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Condensation of DNA by spermine in the bulk and in the bacteriophage capsid:
A cryo-electron microscopy study

Abstract

By using cryo-electron microscopy, we analyzed the morphology and structure of long double-stranded DNA
chains condensed upon addition of varying amounts of the tetravalent polycation spermine (polyamine).
Experiments have been performed i) with chains diluted in the bulk and ii) with individual chains confined in a
virus capsid.

Bulk experiments have been done with lambda DNA (48.5 kbp) at low concentration (0.03 mM Ph) and in low
salt conditions (10 mM Tris HCI, 1 mM EDTA, pH 7.6). We explored a wide range of spermine concentration,
from the onset of precipitation (0.05 mM sp) up to above the resolubilization limit (400 mM sp). Sixteen min
after mixing spermine and DNA, samples have been trapped in thin films and vitrified in liquid ethane to keep
ionic conditions unchanged, and imaged at low temperature with low doses of electrons (cryoTEM). DNA
chains mostly form large aggregates of toroids in which DNA chains are hexagonally packed with interhelical
spacings of 2.93, 2.88, and 2.95 nm at 0.05, 1 and 100 mM spermine, respectively, in agreement with previous
X-ray data. At higher spermine concentration (200 mM), hexagonal toroids are replaced by cholesteric bundles
with a larger interhelical spacing (3.32 nm). We conclude that the shape and the structure of the liquid
crystalline sp-DNA condensates are linked to the DNA interhelix spacing and determined by the ionic conditions
i.e. by the cohesive energy between DNA strands. Outside of the precipitation domain (400 mM spermine),
DNA chains form a soluble network of thin fibers (4-6 nm in diameter) that let us reconsider the state of these
DNA chains in excess of spermine. We also designed experiments to visualize condensates formed 6-60 sec
after mixing Lambda DNA with 0.05 mM spermine, under identical buffer conditions. Among multiple original
shapes (not found after 16 min), the presence of stretched and helical elongated fibers seen only 9 sec after
addition of spermine let us propose that DNA chains are immediately stretched upon addition of spermine,
relax into helical structures and finally form small toroids (containing in some cases less than one Lambda chain)
that further grow and aggregate. We also analyzed the dimensions and structural details of the complete
collection of toroids, and reveal the existence of geometric constraints that remain to be clarified.

Since it was only exceptionally possible to prevent the aggregation of DNA in dilute solution, we used another
approach to observe the collapse of single DNA chains. We handled a population of T5 viruses containing a
fraction of their initial genome (12-54 kbp long). The Na-DNA chain, initially confined in the small volume of
the capsid (80 nm in diameter) is collapsed by the addition of spermine. Compared to the first set of
experiments, we explored a higher DNA concentration range (0.45 mM Phosphates in the whole sample) and
the spermine concentration was varied from 0.05 to 0.5 mM (which corresponds to much lower +/- charge
ratios). Experiments are thus performed close to the precipitation line, in the coexistence region, between the
region where all chains are in a coil conformation, and the region where all chains are collapsed into toroids.
We describe the existence of intermediate states between the coil and the toroidal globule that were not
reported yet. In these “hairy toroids”, part of the DNA chain is condensed in the toroid and the other part stays
uncondensed outside of it. The interhelical spacing was also measured; it is larger in these partly-condensed
toroids than in the fully organized toroids formed at higher spermine concentration.

These two series of experiments show the interest of cryoEM to analyze the structural polymorphism and local
structure of spermine-DNA aggregates. We also demonstrated how the confinement interferes with DNA

condensation and the interest to investigate such effects that are important in the biological context.

Key Words: Cryo-electron microscopy, DNA condensation, spermine, bacteriophage, toroid, liquid crystal



Condensation de I'ADN par la spermine en solution et dans la capside de bactériophage:
Une étude par cryo-microscopie électronique

Résumé

Nous avons analysé par cryomicroscopie électronique la morphologie et la structure de longues chaines d’ADN
condensées par un polycation tétravalent, la spermine (polyamine). Les expériences ont été réalisées i) avec
des solutions de chaines diluées et ii) avec des chaines isolées confinées dans la capside d’un virus.

Les expériences ont été réalisées avec de 'ADN Lambda (48 kbp) en solution diluée (0.03 mM Ph) et a faible
concentration ionique (10 mM Tris HCI, 1 mM EDTA, pH 7.6). Nous avons exploré une large gamme de
concentrations en spermine, allant du seuil de précipitation (0.05 mM sp) jusqu’a la limite de re-solubilization
et au-dela (400 mM sp). Seize minutes apres mélange de I'ADN et de la spermine, les échantillons sont piégés
en film mince et vitrifiés a basse température pour garder intactes les conditions ioniques, puis imagés a basse
température sous faibles doses d’électrons (cryoMET). La plupart des chaines d’ADN forment des agrégats de
tores de structure hexagonale avec des interdistances entre hélices de 2.93, 2.88, et 2.95 nm pour des
concentrations en spermine respectivement égales a 0.05, 1 et 100 mM spermine, ce qui est en bon accord
avec les données collectées précédemment par diffraction des rayons X. A concentration plus élevée en
spermine (200 mM), les tores hexagonaux sont remplacés par des faisceaux cholestériques de structure plus
lache (3.32 nm entre hélices). Nous en déduisons que la forme comme la structure des condensats cristallins
liguides ADN-sp sont liées aux interdistances entre hélices et déterminés par les conditions ioniques i.e. par
I’énergie cohésive entre chaines d’ADN. En dehors du domaine de précipitation (400 mM sp), les molécules
d’ADN forment un réseau soluble de fines fibres (4-6 nm de diameétre) qui nous aménent a reconsidérer I'état
de ces chaiines en présence de spermine. Nous avons également congu des expériences pour visualiser les
agrégats formés 6 a 60 sec aprés addition de la spermine dans les mémes conditions de tampon. Parmi les
nombreuses formes originales que nous avons observées (absentes aprés 16 min), la présence de fibres étirées
ou en hélice, visibles seulement aprés 9 sec, nous conduit a proposer que les chaines d’ADN soient
immédiatement étirées apres addition de spermine puis relaxent sous forme de fibres hélicoidales qui donnent
naissance a de petits toroids (comprenant quelquefois moins d’une chaine) qui grandissent et fusionnent. Nous
avons également analysé les dimensions de I'ensemble des tores observés et montré I'existence de contraintes
géométriques qui restent a élucider.

Puisqu’il était généralement impossible de prévenir I'agrégation des chaines d’ADN, nous avons choisi une
autre approche pour analyser le collapse de chaines d’ADN individuelles. Nous avons utilisé une population de
virus T5 contenant une fraction de leur génome initial (12-54 kbp). La molécule d’ADN, initialement confinée
dans le petit volume de la capside (de 80 nm diameétre) est collapsée par addition de spermine. Par
comparaison avec le premier jeu de données, nous avons travaillé a concentration plus élevée en ADN (0.45
mM Phosphates dans I'ensemble de I’échantillon) et la concentration en spermine a été ajustée entre 0.05 et
0.5 mM (ce qui correspond a des rapports de charges +/- bien inférieurs). Ces expériences ont donc été
réalisées au voisinage de la ligne de précipitation, dans la « région de coexistence », entre le domaine ou les
chaines sont en condition de pelote et le domaine ou les chaines sont toutes collapsées sous forme de tores.
Nous avons montré |'existence de formes intermédiaires entre ces deux états que nous appelons « tores
chevelus » dans lesquels une partie de la molécule est condensées dans le tore alors que l'autre partie reste
non condensée. Les distances entre hélices ont également été mesurées. Elles sont plus grandes dans ces
structures intermédiaires que dans les tores formés a plus forte concentration en spermine.

Ces deux séries d’expériences montrent I'intérét des méthodes de cryo-microscopie pour étudier la structure
locale des phases condensées de I'ADN. Nous avons montré comment le confinement modifie le
comportement de 'ADN en solution et I'intérét d’étudier ces effets compte tenu de son importance dans le
contexte biologique.

Key Words: Cryo-microscopie électronique, condensation de I'ADN, spermine, bactériophage, tore, cristal
liquide.
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1. INTRODUCTION

1.1 DNA as a polyelectrolyte and its interaction with counterions

1.1.1 Structure of the DNA molecule

The DNA molecule consists of two polynucleotide strands that form a right-handed double-
helix, 2 nm in diameter (Fig. 1.1a) (Watson and Crick, 1953; Franklin and Gosling, 1953). The
two strands have opposite directions and are linked by the hydrogen bonding of
complementary base pairs [adenine-thymine (A-T) and cytosine-guanine (C-G)] (Fig. 1.1b). The
bases are located inside the double-helix, and the phosphates are aligned along the outside of
the helix. Under physiological condition (neutral pH, room temperature, about 200 mM NacCl),
the B-form of DNA is dominant (Frank-Kamenetskii, 1997). In its B form, the periodicity of the
helix is 3.4 nm, with 10 base pairs per helical turn; the base pairs are perpendicular to the
helical axis.

Thymine

Adenine
5 end .

(K

Major
groove

-

10 bp | Minor Phosphate-
= 34 nm groove demboseh
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ka

L]

7 end Cytosine
Guanine S end
Fig. 1.1a: A schematic drawing of the B-DNA Fig. 1.1b: Formation of the phosphate-
structure [Watson and Crick (1953)]. The two deoxyribose backbones and the
strands of the phosphate backbones have complementary hydrogen bonding of adenine-
opposite directions. thymine (A-T) and guanine-cytosine (G-C).



1.1.2 DNA as a polyelectrolyte

DNA molecule has an extremely high linear charge density (-2e / 0.34 nm = -5.9e / nm), when
compared to other biological materials, such as proteins (approximately -0.6e / nm) or cell
membranes (-0.1-1e / nm?). This is due to the fact that each base pair carries two elementary
negative charges, the phosphate groups, and the interval between the two base pairs is 0.34 nm.
Since these charges are regularly located along the whole polymer surface, a DNA can be treated as a
uniformly negatively-charged cylinder of radius R, = 1 nm (Frank-Kamenetskii, 1997). In aqueous
environments, monovalent cations (let say Na*) would be attracted by the negatively-charged DNA
polymer, in a Coulomb potential, when they are close enough the DNA to overcome the thermal
fluctuation energy (“kT). The distance r between two charges at which the Coulomb and the
fluctuation forces reach in an equilibrium is defined as a characteristic length, the Bjerrum length (lg
= e’/dmeye kT, where e is the elementary charge, gy is the vacuum permeability, €, is the relative
dielectric constant, k is the Boltzmann constant, and T is the temperature). That is, the Bjerrum
length is the limit where ions association/disassociation occurs, and if r < |, the monovalent cations
are attracted by these negatively charges. Depending on how ions are hydrated, they can form an
associated complex or remain close to each other but still mobile. Since I = 7.14 A in water, the high
negative charge density of DNA (= -5.9e/nm) induces a concentrated cloud of mobile and hydrated
monovalent counterions on the DNA surface. The concentration of the monovalent counterions in
the cloud is approximately 1 M, and this value is nearly independent of the bulk cation concentration.
This layer of monovalent counterions neutralizes ~76% of the DNA phosphate charges to reduce each
phosphate charge to -0.24e (Manning, 1972). [For divalent (+2) and trivalent (+3) counterions, this
reduction of residual phosphate charge becomes -0.12e and -0.08e, respectively.] For strong
electrolytes in which the electrostatic interaction energy is much larger than the thermal fluctuation
energy, this charge compensation makes the DNA electrically “shielded” or “screened” when
observed from outside of the counterion cloud [Debye-Hickel screening], where the shielded
Coulomb potential is proportional to e™/r. It means that the electrostatically attracting force
decreases rapidly as the distance increases. The Debye screening length (k) becomes ~10 A when
the monovalent salt concentration is 100 mM. Here, the Debye screening length can be thought of as
the distance over which mobile charge carriers screen out an oppositely-charged object. We can
define an “effective diameter” of a charged polymer in solution as the distance including the
geometrical diameter of the polymer and the Debye screening length that is determined by the ionic
environment of the solution. In the models of pure electrolyte solution, counterions around DNA are
mobile and distributed with radial dependence (Record et al., 1978).

The ionic environment can affect the effective diameter, the elastic stretch modulus, and the
persistence length of the DNA molecule. The persistence P of a polymer is defined as the contour
length over which correlations in the direction of the tangent are lost (Grosberg and Khokhlov, 1994).
DNA being highly negatively charged, its effective diameter is much larger than the geometrical
diameter (2 nm) in low salt concentrations (Frank-Kamenetskii, 1997). With high concentration of
cations, this effective diameter can decrease significantly because of the screening of Coulomb
interactions. Numerous experiments (including single-molecule experiments) measured the decrease
of the persistence length as monovalent cations are added (Fig. 1.2; Baumann et al., 1997). This
result showed good agreement with the theoretical expectations in which charge contributions to
the bending flexibility of the polyelectrolyte chain have been considered (Odijk, 1977; Skolnick and
Fixman, 1977; Fixman, 1982; Le Bret, 1982). When increasing the monovalent salt concentration
above 0.1 M, the persistence length of DNA decreases and stays constant (around 50 nm). On the
other hand, it is known that the torsional rigidity of the chain is nearly independent of the ionic
environments (Williams and Maher 1lI, 2000).



