Top) Detailed atomistic model of a polyion and (bottom) a corresponding
coarse-grained representation.

Figure 15.4 NMR solution structure of the TOTO-1 dye bound to DNA. The image was
derived from data submitted to the Protein Data Bank (number PDB 108D, www.rcsb.org/pdb/).
The NMR structure shows that TOTO-1 binds to DNA through bis-intercalation. (Image taken
from http://probes.invitrogen.com/handbook/figures/1557.html)
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Figure 16.9 Laser scanning confocal microscopy images of transfected mouse L cells, fixed six
hours after incubation with complexes. (See text for full caption.)



I CHAPTER 1

Polyelectrolytes. Physicochemical
Aspects and Biological Significance

MAGNUS ULLNER

1.1 INTRODUCTION

The basic facts about DNA are widely known and often repeated in general texts, for
example, that its fundamental role is to store the blueprint for proteins, the machinery
of life. The purpose of the Human Genome Project some years back was to read this
information. Many people are also able to pick out the double helical DNA from
molecular mugshots and explain that a key feature of the double helix is that it contains
its own carbon copy, or rather a matrix of renewal by which the protein recipes are
multiplied and handed down through the generations.

However, the situation is less clear when it comes to precise knowledge of how DNA
behaves and interacts on the molecular level, for example, how DNA is neatly tucked
away in the cell nucleus, or reversely how relevant genetic information is unraveled and
presented to the translational machinery. A deeper understanding can be approached
from two sides: from the specific chemical nature that makes DNA truly unique or from
the generic properties of a larger group of molecules of which DNA is a member. This
chapter is an introduction to the latter approach, focusing on the fact that DNA is a
polyelectrolyte, as are many other biomolecules. Thus the purpose of this chapter is to
discuss basic features of polyelectrolytes and to illustrate how they can be useful in a
biological context in general, and not only where DNA is involved.

1.2 POLYELECTROLYTES AND BIOLOGICAL FUNCTION

A simple electrolyte or salt, such as NaCl, consists of positive and negative charges that
can be separated when dissolved in water. The same is true for a polyelectrolyte, but the
difference is that either the positive or the negative charges are joined together to form

DNA Interactions with Polymers and Surfactants Edited by Rita Dias and Bjorn Lindman
Copyright © 2008 John Wiley & Sons, Inc.
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Figure 1.1 Dissociation of (@) a simple electrolyte and (b) a polyelectrolyte in an aqueous
solution.

a highly charged molecule. This is illustrated schematically in Figure 1.1. Poly-
ampholytes are also large charged molecules, but they contain both kinds of charges
and can be net electroneutral. Polyelectrolytes and polyampholytes can be character-
ized as either strong (quenched), having a fixed charge distribution determined only by
the chemical sequence, or weak (annealed), having charges that can move within the
molecule and respond to the surrounding conditions, such as the pH of the solution.
This is similar to characterizing an acid or a base as strong or weak. In other words,
weak polyelectrolytes are weak polyacids or polybases and synthetic examples are
poly(acrylic acid) and poly(vinylamine).

Many biomolecules are polyelectrolytes, and this is no coincidence because life on
a molecular level is an aqueous solution of many components that need to be water
soluble and interact in a controllable fashion. For example, proteins are usually
polyampholytes with both acidic and basic groups, while DNA and RNA are strong
polyelectrolytes.

Some of the naturally occurring polysaccharides are also polyelectrolytes, for
example, alginates, hyaluronan, and pectin. There are also polyelectrolytes obtained
by modification of natural polysaccharides, such as carrageenans and carboxymeth-
ylcellulose. Many polysaccharides (both charged and non-ionic) are used technically
as thickeners, gelling agents, and emulsion stabilizers. In a biological context, they can
serve similar functions, namely to generate structural viscoelastic elements. For
example, hyaluronan is a major component in the vitreous body of the human eye, in
synovial joint fluid, and in the comb of a rooster. The polysaccharides are too large
to escape their compartment, and when they are charged, the counterions will
be retained to maintain electroneutrality. For entropic reasons, water wants to enter
the compartment to dilute its contents and the counterions boost the osmotic effect.
The superabsorbents in diapers are polyelectrolyte gels, and they work in the same
way. The high water content in the polysaccharide-rich parts of the body creates a
gelatinous consistency, which may act as a shock-absorbing and lubricating material
in the joints. “Viscoelastic water” is also a good way to fill a volume, especially if it
needs to be clear as in the eye.