Fig. 1.2: Dependence of DNA persistence length on
800 L monovalent (Na+) ionic strength (Baumann et al.,
A D 1997).
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1.1.3 Polyelectrolyte theories

In order to qualitatively understand the electrostatic behavior of the DNA-polycation system, it is
needed to introduce basic theories of polyelectrolytes. The DNA solution with mono- or multivalent
cations is a typical example of the many-body system with interactions, which is very difficult to
exactly solve mathematically. In this situation, the n-body system can be replaced by a 1-body
problem with a well-chosen external field to be easily treated. This approach is called the mean-field
theory. In this context, we start from the mean-field Poisson-Boltzmann theory.

1.1.3.1 Poisson-Boltzmann theory

Let us consider a system comprised of a macro-ion and i-sort of mobile ions. Then we can
approximate the free energy of a solution of macro-ions (polyelectrolyte), counterions, and added
salt by the following function of the ion concentrations (Gelbart et al., 2000):

Foy(ln )= j df% pY + kTZ n, h{ﬂj}

n,

The second term is the mean-field entropic free energy of the ions with n; being the concentration of
the i-th ion species carrying charge z;e. The ny is the bulk concentration far away from the considered
ions. The first term is the electrostatic energy, with the charge density p(r) being the sum of charge
densities of the macro-ions and the mobile ions:

p(F) = pmacro (’7)+ Zzieni (’_;)
The local electrostatic potential is W(r). The charge density and the potential are related by Poisson’s

equation,

-V = 4{/)(?)



where € is the dielectric constant of the medium. Minimization of the free-energy equation with
respect to the ion concentrations leads to the condition that obeys the Boltzmann distribution:

n(r)=n, eXp{_ L()}

kT
Using Poisson’s equation, we obtain the relation

4 —z.e¥
VWY = — wnOZziexp( Zi¢ J

& kT

for the potential outside the surface of the macro-ions. This nonlinear differential equation is called
the Poisson-Boltzmann (PB) equation.

1.1.3.2 Debye-Hiickel theory

Now let us consider a specific case in which only one kind of z-valent mobile ions exist with the
macro-ions. In this case, the Poisson-Boltzmann equation is written as follows (Gelbart et al., 2000):

To simply solve this equation, we can linearize the hyperbolic sine function by the approximation
eY(r
—() << 1
kT
which means that, for large distances r, the electrostatic potential eW(r) of the macro-ion is small
compared to the thermal fluctuation energy kT. With this linearization, the above Poisson-Boltzmann

equation reduces to the Debye-Hiickel (DH) equation:
VY =2’

ArekT

The k7 is called the Debye screening length and the /5 is the Bjerrum length, where e is the
elementary charge, € is the water dielectric constant. In water, / = 7 A at room temperature. Note
that, increasing the ionic strength z, the Debye screening length becomes smaller.

Considering the polyelectrolyte (macro-ion) as a long cylinder of radius a, with a negatively charged
surface in which the charges are uniformly distributed along the axis of the cylinder with distance b,
we can obtain an analytical solution as follows (Toma, 2008):

B ze‘P(r) _ 21, K, (/af)
kT b xaK,(xa)

2
e
where x° =8zl ,z°n, = 871'( Jno

where Ky(ka) and K;(ka) are the modified Bessel functions. This potential profile is shown in Fig. 1.3

(in solid line).



Fig. 1.3: Radial profiles along a line perpendicular
to the DNA polymer axis passing through the
-iF 7 center of the minor groove (dashed line) and
through a phosphate group (dotted line) based on
M a simulation model (Jayaram et al.,, 1989). The
‘,: -2 . solid line represents the potential profile for the
X analytical cylinder model.
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For a more realistic case of polyelectrolyes (because DNA is a highly-charged polymer), where the
Coulomb interaction energy is no more negligible compared to the thermal fluctuation energy, the
(positive) charges condensation near the DNA chain even more proceeds so that numerical

calculations are needed to solve the resulting nonlinear Poisson-Boltzmann equation (Le Bret and
Zimm, 1984; Fig. 1.4).
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Fig. 1.4: A result of a Monte Carlo simulation on the
1 . counterion  distribution  around a  cylindrical
C 2 polyelectrolyte. The vertical and the horizontal axes
-
= - represent the local concentration of counterions and
£ . the radial distance from the cylindrical polyelectrolyte,
04t 8 respectively (Le Bret and Zimm, 1984).
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1.2 DNA condensation

1.2.1 What is DNA condensation?

Let us consider the dimensions of the DNA chain in dilute solution in a classical buffer with
monovalent cations (for example, NaCl). Its radius can be estimated by using the relation R = a x N*®
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with (a) the persistence length of DNA (50 nm). In such good solvent conditions, the chain is swollen
(bigger than the Gaussian chain, where the exponent is 0.5). As an example, let us consider the DNA
from the bacteriophages Lambda and T5 that we will use in our experiments. The T5 DNA chain, with
its 121000 bp has a contour length of 41.14 um. In solution, this chain would occupy a volume with a
radius of 2806 nm (about 70 times the 40A radius of the capsid) in which it is contained. For lambda
phage DNA (48 kbp; 16.5 um), its occupying volume in hydrated condition would have the radius of
1.6 pm. For human genome (~3 x 10° bp), it would not be 1 m (its contour length) but a volume with
1.2 mm in radius that is much larger than the size of cell nucleus (less than 10 um in diameter). These
comparisons demonstrate that DNA needs to be condensed to fit into the capsid or the cell nucleus.

Multivalent cations can cause DNA to collapse from the randomly coiled state in aqueous solution
into the condensed nanometer scale particles. Various kinds of condensing agents exist, such as
cobalt hexamine, polyamines (e.g., spermine and spermidine), polypeptides, proteins, lipids with
positively-charged head groups, and positively-charged detergents. All these compounds are able to
condense DNA owing that their charge is >3 in aqueous solution (Gosule and Schellman, 1976;
Chattoraj et al.,, 1978; Widom and Baldwin, 1980), although divalent cations (+2) will serve in
solutions of lower dielectric constant such as water-alcohol mixtures (Wilson and Bloomfield, 1979).

When condensing agents are added to a very dilute solution of long DNA chains, each DNA molecule,
initially in a coil configuration, collapses into a compact globule (Fig. 1.5). These globules are usually
toroids but rods and spheres or their intermediates are also found (Bloomfield, 1996). This
phenomenon is called “DNA condensation”. In the condensed state, the helical segments are locally
aligned, the volume fractions of solvent and DNA are comparable, and DNA helices may be separated
by just one or two layers of water (Bloomfield, 1996). The highly ordered condensates may thus
occupy approximately 10 the volume of the random coils. For example, the local concentration of
DNA within the toroid may be as large as 400-500 mg/ml.
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Fig. 1.5: DNA condensation (single-chain collapse or coil-globule transition) into a nanometer-scaled toroid, globule, or rod by multivalent
cations.
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The DNA chain transition between the extended coil and the collapsed state has been theoretically
and experimentally proposed to be discontinuous (or discrete) (Post and Zimm, 1982), or even to be
a first order phase transition (Yoshikawa et al., 1996; Baumann et al., 2000). Furthermore, it has been
known that the DNA condensation is a reversible process, that is, the condensed DNA can be
uncondensed when the physical environment is changed (for example by addition of a large amount
of monovalent salt).

The transition of a single DNA chain from the coil configuration to the condensed globule is called
“DNA collapse”. The DNA collapse means that we are dealing with an intramolecular (or single-
molecular) phenomenon, whereas, “DNA aggregation” indicates the multimolecular condensation in
which intermolecular phenomena are included.

1.2.2. Collapse versus aggregation

Light scattering experiments have shown that, in the bulk states; (1) There exist fast (millisecond
range; at low polycation concentration) and slow (with time constants of ~100 s) processes in DNA
condensation, in which the former and the latter have been assigned to the intramolecular and the
intermolecular condensations, respectively (Porschke, 1984; Fig. 1.6). It has been reported that the
condensation rate depends on the polycation concentration added to the lambda DNA (Cpya = 0.1-0.2
pg/ml) (Widon and Baldwin, 1983): the reaction is very slow (several hours to reach an equilibrium)
when the concentration of cobalt hexamine is low (Cconnzie = 8 UM). When the concentration of
cobalt hexamine is higher, the reaction completes within 1 min (Fig. 1.6).

a 1M DNA + spermine (sp C ol N = P J—.|
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Fig. 1.6: (a) Change of the scattered light intensity (Al) as a function of the time (t) after mixing 1 uM T4 DNA with @ 0.7, ® 1.0, and (©) 1.5
UM spermine, up to t = 150 ms (Porschke, 1984). (b) Size distribution of polylysine-calf thymus DNA aggregates after various time periods
(in the solution of 150 mM NaCl and 20 mM HEPES, pH 7.2), measured by dynamic light scattering up to t = 25 min (Lee et al., 2001). (c)
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Lambda DNA condensation rates measured by static light scattering, up to t = 16 h after addition of cobalt hexamine 3+) at two different
concentrations. Upper: slow reaction in low CoHex concentration. Lower: rapid reaction in high CoHex concentration (Widom and Baldwin,
1983).

(2) The uncondensed DNA fraction decays approximately exponentially with time, and the
condensation rate in its early stage is insensitive to the DNA concentration but proportional to the
excessive concentration of the polycation over its critical value at the onset of DNA condensation (He
et al., 2000). (3) The size of the DNA aggregates continues to increase over a period of nearly 30
minutes after mixing of DNA and polycation (Lee et al., 2001).
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Fig. 1.7: (a) Phase diagram of DNA concentration versus polymer-solvent interaction parameter (x) for different DNA molecular weight. For
each molecular weight, the boundaries separate three regions — expanded coils in solution, collapsed DNA in solution, and concentrated
precipitate (“aggregated”). The shaded area marks the two-phase region of the expanded and the collapsed coils (Post and Zimm, 1982).
(b) State diagram of liquid crystalline solution of semiflexible rod-like macromolecule (short DNA fragment). The parameter @ is volume
fraction of the rods in the solution [® = n(N/V)LdZ/4, where N is the number of rods, V is the volume, L is the length of a rod, and d is the
diameter of a rod (L>>d)], and 6 is the temperature at which the osmotic second-virial coefficient becomes zero. The shaded area
represents the coexistence (two-phase) region of the random coil state and the aggregated liquid crystalline state (Grosberg and Khokhlov,
1994).

This DNA aggregation involves intermolecular (multimolecular) interactions. Through
thermodynamical considerations, Post and Zimm (1982) have obtained a state diagram (DNA
concentration versus polymer-solvent interaction parameter) of DNA collapse/aggregation, in which
three different states exist: (1) the “expanded” random coil, (2) the collapsed coil, and (3) a
concentrated phase of aggregated random coils (Fig. 1.7a). In this model, the chain has been
considered as a flexible polymer. Collapsed coils can be found only at very low DNA concentration.
On the other hand, Grosberg and Khokhlov (1994) have shown essentially the same kind of phase
diagram for semiflexible rods (which correspond to the short DNA fragments) (Fig. 1.7b). This
diagram (the inverse of temperature versus the volume fraction of the rods in the solution) indicates
the phase separation of the isotropic phase (random coil state), the anisotropic phase (aggregated
liquid crystalline state), and their coexistence phase in between.

1.2.3 Mechanisms of DNA condensation

From the mean-field PB theory (including the DH theory), as we have already introduced, one can
induce two effects of mobile counterions on the macro-ion as follows: (1) The counterions can
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reduce the effective charge on the macro-ions. (2) The mobile counterions act to screen the charge
of the macro-ion. That is, they give rise to an exponentially decaying electrostatic potential at large
distances. As a result, the interaction between the two identical macro-ions always remains repulsive,
albeit reduced in magnitude.

Then, why the like-charged (for DNA, negatively charged) chains attract each other by addition of
counterions (for DNA, multivalent cations)? How does the attractive interaction come into the
polyelectrolyte-counterion system? There are two mechanisms to explain the appearance of
attractive interaction between the polyelectrolyte rods (the DNA chains, in our case) induced by the
charge compensation of counterions:

The first mechanism involves a Gaussian fluctuation correction to the PB mean-field theory (Oosawa,
1971). By including correlations between the fluctuations of the two rods, Oosawa obtained a
nonspecific long-range attractive contribution to the force between rods that varies inversely with
the square of the inter-rod distance (ay, in our case).

Since DNA is a highly charged polyelectrolyte, the condensation of DNA into a nanoparticle requires
overcoming an enormous Coulomb energy barrier. Thus the countercharge compensation is essential
for the DNA condensation process. By using counterion condensation theory (Manning, 1978), it is
calculated that DNA condensation occurs when 89-90% of the DNA phosphate charge is neutralized
(Wilson and Bloomfield, 1979). The Manning parameter ¢ is defined as ¢ = lz/b, where 5 is the
Bjerrum length and b is the monomer-monomer distance. Weakly charged DNA chains with below
the Manning threshold &y = 1, the DNA chains swell due to electrostatic repulsions between the
segments and their end-to-end distance grows with an increase of the chain length. For &, > 1, the
adsorption of counterions on the DNA chain sets in and transient dipoles are formed between the
chain segments (Cherstvy, 2010).]

The second mechanism focuses on the short-range electrostatic correlations between the two
counterion clouds on the both polyelectrolyte rods. By using computer simulation methods, a strong
short-range interaction is obtained whose strength of attraction increases on lowering the
temperature (Grgnbech -Jensen et al., 1997; Ha and Liu, 1997).

Other mechanisms explain the condensation phenomenon by (1) the direct “ion-bridging” of
neighboring DNA chain segments by polycations based on short-range electrostatic attractions
(Raspaud et al., 1998) [Contrarily to trivalent ions where the effect on DNA is very local, limited to a
few consecutive monomers, linear flexible polycations interact with DNA bases that are significantly
far apart, promoting bridging between different sites of in the DNA chain or between different DNA
chains (Dias and Pais, 2010; Korolev et al., 2010).], and/or (2) the attraction force induced by long-
range attractive hydration forces caused by the counterion-induced restructuring of water molecules
between adjacent DNA chains (Rau and Parsegian, 1992; Rouzina and Bloomfield, 1996).

1.2.4. Toroids, globules and rods

Early conventional TEM studies (Haynes et al., 1970; Chattoraj and Gosule, 1978) showed that various
shapes of the polycation-DNA condensates, such as toroids, rods, spheroids, bundles, and their
intermediates, formed from bulk solutions (Fig. 1.8). The toroids are usually co-produced with other
minor morphologies (rods, spheroids, and bundles) in the same ionic environment, and in most cases
they are found to be clustered or aggregated. Haynes et al. (1970) observed that (with sperm DNA
and poly-L-lysine) only bundle networks were formed in a low salt concentration, whereas toroids
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and rods were found in a high salt concentration (1.1-2.0 M NaCl). Recent AFM studies have also
reported similar diverse morphologies (Martin et al., 2000; Wan et al., 2009; Fig. 1.9).

Fig. 1.8: Diverse shapes of the DNA condensates in the early conventional TEM studies. The micrographs present the condensates of (a)
Toroid - T7 DNA + spermidine (Gosule and Schellman, 1976), (b) Spheroids and toroids - P4 DNA + spermidine (Chattoraj et al., 1978), (c)
Rods, toroids, and their intermediates - T7 DNA + spermidine (Chattoraj et al., 1978), (d) Monomolecular toroids - T7 DNA + spermidine
(Chattoraj et al., 1978), (e) Intermediate morphology between toroid and rod - T7 DNA + spermidine (Chattoraj et al., 1978), (f, g) Rods,
toroids, and their intermediates - calf thymus DNA + H1 (Hsiang and Cole, 1977), (h) Toroids — lambda DNA + cobalt hexamine (Widom and
Baldwin, 1980).
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Fig. 1.9: AFM images of a toroid (a), a rod (b), and a spheroid (c), produce with 6.7 kbp plasmid DNA (10 pug/ml) on a chemically modified
mica surface (Wan et al., 2009).

The mechanisms for polycation-induced attraction of DNA segments are relatively short-ranged,
while the electrostatic repulsion between imperfectly compensated DNA segments is a long-range
interaction. The competition between long-ranged electrostatic repulsion and short-range attractions
can drive the formation of a rich polymorphism of structures, interplaying with the semi-flexibility of
the DNA chain (Wong, 2006).

A simulation study (Stukan et al., 2003) has obtained state diagrams for the collapse transition of a
stiff macromolecule as a function of temperature and chain stiffness: it was predicted that the
regimes for extended coil, toroid, spheroid, and disc-like globule can exist in the temperature-
stiffness domain, dependent on the chain length (Fig. 1.10). For the internal structures of the DNA
condensates, it has been experimentally/theoretically accepted that the toroid and the bundle are
built up by circumferential winding of DNA chain(s) and multimolecular aggregation in parallel
ordering, respectively (Iwataki et al., 2004).

Fig. 1.10: Computer-simulated diagrams of
states for semiflexible polymer chains with the
number of monomers N = 80 (dotted lines) and
N = 40 (solid lines) in variables stiffness (b)
versus inverse temperature (B = 1/T). The
regions of coil (1, 1), toroid (2, 2’), spheroid (3,
3’), and disk-like globule (3a) are shown (Stukan
et al., 2003).

Many studies have been done to determine the physicochemical parameters that govern the shape,
dimension, and structure of the DNA condensates. In cryo-EM, TEM, and AFM observations, linear
DNA molecules tend to condense into mostly toroids, plus partly rods (Bottcher et al., 1998; Allen et
al.,, 1997; Haley and Geng, 2010; Hud et al., 1993; Hsiang and Cole, 1977), whereas circular DNA
molecules resulted in toroids (Bottcher et al., 1998; He et al., 2000; Haley and Geng, 2010). A TEM
study by Sarkar et al. (2007) reported that HU, a non-sepuence-specific DNA binding protein, can
completely shift the condensed DNA morphology from toroids to rods. This was thought to be
because, in contrast to the toroid where DNA is only smoothly bent, the HU sharply bends DNA chain
so that rod-like shape is favored for the condensates. On the other hand, supercoiled and single-
stranded (ss) DNA molecules condensed principally into rods and small spheroids, respectively
(Hsiang and Cole, 1977; Sarkar et al., 2007; Haley and Geng, 2010). For the case of ssDNA, the
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formation of condensed spheroid was contributed to the high flexibility of the ssDNA chain. This is
also supported by simulation study by Ou and Muthukumar (2005), which showed that for high
strengths of electrostatic interactions, sufficiently stiff polyelectrolytes form toroids in the presence
of multivalent counterions, whereas flexible polyelectrolytes form disordered globules. It has also
been suggested that the inhomogeneity of the shape of DNA condensates in a single ionic condition
may be due to the difference in diffusion coefficients of the DNA and the polycations in their mixing
process (Pinto et al., 2009).

Continuous transitions between toroid-spheroid (Takenaka et al., 2005) and toroid-rod (Stevens,
2001) have been modeled as a function of persistence length, surface energy and/or bond angle
energy of the DNA chain. There is also a report by using fluorescence microscopy and TEM (Baigl and
Yoshikawa, 2005) stating that, at a constant spermine concentration (20-1000 uM), compact T4 DNA
(166 kbp) toroids partially unfold with an increase in dielectric constant (g,; from 80 to 170) of the
medium.

The DNA bundles have been observed in the early work by Klimenko et al. (1967) by using
conventional TEM. The bundles, as well as the toroids, were formed in the bulk by the T2 phage DNA
chains (200 kbp) from damaged capsids by the contrasting acidic agents (uranyl acetate or
phosphotungstic acid). They were 5-30 nm in diameter and showed branching morphologies in some
cases. By using fluorescence microscopy and AFM, Iwataki et al. (2004) have observed the DNA
bundles formed with T4 DNA (166 kbp; Cpona = 10 uM) and an excess of trivalent polyamine
spermidine (Cspd = 150-200 uM). The diameter and the length of the bundles were approximately
250 nm and several um to several hundreds um, respectively. The DNA bundles coexisted with
globules and coils in Cspd = 150 uM. On the other hand, only bundles were found in higher
spermidine concentration (Cspd = 200 uM). In lower DNA concentration (Cpna < 1 uM), no bundle
structures formed regardless of the spermidine concentration. Recently, the DNA bundles have been
observed by using cryo-EM (Leforestier and Livolant, 2009). The bundles were formed by T5 DNA and
spermine (Csp = 50 mM), and alternating domains of parallel striations have been observed with ay =
2.88 nm.

Among the various morphologies of the condensed DNA self-assemblies, the toroids have attracted
the highest interests because of their fundamental geometry and structural uniqueness.

AlractBl ko sat 0. ] [ ] - - .
O FHEONA low salt o _"".J"
§ 7 5l Nzl -
W & 375mMNaC . ';.;.': '|l -
& 175 mMNgCL . L™
® 2500 MgCL . 0 l!' . 1 . -
8
T A e R |
- - =
g
-]
. =
el
=% samerw [ é 60
b -]
2
S

4] 7] av =0
Tomid Thicknass [nm)

Fig. 1.11: Plot of the diameter versus the thickness of 3 kbp plasmid DNA toroids (condensation induced by cobalt hexamine 3+ under
several ionic conditions). The “Atrack60” is the same plasmid DNA with an additional 720 bp insert in which 60 A-tracks are contained. The
dashed line represents the position where the diameter and the thickness are equal (Conwell et al., 2003).
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The outer diameter and the inner hole size have been measured to be generally ~100 nm and ~30
nm, respectively. Nevertheless, larger spermidine-T5 DNA toroids (outer diameter ~200 nm) have
been produced in certain physicochemical conditions (Yoshikawa et al., 1999, Lambert et al., 2000).
lonic salt conditions in the solution have been found to be able to affect the formation for DNA
toroids (Plum et al., 1990). In a recent TEM study by Conwell et al. (2003), it has been reported (with
linearized plasmid DNA (3 kbp) plus Cobalt hexamine (3+) that (i) the diameter and the thickness of a
toroid are correlated, (ii) the increased ionic strength causes a greater increase in toroid diameter
than toroid thickness, and (iii) the toroid dimensions vary as a function of salt (Fig. 1.11).

A cryo-EM study on the condensation of an open circular plasmid DNA (~7.7 kbp) with spermine, the
number of chains in a toroid was estimated to be 1-19 (Bottcher et al., 1998) For shorter linearized
plasmid DNAs with spermidine, a TEM observation reported that the number of chains in a toroid
seems to increase for the shorter DNA molecules [~10 chains for 4.4 kbp DNA and ~100 chains for
400 bp DNA]. For even shorter DNA (140 bp), no toroids but numerous clumps of condensates were
formed (Widom and Baldwin, 1980). There is also an AFM report in which spermidine-DNA (48 kbp)
toroids formed by a single DNA chain were obtained in very low DNA concentrations (Cpya < 1 ng/ul)
with a short reaction time (10 min), whereas multimolecular toroids were observed in higher Cpya (1-
10 ng/ul) with a longer reaction time (10-35 min) (Lin et al., 1998).

Since the early investigations by using optical dichroism, X-ray diffraction and EM, it has long been
thought that a DNA toroid would be formed by the circumferential wounding of DNA chain(s), with
an interchain (interhelical) spacing of 2.0-3.3 nm, and/or forming liquid-crystalline structure (Haynes
et al., 1970; Marx and Reynolds, 1982; Marx and Ruben, 1983), remaining in its B-form (Haynes et al.,
1970; Widom and Baldwin, 1980). The electrostatic bridging of adjacent helices by multivalent
cations has been thought to be the reason for the side-by-side structure (Widom and Baldwin, 1980).
A recent cryo-EM study by Hud and Downing (2001) has obtained images that clearly showed a series
of concentric fringes and hexagonal arrangements in top- and side-views, respectively, of the lambda
DNA-cobalt hexamine toroid, in which the DNA chains are packed with an interhelical spacing of 2.8
nm (Fig. 1.12).

Fig. 1.12: Cryo-electron microscopic images of the DNA toroids formed in the bulk solution (lambda DNA + cobalt hexamine) (Hud and
Downing, 2001).
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1.2.5. Intermediate states of toroid formation

Real-time AFM studies in aqueous environment provided images showing DNA structures at
intermediate states of the condensation process, in the time range 20-200 minutes. Fang and Hoh
(1998) showed that, by using 3 kbp DNA (Cpna = 0.5 nM) and 30 uM spermidine (3+), there is a
variability in the morphology of the mica-adsorbed DNA condensates (multiloop or flower-shaped
structures) during 30 min, with no more structural changes after this period of time. Ono and Spain
(1999) have observed that, with supercoiled 4.3 kbp DNA (0.4 ng/ul) and 1% 3-
aminopropyltriethoxysilane-treated mica, the interhelical distance in the DNA rods and toroids
adsorbed on a mica surface fluctuates during 25 min (Fig. 1.13). Martin et al. (2000) have reported
the transition between the mica-adsorbed toroids and rods during 40 min, by using 4.4 kbp DNA
(Cona = 10 pg/ml) and a cationic polymer (PEG-modified polyamidoamine; 70 pug.ml) (Fig. 1.14). These
data cannot be directly compared to the DNA condensates formed in the bulk because, in AFM
experiments, positively charged surfaces (e.g. mica) interact with the polycation-DNA condensation
system and interfere with the condensation mechanisms.
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Fig. 1.13: Real-time AFM imaging of the DNA condensation: (a) reaction time = 2 min, (b) reaction time = 25 min, (c) enlarged image of (b).
These images show dynamic interhelical distance fluctuations in the toroidal and rod-like DNA condensates with time. The DNA
condensates were produced by depositing supercoiled plasmid DNA (4.3 kbp; 0.4 ng/ul) in Tris-EDTA buffer on a chemically modified mica
surface (1% 3-aminopropyltriethoxysilane-treated mica) (Ono and Spain, 1999).

Fig. 1.14: AFM images of toroidal, rod-like, and intermediate condensates formed with 4.4 kbp plasmid DNA, and a cationic
poly(amidoamine) (Martin et al., 2000).