ELECTROSTATIC INTERACTIONS 3

However, higher biological functions require a bit more than a modification of
solution properties. To gain a more specific structure and functionality, hydropho-
bic groups are often needed, which can make it difficult to maintain the water
solubility of the molecule and prevent aggregation, especially since the more
advanced molecules need to be big. The solution to dissolution is to give these
macromolecules a big dose of charge. This helps solubility not so much because
each charge makes a molecule more hydrophilic but because it contributes a
counterion that can explore the solution on its own and give the dissolved
polyelectrolyte lots of entropy. More counterions means more entropy. Further-
more, charging the molecule can prevent aggregation by electrostatic repulsion, but
it can also have the opposite effect when desired, by forming complexes with
oppositely charged molecules. This can be large aggregates, such as DNA wrapping
around histone complexes to form nucleosomes in chromatin, or small aggregates,
such as ions binding to specific sites in proteins.

The electrostatic interactions are long ranged, as opposed to hydrophobic inter-
actions, and they can be moderated. Weakly acidic or basic groups can have their
charges turned on and off by shifts in the pH, and an increase in the ionic strength
reduces the range of the electrostatic interaction, repulsive as well as attractive. The
latter is the main salt effect if the ions that contribute to the ionic strength are
monovalent. If there are multivalent counterions, correlations give rise to an attractive
interaction between similarly charged objects or parts of the same molecule [1-10].
For example, DNA can be compacted with the so-called polyamines spermidine and
spermine, which carry charges of 4-3 and +-4, respectively [11-24]. Note that, in the
context of polyelectrolytes, a better name for these polyamines would be oligoamines
because they are rather small compared to the other molecules that we give the attribute
“poly” to indicate that they are composed of many monomeric units. The polyamines
are ubiquitous in prokaryotic and eukaryotic cells. They interact, for example, with
DNA and RNA and have an essential role in cell growth and cell death, but much of
their function on a molecular level remains unclear [25,26]. However, for the
compaction of DNA the main effect is ion correlations, since other multivalent ions,
such as Co(NH3)¢ " [15,18,19,27-31], Cr(2, 2’ bipy)s> " [19], and Fe** [32], can also
act as condensing agents and an excess of monovalent salt can decompact the
molecules [9,13,15].

In short, by adding charge to molecules, nature gains an enormous amount of
possibilities and life as we know it would be impossible without polyelectrolytes.

1.3 ELECTROSTATIC INTERACTIONS

1.3.1 lon Distributions and the Poisson-Boltzmann Equation

For a highly charged polyelectrolyte at a finite concentration, it is not entirely true that
the counterions wander off on their own; in fact the opposite charge still holds a mutual
attraction that creates an ion atmosphere around the polyion. This is known as an
electrical double layer and a common way to calculate the ion distribution is to use the
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Poisson-Boltzmann (PB) equation,

e
VA(r) = ——— zmoe N, (1.1)

€€

where V2 = 0%/0x> 4+ 0*/0y* + 8%/0z% is the Laplace operator, r is the coordinate of
a point in the solution, e is the elementary charge, €, is the dielectric constant of
the solution, and €y is the permittivity of vacuum. B = 1/kgT, with kg being
Boltzmann’s constant and 7'the absolute temperature. kzT'is a measure of the available
thermal energy. The PB equation is obtained by relating the charge density p.(r) in the
diffuse part of the double layer to the electrostatic potential \(r) through Poisson’s
equation,

2 p.(r)
VA(r) = ——=—=, (1.2)
€€
and making the approximation that the ion species i with valencies z; are Boltzmann
distributed with respect to the electrostatic potential without considering ion—ion
correlations. This means that the local number density of ion i is

ni(x) = njge P, (1.3)

where n; o is the number density at a point where \y(r) = 0. Adding up z;n,(r) for all ion
species gives the distribution of net charge, p.(r), and transforms (1.2) into (1.1). The
Poisson—Boltzmann equation represents a mean-field theory, since the ions in the
diffuse part of the double layer only affect each other through their average contribu-
tions to the mean-field potential. Despite the simplifying neglect of ion—ion correla-
tions, the PB equation is generally cumbersome to solve and even simple geometries
require numerical solutions, except in special cases.

The equation itselfis general. In order to solve it, a model with boundary conditions
has to be defined. Since polyelectrolytes are somewhat extended and stiffened by the
internal electrostatic repulsion, the usual choice of model is a charged cylinder. A
straight cylinder might be a crude representation of thin, flexible polyelectrolytes, but
it seems like a natural choice for DNA, which is stiff over contour lengths on the order
of 500 A and more or less has a cylindrical cross section with a radius of about 10 A
Note, however, that very long DNA would qualify as thin and flexible.

With the Laplace operator written in cylindrical coordinates, the PB equation
becomes

1 d d\|!(l") e —Bzies(r)
s — L3 zmge ), 1.4
rdr ( dr €-€0 