A simulation study for the kinetics of DNA collapse (Ou and Muthukumar, 2005) has shown that: (1)
during the condensation process, there exist several metastable structures which frustrate the
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formation of toroids, and (2) there is a generic pathway involving the nucleation of primary loop
followed by a growth process where the rest of the chain is folded continuously on the primary loop
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Fig. 1.15: Computer-simulated snapshots of the formation for a DNA toroid with single/multiple nucleation(s) by a trivalent cation. The left
part represents the condition of higher €T, when compared to the right, where € is the dielectric constant and T is the absolute
temperature. The index (1)-(9) represents the evolution of time (Ou and Muthukumar, 2005).

1.2.6. Electrophoretic mobility of the DNA condensates
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Fig. 1.16: (a) Electrophoretic mobility of dsSDNA condensed with protamines (filled circles) or condensed with histones H1 proteins (filled
squares) in 10 and 2mM monovalent salt respectively. Aggregates turn from negative to positivce (Raspaud et al., 2006).(b) Electrophoretic
mobility (n) of condensed dsDNA (8 kbp; 50 ng/ pul) as a function of the spermine concentration in a buffer containing 1 mM TRIS (red
circles), 10 mM TRIS (black squares) and 10 mM TRIS + 50 mM KCI (blue triangles) (Besteman et al., 2007).

DNA condensates behave as soluble colloidal particles, where the strong electrostatic repulsive
interactions between the DNA segments are screened by the counterions (Yamasaki et al., 2001). By
measuring the electrophoretic mobility of the polycation-DNA complexes, it has been known that the
charge inversion of the DNA may accompany the condensation of DNA (Raspaud et al.,, 2005;
Besteman et al., 2007; Fig. 1.16a).
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1.3. Condensation of DNA by polyamines
1.3.1. Polyamines

Polyamines are basic organic compounds and are present in all living cells and tissues - from
prokaryotes to eukaryotes. Naturally occurring polyamines [putrescine [NH,(CH;)sNH,], spermidine
[NH,(CH,)4NH(CH,)sNH,], and spermine [NH,(CH,);sNH(CH,)sNH(CH,);NH,]; exist in (or around)
bacteria and eukaryotic cells in millimolar concentrations (Ames and Dubin, 1960; Pegg and McCann,
1982). Polyamines are small linear (approximately 6-16 A in length) polycations (Thomas and Thomas,
2001; Quameur and Tajmir-Riahi, 2004): putrescine (diamine) is divalent (2+), spermidine (triamine)
is trivalent (3+), and spermine (tetra-amine) is tetravalent (4+). Since polyamines are completely
protonated under physiological environments, they can interact with negatively charged
biomolecules and especially with nucleic acids, proteins, and phospholipids (Tabor and Tabor, 1985).
The polyamines participate in many cellular processes through binding to DNA, RNA, nucleotide
triphosphates and other acidic substances (lgarashi and Kashiwagi, 2000). Especially, polyamines are
related to many metabolic pathways in which nucleic acids are involved, by means of regulating the
rate of replication, transcription, and translation, because they play central roles in DNA/RNA
conformational transition and compaction (Ames and Dubin, 1960; Baeza et al., 1987; Ouameur and
Tajmir-Riahi, 2004). Polyamines are therefore essential for cell growth processes, and they have also
been associated with carcinogenesis (Bachrach et al., 2001).

1.3.2 Spermine-DNA phase diagram

A long single DNA molecule, which is in a coil configuration in the presence of monovalent cations,
may condense into a compact globule (and precipitates from the solution) upon addition of
polyamines spermidine (+3) and spermine (+4) (Bloomfield, 1996). However, at high polyamine
concentration, the DNA chain is soluble again. This dissolution-precipitation-redissolution
phenomenon can be expanded to a general phase diagram when we change the parameters, for
example, the concentrations of DNA and polyamine. Raspaud et al. (1998) investigated the phase
change of dsDNA with spermine as a function of the DNA length and the concentrations of DNA,
polyamines, and monovalent salt. The domain where the precipitated DNA coexist with the dilute
solution (two phases system) is limited by the precipitation line and the resolubilization line, as
drawn on Fig 1.17. Considering the precipitation threshold, there are three regimes of DNA
concentration. In the low Cpya regime (below 0.1 mM; regime n°3 in the figure), the spermine Cprecip.
increases smoothly with Cpya and depends on the DNA molecular weight. In the intermediate Cpya
regime (between 0.1 and 10 mM; regime n°2 in the figure), the precipitation threshold (Cspermine
precip.) increases linearly with the DNA concentration. In the high Cpya regime (above 10 mM;
regime n°1 in the figure), the increasing rate of the spermine Cyep. lowers and deviates from the
linearity. In contrast, the redissolution threshold (Cpermine redissol.) remains nearly constant
throughout the whole Cpya regimes. [For lambda DNA, the redissolution threashold is 200 mM.] The
presence of the initial monovalent counterions reduces the domain in which DNA precipitation
occurs, for both short and long DNA chains.
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Fig. 1.17: Phase diagram of short DNA fragments (50 nm, 146bp) precipitated by spermine, covering a large range of DNA and spermine
concentrations (Cona and Cypermine)- DNA is soluble below the precipitation line (Cyrecip) and above the redissolution line (Cregissol). Between
these two lines, DNA is partially or totally precipitated, in equilibrium with the soluble fraction (two-phases region). Conditions of
precipitation depend on the DNA concentration and three regimes have been identified (1, 2, 3) (Raspaud et al., 1998).

1.3.3 Structure of polyamine-DNA condensates

Pelta et al (1996) reported that the polyamines-DNA aggregates, formed by short DNA fragments
(146 bp), are liquid crystals. The liquid crystalline state corresponds to a particular state of matter
where molecules are ordered (as in a crystal) and free to move the ones with respect to the others
(as in a fluid). Polyamine-DNA liquid crystals may be either cholesteric or 2D columnar hexagonal, as
illustrated on Figure 1.18. In the cholesteric phase, molecules are aligned in parallel and their
orientation rotate along an axis called the cholesteric axis. In the hexagonal phases, molecules are
aligned in parallel and form a hexagonal lattice in section.
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Fig. 1.18: Spermidine-DNA aggregates observed in polarizing microscopy, between crossed polars. a) Fingerprint patterns of the cholesteric
phase. The distance between two consecutive lines corresponds to half the helical pitch (180° rotation of the molecular orientations) as
drawn below where molecules are represented by red lines in a series of parallel fictive planes. b) domains of the columnar hexagonal
phase (as drawn, below) in a planar cholesteric phase.

Measurements of the interhelical spacing (ay) in the liquid crystalline spermine-DNA condensates
have been done by x-ray diffraction (Pelta et al., 1996; Raspaud et al., 2005; Fig. 1.19). When
aggregates are prepared from dilute DNA solutions (0.6-3 mM of 146 and 48 kbp DNA), the
interhelical spacing stays nearly constant (28.15 + 0.10 A) for Csp < 10 mM, and further progressively
increases with Csp. The ay also increases with the monovalent salt concentration. Higher interhelix
distances were found in the high concentration regime of DNA (Fig 1.19b)
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Fig. 1.19: Variation of the interhelix spacing (a4) in the aggregates of DNA condensed by spermine a) in the low DNA concentration range
(experiments performed with Cpya- 0.6 or 3 mM; regime n°2 in the Fig. 1.17) and b) in the high DNA concentration range (regime n°1 in the
Fig. 1.11) (Raspaud et al., 2005).

Following the work by Hud and Dowing (2001), a few cryo-electron microscopy studies have been
done to analyze the structure of polyamine-DNA aggregates formed by long DNA molecules (> 100
kbp). Lambert et al. (2000) used the T5 bacteriophage/FhuA receptor system (to be described in the
next chapter) to inject DNA inside vesicles or in the bulk and to condense this DNA with spermine.
Using this method they were able to form toroids much larger than usual, some with a tunnel like
structure (Figure 1.20).
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Fig. 1.20: CryoTEM of DNA toroids formed inside vesicles (top) or in the bulk (bottom) upon addition of spermine (Csp = 20-50 mM, 150
mM NaCl, 20 mM Hepes, pH 7). Scale bars = 100 nm. (Lambert et al., 2000)

Using the same bacteriophage system Leforestier and Livolant (2009) focused on the structure of the
spermine-DNA toroids resulting from the collapse of a single long chain inside the bacteriophage
capsid (~¥80 nm in diameter) (Fig. 1.21). Under ionic conditions that have been tested (50 mM
spermine, with 10 mM NaCl, 1 mM CaCl,, 1 mM MgCl,, or with 10 mM NaCl, 1 mM CacCl,, 10 mM
MgCl,, in 10 mM Tris buffer of pH 7.6), DNA is hexagonally packed and the interhelix spacing ay = 2.8
nm. Details of the toroid structure have been revealed, especially the twist walls caused by the
frustration arising from the competition between the chirality of the DNA and its dense hexagonal
packing. Moreover, due to the curvature of the toroid, the adjacent and correlated DNA chains
present period variations of the pitch of the DNA double helix along the circumference of the toroid
(Fig. 1.22).
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Fig. 1.21: CryoTEM of DNA toroids formed inside the T5 bacteriophage capsid (shortened T5 DNA + spermine) (Leforestier and Livolant,
2009). The images show the hexagonal lattice of a DNA chain (C-G) in the toroid side-view, and its projection (series of parallel striations) in
the top-view. Scale bars = 50 nm.
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Fig. 1.22: DNA correlations and change of the pitch of the dsDNA helices in the toroids within the T5 phage capsid (Leforestier and Livolant,
2009). (a) Digitized and filtered image of a toroid. (b) Detail of (a) showing the variation of the periodicity P of the DNA helix. (c) DNA
helices are shifted by half the helical pitch form one row to the next. (d) Measurement of the pitch along one row.
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2. EXPERIMENTAL SYSTEMS AND METHODS

2.1. Preparation of DNA in the bulk solution and in the bacteriophage capsid

2.1.1 Lambda DNA

The genome of the lambda bacteriophage is composed of a long linear DNA molecule (48 kbp), and
this purified lambda DNA is commercially available in the form of a dehydrated powder. The solution
of DNA is intensively dialyzed against a concentrated NaCl solution, in order to replace as much as
possible the cations initially bound to DNA. Then, the solution is dialyzed against 10 mM TE buffer
(10 mM Tris, 1 mM EDTA; pH 7.6).

2.1.2 The bacteriophage-receptor system

Tailed bacteriophages (or phages) are a group of viruses that infect bacteria. They have an
icosahedral capsid (20-100 nm in diameter) and a tail (short, long contractile or long non-contractile).
The capsid is the nanoscale assembly of structural unit proteins and encloses and protects the viral
genome. The bacteriophage capsid is connected to a hollow and cylindrical tail with an inner
diameter just wide enough to allow the dsDNA chain to be ejected along its length, into the bacteria.
At the joint between the capsid and the tail, there is a protein assembly (called “portal complex”)
which plays the role of “door” for the DNA ejection and packaging. The bacteriophages are
nanomolecular machines designed by nature to recognize the host cell surface and deliver the viral
genome to the bacterial cytoplasm (Fig. 2.1). This recognition is accomplished by the specific binding
of the tail end to the host receptor which is a membrane protein of the host cell. As soon as the tail
binds to the receptor protein, the resulting protein conformation change opens the portal complex,
and the DNA confined inside the capsid is ejected through the tail into the bacteria. For the case of
T5 bacteriophage, that we have been using in our experiments, the genome is 121 kbp dsDNA
(contour length = 41 um), and the T5 icosahedral capsid has an average diameter of ~80 nm. The T5
tail is a non-contractible and flexible tube 12 nm in diameter and 250 nm in total length. The FhuA
protein, localized in the outer membrane protein of E. coli, is a receptor for the T5 phage and has
been biochemically purified (Boulanger et al., 1996). In vitro experiments are then possible since
DNA ejection is triggered after interaction of the phage with its receptor in the absence of the
bacteria.
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Fig. 2.1: A TEM image of T4 bacteriophages infecting a bacterium E. coli. The DNA is ejected from the phage capsid into the cytoplasm
through the tail. Note that this image is taken by using conventional TEM in which the structures of the specimens are largely modified
(Simon and Anderson, 1967).

Researchers (Evilevitch et al., 2003; Castelnovo and Evilevitch, 2007) have developed a subtle method
to control the length of ejected DNA chain from the bacteriophage Lambda by changing the osmotic
pressure (acting on the bacteriophages) in the solution. Their experimental method can be
summarized as follows: the host receptor, solubilized by a small amount of detergent, is added into
the solution of the bacteriophages, diffuses to the phage and binds to the tail and induces whole
DNA ejection. If a water-soluble polymer (for example, PEG) is present in the solution, it produces an
osmotic pressure resulting in a counterforce to the DNA ejection force. When the two forces are in
equilibrium, the DNA ejection process stops and the DNA chain is only partly ejected. The ejected
length depends on the applied external pressure, i.e. the polymer concentration in the solution (Fig.
2.2).

DNA ejection from the bacteriophage T5 is more complex. There is not a given length of DNA trapped
in the bacteriophage capsid for a given pressure applied in the buffer. Capsids contain a variable

fraction of their initial genome (Fig. 2.3) (Leforestier et al., 2008).
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Fig. 2.2: Fraction of DNA ejected from the bacteriophage Lambda as a function of the external osmotic pressure (controlled by the
concentration of PEG8000 in the solution). The DNA ejection of the phage is triggered by their binding to the host receptor. Then, with
DNase into the solution, the ejected part of DNA chain is digested into nucleotides. Since they can control the osmotic force by varying the
polymer concentration and determine the ejected DNA length by measuring the nucleotide concentration with ultraviolet-visible
absorbance measurement in the supernatant after centrifugation of the bacteriophages, the correlation between the osmotic pressure and
the ejected DNA length can be plotted (Castelnovo and Evilevitch, 2007).
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Fig. 2.3: Cryo-EM of T5 bacteriophages after partial ejection of their DNA under pressure, and secondary condensation of DNA with
spermine. Empty phages (white arrows), full phages (black arrows), and phages containing intermediate amounts of DNA (arrowheads) are
found in coexistence. In the latter case, the conformation of the DNA is torus-like due to the presence of spermine. Side views (1), top
views (2), and oblique views (3) of the toroids are visualized. The scale bar represents 50 nm (Leforestier et al., 2008).

The interest of this bacteriophage system is that each DNA chain is kept isolated in each capsid,
which prevents any aggregation effect. The protein capsid being permeable to cations, ionic
conditions can be tuned and the structure of the DNA in the capsid analyzed under controlled
experimental conditions. The specific interest of T5 is that under a given condition, capsids
containing fragments with different length can be analyzed at the same time.

2.2 Cryo-electron microscopy
2.2.1 Water in biological systems

The water molecule is extremely abundant on the earth. It is composed of one oxygen and two
hydrogen atoms. Each hydrogen is coupled with the oxygen by a covalent bond (bonding distance = 1
A), and the two bonds form an angle of 104.45°. The water molecules interact with each other by
hydrogen bonding due to the electrostatic polarization of each water molecule (Fig. 2.4). When this
is done with minimal constrains, the fully hydrogen-bonded water molecule is the center of a
tetrahedron. Starting from one oxygen atom, there are four symmetric ways to leave the molecule.
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The tetrahedral structure is the basic feature of water structure.

The liquid water plays critical roles in living systems, because ~70 % of the total weight in a cell is
composed of water. In biological conditions, all macromolecules, and their associated ions, are in
interactions with water molecules in structural manners. Elementary processes of hydration
intervene in the structure, stabilization, reaction, and transport of biomolecules in vivo. Therefore, if
we are interested in the conformation and structure of biological macromolecules, we need to keep
the molecules hydrated. Nevertheless, the presence of water is incompatible with electron
microscopy studies. Therefore, in classical electron microscopy, the specimens are dehydrated before
their introduction in the column under vacuum. However, in cryo-EM (Dubochet et al., 1988),
samples can be frozen at low temperature and the water is rapidly transformed into vitreous
(amorphous) ice. Vitreous ice keeps as much as possible the conformation and the original molecular
environment of the biological macromolecules.

Fig. 2.4: A drawing for the tetrahedral
structure of the fully hydrogen-bonded
water molecules. The electrically polarized
parts (6+ and 8-) of the molecules interact
each other. (from 3dchem.com and
Wikipedia.com)

109.47"

2.2.2 Phase diagram of water

We present on Figure 2.5, the phase diagram of water. Liquid water molecules have great mobility.
Their rotation or exchange time at room temperature is of the order of 10™** seconds. Furthermore,
liguid water has the same global symmetry as the gas phase.
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When liquid water is cooled slowly (a few degrees per second) under atmospheric pressure, it forms
hexagonal crystals of ice (Fig. 2.6). This structure is formed when other water molecules are “frozen”
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at each summit of the tetrahedron and the structure is extended infinitely. Other types of ice can be
formed depending on the temperature and pressure (Fig. 2.7). For example, cubic ice is very similar
to hexagonal ice but it is only stable below -70 °C at normal pressure. Many more ice polymorphs
exist at high pressure, when more distortion of the hydrogen bond network becomes possible.
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e Fig. 2.6: Schematic view of a small part

of a hexagonal ice crystal.
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Fig. 2.7: Phase diagram of the solid-
phase water (ice), which shows various
phases of ice depending on the
temperature and the pressure.
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2.2.3 Amorphous state of ice

The amorphous states do not have long-range order (hundreds to thousands of atoms), but only
possess a short-range order (a few to tens of atoms) (Malenkov, 2009). This amorphous state can be
obtained when the material (in its melted phase) is cooled very rapidly (~10° degrees per second at
atmospheric pressure) to quench its atoms or molecules before they crystallize. It is the state in
which immobilization is achieved before nucleation. This leads to a blurred halo pattern in X-ray
diffraction, which is totally different from regular dotted diffraction patterns of crystals (Dubochet et
al., 1988). The amorphous state is thermodynamically in non-equilibrium, or energetically in a
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metastable state. This is schematically drawn in Fig. 2.8.

Fig. 2.8: Free energy of crystalline and amorphous states

(modified from the reference by Kuwano (1987)). Generally, a
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be transferred to more stable states (for example, point C), or to

higher energy states (for example, point D). If the excitation
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example, E,), the amorphous state changes its phase to the
crystalline state.

free energy

2.2.4 Electron optics for cryo-EM

In TEM, the structure information is obtained from the elastic scattering; the accompanying inelastic
scattering causes radiation damage (Saibil, 2000; De Graef, 2003). The cross-section for 0.025 A
electron scattering is 10° times greater than that for 1.5 A X-ray scattering (Saibil, 2000). Because of
this large scattering cross-section in EM, the sample must be very thin (less than 200 nm) to avoid
multiple scattering that seriously hampers the high-resolution imaging (Saibil, 2000; Elands and Hax,
2004).

There are two contrast mechanisms in TEM — amplitude and phase contrast (Dubochet et al., 1988;
Elands and Hax, 2004; Sommerdijk et al., 2010): Amplitude contrast is a scattering-absorption
contrast relying on the inhomogeniety of local density and atomic number in the specimen. Phase
contrast arises from the coherent interference of the scattered and transmitted electron beams. For
the organic specimens (such as DNA), the contribution of the amplitude contrast is very small
because of the low atomic numbers of the organic elements (carbon, nitrogen, oxygen, etc).
Therefore, phase contrast is the only option for the high-resolution imaging of the non-stained soft
materials in cryo-EM

Thin samples of macromolecules or biological nano-particles fulfil the weak phase approximation,
the theory of image formation which is used to describe and analyze the phase-contrast images of
weakly scattering specimens (Saibil, 2000; Elands and Hax, 2004). Although there is no contrast when
the image is in focus, spherical aberration and defocus combine to give a phase-contrast image
(Saibil, 2000; De Graef, 2003). The imaging characteristics are described by the contrast-transfer
function (CTF), which can be derived from the weak phase approximation (Saibil, 2000; De Graef,
2003). The CTF is the function which modulates the amplitudes and phases of the electron diffraction
pattern formed in the back focal plane of the objective lens. The CTF describes the contrast transfer
as a function of spatial frequency (Dubochet et al., 1988; Saibil, 2000). It has alternating bands of
positive and negative contrast (Saibil, 2000; Sommerdijk et al., 2010). Its real-space equivalent is the
point-spread function, the microscope image of a small point object (Saibil, 2000). Defocusing of the
image tunes the phase-contrast transfer function to enhance or diminish a given structural detail of
the specimen (Fig. 2.9; Dubochet et al., 1988; Sommerdijk et al., 2010).
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The electron microscope can be used either as an imaging or a diffraction instrument.

Fig. 2.9: An example showing the relation between
the defocusing and the phase contrast function
(Dubochet et al., 1988).

Increasing the defocusing from the in-focus (a), the
phase contrast function changes (b) to produce
images presenting the overall shape of the particle
(c and d) instead of their details in (a).

2.2.5 Thin film vitrification method

Nanoscaled specimens below ~100 nm in diameter, such as macromolecular complexes or viral
particles, can be frozen in a film of water to be imaged by cryo-EM (Fuller, 1999; Elands and Hax,
2004; Grassucci et al., 2007). This is often accomplished by cooling the sample solution (in which the
specimen nano-particles are suspended) extremely quickly (cooling speed > 10° Kelvin/second) in a
thin layer of vitrified water (i.e., water in a solid glass-like state) (Fuller, 1999; Saibil, 2000; Fig. 2.10).
The thinner the better, since the sample film must be thin enough to produce contrasts in the images
by transmitting the beam of electrons (Fuller, 1999; Elands and Hax, 2004). Inside the vitrified water
film, the specimen nano-particles can tolerate the vacuum environment of the microscope and keep
their original shapes without evaporating their bound water (‘structure preservation’) (van Heel et al.,
2000). The vitreous ice layer is formed on perforated carbon films so that regions of ice unsupported
by carbon film are imaged.
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Fig. 2.10: Principle of the formation of thin vitrified water films by cryo-plunging (left) and pictures of the experimental device (right).The
chamber where is placed the grid is humidity controlled. A droplet of the sample is deposited on the grid inside the chamber. The grid is
then blotted automatically from both sides and immediately dropped into the liquid cryogen.

For the formation of the specimen imbedded in a vitrified water layer, a small aliquot of the
specimen in suspension is placed on a holey carbon film, blotted to generate a layer less than ~100
nm thickness and plunged into a bath of liquid ethane (-183°C) held in a container of liquid nitrogen
(~100 K) (Fuller, 1999; Elands and Hax, 2004). Ethane is a very efficient cryogen since (1) it has a high
heat conductivity that fits for rapid cooling of the water layer, and (2) unlike nitrogen, it does not boil
at the temperatures used for vitrification (Fuller, 1999; Sommerdijk et al., 2010). Nitrogen is not used
directly since the formation of gas around the specimen when it is introduced into nitrogen slows the
cooling and leads to the formation of crystalline ice (Fuller, 1999). The thin layer of solution in the
perforated carbon film has a large surface-to-volume ratio that enables rapid heat exchange and
ensures efficient vitrification (Dubochet et al., 1988). However, this large surface-to-volume ratio also
can cause fast evaporation of the solvent (water) during the preparation step which will result in a
significant change of the ionic concentration in the layered sample solution (Dubochet et al., 1988).
For this reason, the solvent saturation in the environment is essential for the cryo-specimen
preparation in a humidity and temperature-controlled chamber. A computer interface-controlled
chamber has been used to regulate the local atmospheric environment (temperature and humidity)
and the blotting conditions (mechanical blotting speed and water absorption rate) before freezing
(Figure 2.10).

2.2.6 Conditions of imaging for cryo-EM

The vitrified sample is kept in liquid nitrogen (T < -135°C), mounted it in a liquid-nitrogen-cooled
specimen holder (designed to maintain the low temperature and minimize ice contamination of the
grid surface) which is inserted into the microscope (Fuller, 1999; Saibil, 2000). The vitrified sample is
maintained at near -170°C during microscopy. The boiling point of liquid nitrogen is -196 °C (and its
freezing point -210 °C). Thus, in liquid nitrogen, the specimen is kept at least below the boiling point
temperature. The specimen is extremely sensitive to radiation damage from the electron beam of
the microscope (Dubochet et al., 1988; Fuller, 1999). For this reason, low dose techniques are
required for the electron microscopy. The state of the vitrified water layer can be assessed by
electron diffraction (Dubochet et al., 1988; Saibil, 2000; see Fig. 2.11).
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In practice, the specimen is first imaged at low magnification (x200-2000) so that areas of interest
can be identified with minimal irradiation (< 0.1 electrons A?) (Fuller, 1999). The image is then
captured at higher magnification with the first electrons to hit the specimen (Dubochet et al., 1988;
Fuller, 1999). Typically, the image is formed with a dose of 5-10 electrons/A?, under underfocus
conditions that must be determined for each sample (Fuller, 1999). The image is a superimposition of
all the density in the sample (Fuller, 1999; De Graef, 2003). Thus, one should interpret the
micrographs in the frame of the projected nature of the image. Moreover, in cryo-EM, high-
resolution images can be obtained without any contrasting agents. [In this study, we utilize non-

Fig. 2.11: Typical images and electron
diffractograms of three forms of solid water
observed in the electron microscope. (a) Hexagonal
ice obtained by rapid freezing of a water layer on a
carbon film. (b) Cubic ice obtained by warming a
layer of vitreous water obtained by condensation.
(c) Vitreous water obtained in the microscope, by
condensation of vapor on a cold carbon film
supporting polystyrene spheres. [fig. 5 (p. 142) in
Dubochet et al., 1988]

stained specimens and all the images are taken by photographic films, not by CCD cameras.]
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2. AIM OF THE THESIS

The fine structure of polyamine-DNA aggregates has been studied a very few ionic conditions
(Lambert et al., 2000; Leforestier and Livolant, 2009). In this thesis, it is aimed to study the shape,
structure, and coil-globule transition of linear ds DNA chains condensed by the polyamine spermine.
We have chosen the cryo-electon microscopy method in order to observe the high resolution
structure of the condensates while preserving their ionic environment. The counterion concentration
and the reaction time are the parameters that we will vary for controlling the shape, structure and
transition. The interhelical distance will be one parameter used to quantify the density of the
structures.

Two sets of experiments have been performed:

1)

2)

We performed experiments in the bulk, using Lambda DNA (48 kbp) and analyzed how the
shape and structure of the condensates formed from a very dilute DNA solution (0.03 mM
Ph) depend on the spermine concentration (Csp). We explored a wide range of Csp (from the
onset of the precipitation to the redissolution regime) and analysed the samples after 15
minutes of equilibration. All these experiments are done in a large excess of spermine. We
also designed a protocol allowing us to trap the objects in the cryofilm at short times after
mixing DNA and spermine (6 seconds and more) to get a larger view of the processes
involved.

In a second set of experiments, we used the bacteriophage /receptor system presented
above to analyze the collapse of individual DNA chains (12-54 kbp). The DNA chains are
initially confined in the capsid and the initial DNA concentration is therefore much higher
than in the first series of experiments. For a given concentration of capsids /DNA, we varied
the spermine concentration to explore the coil to globule transition. Experiments are done
in conditions where the spermine/DNA charge ratio is significantly lower than in the first set
of experiments (close to 1).

33



References

Allen MJ, Hud NV, Balooch M, Tench RJ, Siekhaus WJ, Balhorn R: Tip-radius-induced artifacts in AFM images of
protamine-complexed DNA fibers. Ultramicrosc. 42-44: 1095-1100 (1992)

Allen MJ, Bradbury EM, Balhorn R: AFM analysis of DNA-protamine complexes bound to mica. Nucl. Acids Res.
25:2221-2226 (1997)

Ames BN and Dubin DT: The role of polyamines in the neutralization of bacteriophage deoxyribonucleic acid. J.
Biol. Chem. 235: 769-775 (1960)

Bachrach U, Wang YC, Tabib A: Polyamines: new cues in cellular signal transduction. News Physiol. Sci. 16: 106-
109 (2001)

Baeza |, Gariglio P, Rangel LM, Chavez P, Cervantes L, Arguello C, Wong C, Montanez C: Electron microscopy and
biochemical properties of polyamine-compacted DNA. Biochem. 26: 6387-6392 (1987)

Baigl D and Yoshikawa K: Dielectric control of counterion-induced single-chain folding transition of DNA.
Biophys. J. 88: 3486-3493 (2005)

Battle C, van der Broek B, Noom MC, van Mameren J, Wuite GJL, MacKintosh FC: Unraveling DNA tori under
tension. Phys. Rev. E 80: 031917 (2009)

Baumann CG, Smith SB, Bloomfield VA, Bustemante C: lonic effects on the elasticity of single DNA molecules.
Proc. Natl. Acad. Sci. U.S.A. 94: 6185-6190 (1997)

Baumann CG, Bloomfield VA, Smith SB, Bustemante C, Wang MD, Block SM: Stretching of single collapsed DNA
molecules. Biophys. J. 78: 1965-1978 (2000)

Besteman K, van Eijk K, Lemay SG: Charge inversion accompanies DNA condensation by multivalent ions.
Nature Phys. 3: 641-644 (2007)

Bloomfield VA: DNA condensation. Curr. Opin. Struct. Biol. 6: 334-341 (1996)

Boulanger P, LeMaire M, Bonhivers M, Dubois S, Desmadril M, Letellier L: Purification and structural and
functional characterization of FhuA, a transporter of the Escherichia coli outer membrane. Biochemistry 35:
14216-14224 (1996)

Brewer LR, Corzett M, Balhorn R: Protamine-induced condensation and decondensation of the same DNA
molecule. Science 286: 120-123 (1999)

Botcher C, Endish C, Fuhrhop JH, Catterall C, Eaton M: High-yeild preparation of oligomeric c-type DNA toroids
and their characterization by cryoelectron microscopy. J. Am. Chem. Soc. 120: 12-17 (1998)

Castelnovo M and Evilevitch A: DNA ejection from bacteriophage: Towards a general behavior for osmotic-
suppression experiments. Eur. Phys. J. E 24: 9-18 (2007)

Chattoraj DK, Gosule LC, Schellman JA: DNA condensation with polyamines. Il. Electron micorscopy Studies. J.
Mol. Biol. 121: 327-337 (1978)

Cherstvy AG: Collapse of highly charged polyelectrolytes triggered by attractive dipole-dipole and correlation-
induced electrostatic interactions. J. Phys. Chem. B 114: 5241-5249 (2010)

Conwell CC, Vilfan ID, Hud NV: Controlling the size of nanoscale toroidal DNA condensates with static curvature
and ionic strength. Proc. Natl. Acad. Sci. USA 100: 9296-9301 (2003)

Damaschun H, Damaschun G, Becker M, Buder E, Misselwitz R, Zirwe D: Study of DNA-spermine interactions by
use of small-angle x-ray scattering and circular dichroism. Nucl. Acid. Res. 5: 3801-3809 (1978)

De Graef M: Introduction to Conventional Transmission Electron Microscopy (Cambridge University Press,
Cambridge, 2003)

Dias RS and Pais AACC: Polyelectrolyte condensation in bulk, at surfaces, and under confinement. Adv. Colloid
Interface Sci. 158: 48-62 (2010)

Dubochet J, Adrian M, Chang JJ, Homo JC, Lepault J, McDowall AW, Schultz P: Cryo-electron microscopy of
vitrified specimens. Q. Rev. Biophys. 21: 129-228 (1988)

Elands J and Hax W: CryoEM as a complement to current techniques in protein structural analysis. Curr. Drug
Discov. October, pp. 15-20 (2004)

Endlich N and Greulich KO: Observation and manipulation of different structural variants of individual cation-
DNA complexes in the light microscope. J. Biotech. 41: 149-153 (1995)

Evilevitch A, Gober JW, Phillips M, Knobler CM, Gelbart WM: Measurements of DNA lengths remaining in a viral
capsid after osmotically suppressed partial éjection. Biophys. J. 88: 751-756 (2005)

Fang Y and Hoh JH: Early intermediates in spermidine-induced DNA condensation on the surface of mica. J. Am.
Chem. Soc. 120: 8903-8909 (1998)

Fazli H and Golestanian R: Aggregation kinetics of stiff polyelectrolytes in the prescence of multivalent salt.

34



Phys. Rev. E 76: 041801 (2007)

Fixman M: The flexibility of polyelectrolyte molecules. J. Chem. Phys. 76: 6346-6353 (1982)

Frank-Kamenetskii MD: Biophysics of the DNA molecule. Phys. Rep. 288: 13-60 (1997)

FranklinRE and Gosling RG: Molecular configuration in sodium thymonucleate. Nature 171: 740-741 (1953)

Friedrich H, Frederik PM, de With G, Sommerdijk NAJM: Imaging of self-assembled structures: Interpretation of
TEM and cryo-TEM images. Angew. Chem. Int. Ed. 49: 7850-7858 (2010)

Fuller S: Cryo-electron microscopy: taking back the knight. Microbiol. Today 26: 56-58 (1999)

Gelbart WM, Bruinsma RF, Pincus PA, Parsegian VA: DNA electrostatics. Physics Today, September 2000, pp. 38-
44

Golan R, Pietrasanta LI, Hsieh W, Hansma HG: DNA toroids: stages in condensation. Biochem. 38: 14069-14076
(1999)

Gosule LC and Schellman JA: Compact form of DNA induced by spermidine. Nature 259: 333-335 (1976)

Grason GM and Bruinsma RF: Chirality and equilibrium biopolymer bundles. Phys. Rev. Lett. 99: 098101 (2007)

Grassucci RA, Taylor DJ, Frank J: Preparation of macromolecular complexes for cryo-electron microscopy.
Nature Protocols 2: 3239-3246 (2007)

Grosberg AU and Khokhlov AR: Statistical Physics of Macromolecules. (American Institute of Physics, NY, USA,
1994)

Grgnbech-Jensen N, Mashl RJ, Bruinsma RF, Gelbart WM: Counterion-Induced Attraction between Rigid
Polyelectrolytes. Phys. Rev. Lett. 78: 2477-2480 (1997)

Ha BY and Liu AJ: Counterion-mediated attraction between two like-charged rods. Phys. Rev. Lett. 79: 1289-
1292 (1997)

Ha BY and Liu AJ: Effect of non-pairwise-additive interactions on bundles of rodlike polyelectrolytes. Phys. Rev.
Lett. 81: 1011-1014 (1998)

Ha BY and Liu AJ: Kinetics of bundle growth in DNA condensation. Europhys. Lett. 46: 624-630 (1999)

Haley J and Geng Y: Role of DNA in condensation and combinative self-assembly. Chem. Comm. 46: 955-957
(2010)

Hansma HG: Surface biology of DNA by atomic force microscopy. Annu. Rev. Phys. Chem. 52: 71-92 (2001)

Haynes M, Garrett RA, Gratzer WB: Structure of nucleic acid-poly base complexes. Biochem. 9: 4410-6 (1970)

He S, Arscott PG, Bloomfield VA: Condensation of DNA by multivalent cations: experimental studies of
condensation kinetics. Biopolymers 53: 329-341 (2000)

Henle ML and Pincus PA: Equilibrium bundle size of rodlike polyelectrolytes with counterion-induced attractive
interactions. Phys. Rev. E 71: 060801 (2005)

Hizume K, Nakai T, Araki S, Prieto E, Yoshikawa K, Takeyasu K: Removal of histone tails from nucleosome
dissects the physical mechanisms of salt-induced aggregation, linker histone H1l-induced compaction, and
30-nm fiber formation of the nucleosome array. Ultramicrosc. 109: 868-873 (2009)

Hsiang MW and Cole RD: Structure of histone H1-DNA complex: effect of histone H1 on DNA condensation.
Proc. Natl. Acad. Sci. U.S.A. 74: 4852-4856 (1977)

Huang Cl and Olvera de la Cruz M: Polyelectrolytes in multivalent salt solutions: monomolecular versus
multimolecular aggregation. Macromol. 35: 976-986 (2002)

Hud NV, Allen MJ, Downing KH, Lee J, Balhorn R: Identification of the elemental packing unit of DNA in
mammalian sperm cells by atomic force microscopy. Biochem. Biophys. Res. Comm. 193: 1347-1354 (1993)
Hud NV, Downing KH, Balhorn R: A constant radius of curvature model for the organization of DNA in toroidal

condensates. Proc. Natl. Acad. Sci. USA 92: 3581-3585 (1995)

Hud NV and Downing K: Cryoelectron microscopy of lambda phage DNA condensates in vitreous ice: the fine
structure of DNA toroids. Proc. Natl. Acad. Sci. USA 98: 14925-14930 (2001)

Igarashi K and Kashiwagi K: Polyamines: mysterious modulators of cellular functions. Biochem. Biophys. Res.
Comm. 271: 559-564 (2000)

Iwaki T, Makita N, Yoshikawa K: Folding transition of a single semiflexible polyelectrolyte through toroidal
bundling of loop structures. J. Chem. Phys. 129: 065103 (2008)

Iwataki T, Kidoaki S, Sakaue T, Yoshikawa K, Abramchuk SS: Competition between compaction of single chains
and bundling of multiple chains in giant DNA molecules. J. Chem. Phys. 120: 4004-4011 (2004)

Jary D : Etude des propriétés statiques et dynamiques de longues chaines d’ADN sur deux exemples : rhéologie
de solutions semi-diluées et cyclisation d’une chaine globulaire. PhD Thesis, Orsay University, 1998 (France)
Jary D and Sikorav JL: Cyclization of globular DNA. Implications for DNA-DNA interactions in vivo. Biochemistry

38:3223-3227 (1999)

35



Jayaram B, Sharp KA, Honig B: The electrostatic potential of B-DNA. Biopolymers 28: 975-993 (1989)

Klimenko SM, Tikchonenko TI, Andreev VM: Packing of DNA in the head of bacteriophage T2. J. Mol. Biol. 23:
523-533 (1967)

Korolev N, Lyubartsev AP, Laaksonen A, Nordenskiold L: On the competition between waster, sodium ions, and
spermine in binding to DNA: a molecular dynamics computer simulation study. Biophys. J. 82: 2860-2875
(2002)

Korolev N, Lyubartsev AP, Nordenskiold L: Cation-induced polyelectrolyte-polyelectrolyte attraction in solutions
of DNA and nucleosome core particles. Adv. Colloid Interface Sci. 158: 32-47 (2010)

Kundagrami A and Muthukumar M: Effective charge and coil-globule transition of a polyelectrolyte chain.
Macromolecules 43: 2574-2581 (2010)

Kwoh DY, Coffin CC, Lollo CP, Jovenal J, Banaszczyk MG, Mullen P, Phillips A, Amini A, Fabrycki J, Bartholomew
RM, Brostoff SW, Carlo DJ: Stabilization of poly-L-lysine/DNA polyplexes for in vivo gene delivery to the liver.
Biochim. Biophys. Acta 1444: 171-190 (1999)

Lambert O, Letellier L, Gelbart WM, Rigaud JL: DNA delivery by phage as a strategy for encapsulating toroidal
condensates of arbitrary size into liposomes. Proc. Natl. Acad. Sci. USA 97: 7248-7253 (2000)

Le Bret M: Electrostatic contribution to the persistence length of a polyelectrolyte. J. Chem. Phys. 76: 6243-
6255 (1982)

Le Bret M and Zimm BH: Monte Carlo determination of the distribution of ions about a cylindrical
polyelectrolyte. Biopolymers 23: 271-285 (1984)

Lee LK, Mount CN, Shamlou PA: Characterisation of the physical stability of colloidal polycation-DNA complexes
for gene therapy and DNA vaccines. Chem. Eng. Sci. 56: 3163-3172 (2001)

Leforestier A, Brasilés S, de Frutos M, Raspaud E, Letellier L, Tavares P, Livolant F: Bacteriophage T5 DNA
ejection under pressure. J. Mol. Biol. 384: 730-739 (2008)

Leforestier A and Livolant F: Structure of toroidal DNA collapsed inside the phage capsid. Proc. Natl. Acad. Sci.
USA 106: 9157-9162(2009)

Leforestier A and Livolant F: The bacteriophage genome undergoes a succession of intracapsid phase
transitions upon DNA ejection. J. Mol. Biol. 396: 384-395 (2010)

Lepault J, Dubochet J, Baschong W, Kellenberger E: Organization of double-stranded DNA in bacteriophages: a
study by cryo-electron microscopy of vitrified samples. EMBO J. 6(5): 1507-1512 (1987)

Lucius H, Haberland A, Zaitsev S, Dalllige R, Schneider M, Bottger M: Structure of transfection-active histone
H1/DNA complexes. Mol. Biol. Rep. 28: 157-165 (2002)

Malenkov G: Liquid water and ices: understanding the structure and physical properties. J. Phys. Condens.
Matter 21: 283101 (2009)

Manning GS: Polyelectrolytes. Ann. Rev. Phys. Chem. 23: 117-140 (1972)

Manning GS: The molecular theory of polyelectrolyte solutions with applications to the electrostatic properties
of polynucleotides. Q. Rev. Biophys. 11: 179-246 (1978)

Marko JF and Siggia ED: Stretching DNA. Macromolecules 28: 8759-8770 (1995)

Marx KA and Reynolds TC: Spermidine-condensed phi X174 DNA cleavage by micrococcal nuclease: torus
cleavage model and evidence for unidirectional circumferential DNA wrapping. Proc. Natl. Acad. Sci. USA 79:
6484-6488 (1982)

Marx KA and Ruben GC: Evidence for hydrated spermidine-calf thymus DNA toruses organized by
circumferential DNA wrapping. Nucl. Acids Res. 11: 1839-1854 (1983)

Martin AL, Davies MC, Rackstraw BJ, Roberts CJ, Stolnik S, Tendler SJ, Williams PM: Observation of DNA-
polymer condensate formation in real time at a molecular level. FEBS Lett. 480: 106-12 (2000)

Minagawa K, Matsuzawa Y, Yoshikawa K, Matsumoto M, Doi M: Direct observation of the biphasic
conformational change of DNA induced by cationic polymers. FEBS Lett. 295: 67-69 (1991)

Miyazawa N, Sakaue T, Yoshikawa K, Zana R: Rings-on-a-string chain structure in DNA. J. Chem. Phys. 122:
044902 (2005)

Noguchi H and Yoshikawa K: Morphological variation in a collapsed single homopolymer chain. J. Chem. Phys.
109: 5070-5077 (1998)

Odijk T: Polyelectrolytes near the rod limit. J. Polymer Sci.: Polymer Phys. Edit. 15: 477-483 (1977)

Ono MY and Spain EM: Dynamics of DNA condensates at the solid-liquid interface by atomic force microscopy. J.
Am. Chem. Soc. 121: 7330-7334 (1999)

Oosawa F: Polyelectrolytes (Dekker, New York, 1971)

Ou Z and Muthukumar M: Langevin dynamics of semiflexible polyelectrolytes: rod-toroid-globule-coil

36



structures and counterion distribution. J. Chem. Phys. 123: 074905 (2005)

Ouameur AA and Tajmir-Riahi HA: Structural analysis of DNA interactions with biogenic polyamines and
Cobalt(Ill) hexamine studied by Fourier transform infrared and capillary electrophoresis. J. Biol. Chem. 279:
42041-42054 (2004)

Pegg AE and McCann PP: Polyamine metabolism and function. Am. J. Physiol. 243: C212-C221 (1982)

Pelta J, Livolant F, Sikorav JL: DNA aggregation induced by polyamines and cobalthexamine. J. Biol.Chem. 271:
5656-5662 (1996)

Philippova OE, Akitaya T, Mullagaliev IR, Khokhlov AR, Yoshikawa K: Salt-controlled intrachain/interchain
segregation in DNA complexes with polycation of natural origoin. Macromolecules 38: 9359-9365 (2005)

Pinto MFV, Moran MC, Miguel MG, Lindman B, Jurado AS, Pais AACC: Controlling the morphology in DNA
condensation and precipitation. Biomacromol. 10(6): 1319-1323 (2009)

Porschke D: Dynamics of DNA condensation. Biochem. 23: 4821-4828 (1984)

Post CB and Zimm BH: Light-scattering study of DNA condensation: Competition between collapse and
aggregation. Biopolymers 21: 2139-2160 (1982)

Raspaud E, Olvera de la Cruz M, Sikorav JL, Livolant F: Precipitation of DNA by polyamines: a polyelectrolyte
behavior. Biophys. J. 74: 381-393 (1998)

Raspaud E, Durand D, Livolant F: Interhelical spacing in liquid crystalline spermine and spermidine-DNA
precipitates. Biophys. J. 88: 392-403 (2005)

Rau DC and Parsegian VA: Direct measurement of temperature-dependent solvation forces between DNA
double helices. Biophys. J. 61: 260-271 (1992)

Record MT, Anderson CF, Lohman T: Thermodynamic analysis of ion dffects on the binding and conformational
equilibria of proteins and nucleic acids: the role of ion association and release, screening and ion effects on
water activity. Q. Rev. Biophys. 11: 103-178 (1978)

Réadler JO, Koltover I, Salditt T, Safinya CR: Structure of DNA-cationic liposome complexes: DNA intercalation in
multilamellar membranes in distinct interhelical packing regimes. Science 275: 810-814 (1997)

Rouzina | and Bloomfield VA: Macroion attraction due to electrostatic correlation between screening
counterions. 1. Mobile surface-adsorbed ions and diffuse ion cloud. J. Phys. Chem. 100: 9977-9989 (1996)
Saito T and Yoshikawa K: Finite-width bundle is most stable in a solution with salt. J. Chem. Phys. 133: 045102

(2010)

Saminathan M, Thomas T, Shirahata A, Pillai CKS, Thomas TJ: Polyamine structural effects on the induction and
stabilization of liquid crystalline DNA: potential applications to DNA packaging, gene therapy and polyamine
therapeutics. Nucl. Acids Res. 30: 3722-3731 (2002)

Sarkar T, Vitoc |, Mukerji |, Hud NV: Baterial protein HU dictates the morphology of DNA condensates produced
by crowding agents and polyamines. Nucl. Acids Res. 35(3): 951-961 (2007)

Saibil HR: Macromolecular structure determination by cryo-electron microscopy. Acta Cryst. D56: 1215-1222
(2000)

Simon LD and Anderson TF: The infection of Escherichia coli by T2 and T4 bacteriophages as seen in the
electron microscope I. Attachment and penetration. Virology 32: 279-297 (1967)

Skolnick J and Fixman M: Electrostatic persistence length of a wormlike polyelectrolyte. Macromolecules 10:
944-948 (1977)

Smith SB, Finzi L, Bustamante C: Direct mechanical measurement of the elasticity of single DNA molecules by
using magnetic beads. Science 258: 1122-1126 (1992)

Smith DE, Tans SJ, Smith SB, Grimes S, Anderson DL, Bustamante C: The bacteriophage f29 portal motor can
package DNA against a large internal force. Nature 413 748-752 (2001)

Stevens MJ: Simple simulations of DNA condensation. Biophys. J. 80: 130-139 (2001)

Strick T, Allemand JF, Croquette V, Bensimon D : Twisting and stretching single DNA molecules. Prog. Biophys.
Mol. Biol. 74: 115-140 (2000)

Stukan MR, Ivanov VA, Grosberg AY, Paul W, Binder K: Chain length dependence of the state diagram of a stiff-
chain macromolecules: theory and Monte Carlo simulation. J. Chem. Phys. 118: 3392-3400 (2003)

Tabor CW and Tabor H: Polyamines in microorganisms. Microbiol. Rev. 49(1): 81-99 (1985)

Takahashi M, Yoshikawa K, Vasilevskaya VV, Khokhlov AR: Discrete coil-globule transition of single duplex DNAs
induced by polyamines. J. Phys. Chem. B 101: 45, 9396-9401 (1997)

Takenaka Y, Yoshikawa K, Yoshikawa Y, Koyama Y, Kanbe T: Morphological variation in a toroid generated from a
single polymer chain. J. Chem. Phys. 123: 014902 (2005)

Tang MX and Szoka FC: The influence of polymer structure on the interactions of cationic polymers with DNA

37



and morphology of the resulting complexes. Gene Therapy 4: 823-832 (1997)

Thomas T and Thomas TJ: Polyamines in cell growth and cell death: molecular mechanisms and therapeutic
applications. Cell. Mol. Life Sci. 58: 244-258 (2001)

Todd BA and Rau DC: Interplay of ion binding and attraction in DNA condensed by multivalent cations. Nucl.
Acid. Res. 36: 501-510 (2008)

Todd BA, Parsegian AV, Shirahata A, Thomas TJ, Rau DC: Attractive forces between cation condensed DNA
double helices. Biophys. J. 94: 4775-4782 (2008)

Toma AC: DNA condensation by a basic protein, the salmon protamine. (Ph.D. thesis, Université Paris-Sud XI,
Orsay, 2008)

Trubetskoy VS, Wolf JA, Budker VG: The role of a microscopic colloidally stabilized phase in solubilizing
oligoamine-condensed DNA complexes. Biophys. J. 84: 1124-1130 (2003)

Tzlil S, Kindt JT, Gelbart WM, Ben-Shaul A: Forces and pressures in DNA packaging and release from viral capsids.
Biophys. J. 84: 1616-1627 (2003)

Ueda M and Yoshikawa K: Phase transition and phase segregation in a single double-stranded DNA molecule.
Phys. Rev. Lett. 77(10): 2133-2136 (1996)

Van der Broek B, Noom MC, van Mameren J, Battle C, MacKintosh FC, Wuite GJL: Visualizing the formation and
collapse of DNA toroids. Biophys. J. 98: 1902-1910 (2010)

Vasilevskaya VV, Khokhlov AR, Kidoaki S, Yoshikawa K: Structure of collapsed persistent macromolecule: toroid
vs. spherical globule. Biopolymers 41: 51-60 (1997)

Verma R, Crocker JC, Lubensky TC, Yodh AG: Etropic colloidal interactions in concentrated DNA solutions. Phys.
Rev. Lett. 81: 4004-4007 (1998)

Vilfan ID, Conwell CC, Sarkar T, Hud NV: Time study of DNA condensate morphology: implications regarding
nucleation, growth, and equilibrium populations of toroids and rods. Biochem. 45: 8174-8183 (2006)

Wan L, Manickam DS, Oupicky D, Mao G: DNA Release dynamics from bioreducible poly(amido amine)
polyplexes J. Phys. Chem. B 113: 13735-13741 (2009)

Watson JD and Crick FHC: Molecular structure of nucleic acids: a structure for deoxyribose nucleic acid. Nature
171:737-738 (1953)

Widom J and Baldwin RL: Cation-induced toroidal condensation of DNA studies with Co>*(NHs)s. J. Mol. Biol.
144: 431-453 (1980)

Widom J and Baldwin RL: Molecular condensation of A-DNA induced by cobalt hexamine. Biopolymers 22:
1595-1620 (1983)

Wilson RW and Bloomfield VA: Counterion-induced condensation of deoxyribonucleic acid. A light scattering
study. Biochem. 18: 2192-2196 (1979)

Williams LD and Mabher Il LJ: Electrostatic mechanisms of DNA deformation. Annu. Rev. Biophys. Biomol. Struct.
29: 497-521 (2000)

Yamada A, Kubo K, Nakai T, Yoshikawa K, Tsumoto K: All-or-none switching of transcriptional activity on single
DNA molecules caused by a discrete conformation transition. Appl. Phys. Lett. 86: 223901 (2005)

Yamasaki Y, Teramoto Y, Yoshikawa K: Disappearance of the negative charge in giant DNA with a folding
transition. Biophys. J. 80: 2823-2832 (2001)

Yamasaki Y, Katayose S, Kataoka K, Yoshikawa K: PEG-PLL blok copolymers induce reversible large descrete coil-
globule transition in a single DNA molecule through cooperative complex formation. Macromol. 36: 6276-
6279 (2003)

Yang J and Rau DC: Incomplete ion dissociation underlies the weakened attraction between DNA helices at high
spermidine concentrations. Biophys. J. 89: 1932-1940 (2005)

Yoshikawa Y, Emi N, Kanbe T, Yoshikawa K, Saito H: Folding and aggregation of DNA chains induced by
complexation with lipospermine: formation of a nucleosome-like structure and network assembly. FEBS Lett.
396: 71-76 (1996)

Zhang C, Shao PG, van Kan JA, van der Maarel JRC: Macromolecular crowding induced elongation and
compaction of single DNA molecules confined in a nanochannel. Proc. Natl. Acad. Sci. USA 106: 16651-16656
(2009)

Zinchenko ZA, Sergeyev VG, Murata S, Yoshikawa K: Controlling the interchain segregation on a single DNA
molecule. J. Am. Chem. Soc. 125: 4414-4415 (2003)

38



39



40

Cryo-electron microscopy of the spermine-DNA condensates

INTRODUCTION

Multivalent cations, proteins and molecular crowding agents can cause DNA to collapse from solution
into well-defined nanometer scale particles. This phenomenon has been studied for years as a model
of high density DNA packing in living systems, particularly in viruses. More recently, efforts to develop
artificial gene delivery have renewed the interest for theoretical and experimental studies, with the
hope to control size and shape of condensed DNA. This collapse often results in the formation of
toroids, rods or spherical globules.

To our knowledge there is no systematic morphological analysis of DNA condensed in the bulk by the
polyamines spermidine (3+) and spermine (4+) despite the ubiquity and highest biological interest of
these cations involved in many biological processes and also in DNA condensation in vivo and in vitro.
Raspaud et al. (1998) elaborated a complete phase diagram and defined ionic conditions where short
DNA fragments (146 bp) are partially or totally aggregated, by exploring a large range of spermine
and added salt (NaCl) concentrations. The aggregates collected by centrifugation have been analyzed
by X-ray diffraction (Raspaud et al., 2005). At low DNA concentration, the smaller interhelix spacings
are obtained for the lowest salt and spermine concentrations. The interhelix distance increases from
28.2 A (no salt) up to 29.4 A at 200 mM NaCl. A similar range of variation is measured in the absence
of NaCl by increasing the spermine concentration from 1 to 100 mM spermine.

Cryo electron microscopy permits now precise measurements of the interhelix spacing together with
the visualization of the shape of the collapsed DNA but only few ionic conditions have been tested.
Hud and Downing (2001) studied Lambda DNA condensed by Co(NHz)sCls (in 10 mM Tris, 1 mM EDTA,
pH 7.0) and visualized the hexagonal packing of the chain inside the toroid together with the facetting
of their section. Considering the polyamines, only a few conditions have been tested but slight
changes were shown to modify significantly the structure of DNA into toroids confined into vesicles
(Lambert et al., 2000) or into bacteriophage capsids (Leforestier and Livolant, 2009). Otherwise,
Carnerup and Ainalem et al. (2009) reported cryoEM observations of multiple morphologies of
linearized T7 DNA (4331 bp) condensed by [ethylenediamine core]-PANAM dendrimers (z= 8, 16 and
64+) in 10 mM NaBr at charge ratio NH3+/P0O4- <1. They performed time-resolved cryoTEM, by
freezing the samples during the time of condensation, as already reported by others (Frederik and
Sommerdijk, 2005), after 1 min or more. They reported how the size, composition and morphology of
the aggregates are affected by dendrimer size and charge. They also explored the effect of salt on the
morphology of the aggregates (Carnerup et al., 2011). The interhelix distance is much larger in the
aggregates formed with dendrimers (3.1-3.4 nm) than in CoHex or polyamine-DNA aggregates.

Our first goal is here to use cryoEM to analyze in parallel the structure and morphology of DNA
condensed by spermine. We explored a vertical line in the phase diagram between the onset of
precipitation at low spermine concentration (0.05 mM) up to above the resolubilization limit (400
mM spermine). All experiments have been done in low salt conditions (10 mM Tris HCI, 1 mM EDTA,
pH 7.6). By varying the spermine concentration, we expect to change the interhelix distance and to
monitor in parallel changes of the conformation of the DNA globule. The concentration of DNA has
been fixed to 0.03 mM phosphate to favour the collapse of individual chains and to limit their
aggregation.

Another important aspect of DNA condensation deals with the kinetics of the process. Widom and
Baldwin (1980) reported how the condensation of DNA is a slow process (about 1-3 hours) and how
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the rate decreases with increasing DNA concentration. Later on, Porschke (1984) demonstrated the
existence of two different condensation reactions which are clearly separated on the time scale. The
intramolecular condensation (<1 uM DNA) is a very fast process that occurs in two steps, the
condensation of the ligands onto DNA that is the limiting step of the reaction followed by the very
fast collapse of the DNA chain. For higher DNA concentrations (> 5 uM) an intermolecular association
takes place identified as a “very slow” reaction that would correspond to a very broad ensemble of
time constants. The kinetic aspects of the transitions have been considered experimentally these last
years, using AFM methods. Interesting planar morphologies such as “flower-shaped” structures have
been described as transition steps between rods and toroids (Fang and Hoh, 1998). Despite the high
interest of this approach, the limitation of AFM — and other related near field microscopy methods -
comes from the fact that the DNA condensation occurs on the surface of the supporting charged film
and not in the bulk, which more likely introduces non negligible effects on DNA condensation.
According to theory, the globule-toroid transition would be first order-like (Grosberg and Khokhlov,
1994). Nevertheless, this discontinuous change in topology would be associated to a continuous
progression from disordered to ordered internal structure (Cooke and Williams, 2004). It has been
proposed that, in this two steps process, the first one would correspond to the formation of the
dense toroidal aggregate, and the second one to the transition to a twisted entangled state (Kulic et
al.,, 2004). Therefore the kinetics appears to be also an important parameter to take into account,
together with small internal structural changes in the collapse DNA globule. The liquid crystalline
state of the DNA globule would be an essential point to allow this reorganization of DNA inside the
globule. In the second part of the article we tentatively followed the kinetics of the DNA collapse at a
given spermine concentration that was fixed to 0.05 mM.

MATERIAL AND METHODS
DNA Preparation

Lambda bacteriophage DNA (48,500 bp) (Invitrogen Inc., Carlsbad, Canada) was extensively dyalized
in 2 M NaCl and then in 10 mM Tris-CI, 1 mM EDTA, pH 7.6 to replace all counterions bound to DNA
by monovalent ions (mostly Na+ with some Tris+) and stored at 4°C at a concentration of 370 pg/ml.
Samples were prepared at a final 10 ug/ml DNA concentration (0.03 mM Phosphates) by mixing equal
volumes of 20 ug/ml DNA and 0.1, 2, 200, 400, and 800 mM spermine 4HCI (Sigma) prepared in the
same buffer. After gentle stirring with a pipette, sample are left at 20-21°C for 16 min before
preparation for cryoEM.

In a second set of experiments, a modification was added to the procedure: 1.5 pl of the 20 ug/ml
Lambda DNA solution was deposited on the carbon-coated surface of the holey-carbon grid which
was vertically fixed in the temperature-humidity controlled chamber. Then, the 0.1 mM spermine
solution was deposited on the opposite face of the grid, as drawn on Figure 1. From this moment (t =
0), spermine immediately diffuses into the DNA solution on the opposite side of the grid, to induce
DNA condensation. CryoEM plunging was done as described below aftert =65, 9 s, 20 s, and 60 s.
Final concentration were 10 ug/ml DNA and 0.05 mM spermine.
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Electron Microscopy

3 pL of the solution are deposited on a glow-discharged holey carbon grid (Quantifoil R2/2, Jena,
Germany). The grid is blotted with a filter paper for 2-3 seconds to remove the excess of the solution,
and directly plunged into liquid ethane cooled down by liquid nitrogen. During the preparation of the
samples, the temperature and relative humidity of the environment are kept at 20-21°C and 89-96 %,
respectively, in a home-made device. Frozen samples are transferred into a Gatan 626 cryostage
(Gatan, Warrendale, USA) and observed in a transmission electron microscope (JEM-2010, JEOL,
Japan) operated at 200 kV. All images are recorded on Kodak SO163 negative films under low dose
conditions at a magnification of 50000X. Micrographs were taken at two underfocus values to get
information on the overall shape of the objets (-3000 nm) and to image details of the DNA structure
(- 850 nm). The films are developed in full strength Kodak D19 for 12 min, and scanned with a Nikon
Coolscan 9000 at a resolution of 4000 pixels/inch. DNA interhelix spacings were measured on
scanned images using Image).

RESULTS
1. Morphology of the DNA aggregates as a function of the spermine concentration

We analyzed by cryoelectron microscopy the structure of DNA condensates using Lambda DNA (48.5
kbp) and the tetravalent polycation spermine (sp, 4+) mixed in the bulk in 10 mM Tris buffer. The final
DNA concentration was fixed to 0.03 mM phosphates, and the spermine concentration adjusted to
0.05, 1, 100, 200 and 400 mM to explore a large range of conditions, starting at the onset of
precipitation up to above the re-solubilization limit. The phase diagram elaborated for short DNA
fragments (50 nm) and long DNA chains (Lambda) condensed by spermine (Raspaud et al., 1998) is
given in Figure 2. The region where DNA is partly or fully precipitated from the supernatant (2 phases
domain) is limited by the precipitation and resolubilization lines. Experimental points correspond to
the low concentration regime and are indicated along a vertical line on Figure 2. All experiments are
done in excess of positive charges, with charge ratio (r = NH3"/PO4’) being respectively 1.6, 33.3,
3300, 6660 and 13300.
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A-DNA is a worm like chain with a contour length L= 48500 bp x 3.4 A = 16.5 um. The overlap
concentration C* between the dilute and the semi-dilute regime can be defined as ~ MW/Rg3 with M,,
the molecular weight and R, the radius of gyration of the chain. In our buffer conditions (10 mM Tris
buffer, 1 mM EDTA, pH 7.6), A-DNA has a persistence length of 50 nm (Taylor and Hagerman, 1990)
and a radius of gyration Ry ~ 500 nm (Pernodet and Tinland, 1997). The C* concentration was
determined experimentally as ~ 50 pg/ml by Verma et al. (1998) which corresponds to ~ one A
coil/um (Hud and Downing, 2001). Our A-DNA stock solution prepared at C=20 pg/ml is a dilute
solution (not far below the C* concentration) with about one coil/0.4um (Lambert et al., 2000). At
this salt concentration the Debye screening length is ~ 3 nm. We did not collect images of the initial
0.03mM Lambda DNA solution before addition of spermine. These images are not so easy to obtain
and we did not focus our effort on this.

In the precipitation domain (0.05 < Cspermine < 100 mM), DNA chains mostly form large aggregates that
are presented on Figure 3 a,c,d. Nevertheless, DNA toroids usually keep their individuality and can be
recognized in the aggregates. The toroids are stuck on top of each other and they may be flattened or
distorted by the stacking. Isolated rods or toroids are rarely found, only at 0.05 and 100 mM spermine
concentrations, never at 1 mM spermine. DNA bundles are also found under a large range of ionic
conditions. They are predominant at Csp = 200 mM (the upper limit of the precipitation domain). At
200 mM, these bundles (up to 50 nm in diameter) are straight. The smallest ones that consist of only
a few molecules are called fibers. We notice a large dispersion of their dimensions as illustrated on
Figure 3e.
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__,'6{.05 mM sp

Figure 3. Morphology of the aggregates as a function of the spermine concentration. Aggregated toroids are found at 0.05 mM (a) together
with bundles and rods (b). At Csp = 1 mM (c) and Csp = 100 mM (d) large aggregates are formed, made of toroids that are fusing together.
Bundles are predominant at 200 mM sp (e, €’). Only very thin bundles are seen at 400 mM spermine (f). CryoEM micrographs recorded at
-3000 nm defocus.

Outside of the precipitation domain (Csp = 400 mM), DNA chains form a network of thin fibrils 4-6
nm in diameter (Figure 3f). Their aspect differs from a dilute Na-DNA solution, where chains are kept
apart (not shown). They are thicker, more rigid and not completely isolated the ones from the others.

2. Morphology of the aggregates at different times after addition of spermine

In a second set of experiments, the spermine concentration was fixed to 0.05 mM and we analyzed
the condensation process at short times after addition of spermine (6, 9, 20 and 60 s). The DNA
concentration was fixed to 0.03 mM Ph as in the first series of experiments but the DNA and
spermine were not manually mixed. Spermine was deposited on the opposite side of the grid and let
to diffuse through the holes of the carbon grid into the DNA solution, as drawn in Figure 1. By this
process we were able to reduce to the minimum the delay between the addition of spermine and the
time of freezing. We also reduced artefactual stretching of the DNA fibers that may be induced by
vortexing or mixing with the tip of a pipette.
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An overview of the structures is given in Figure 4.

Figure 4: General aspect of the aggregates after 9 sec (a-g), 20 sec (h-i) and 60 sec (j). Samples were prepared as described in Material and
Methods. CryoEM micrographs are recorded at -3000 nm defocus except in (c) that corresponds to a detail of (h) (-880 nm). Arrows in (a)
and (d) point to partially collapsed objects connected to toroids and bundles, with uncondensed fibres around (dotted arrow).

6 sec after addition of spermine, we do not observe any condensed form of DNA: no globules, toroids,
rods, bundles, fibers, or aggregates. We did not visualized uncondensed DNA either, probably
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because of the difficulties mentionned above in the visualization of dilute Na-DNA. A few seconds
later (t =9 s), we mostly observe fibers, about 4-6 nm in diameter, usually made of 1-5 DNA chains
aligned in parallel. These are well visible at 3000 nm underfocus. They are often stretched and highly
networked, and sometimes aligned along preferred orientations. Some of them wiggle and twist with
a pseudo period of 30-60 nm, along distances as long as 1 um (Figure 4g). Many globules, toroids, and
rods are also found. Often connected to toroids and bundles are seen loosely condensed objects and
uncondensed chains pointing out (arrows in Figure 4a,b). Toroids are usually smaller and thinner than
those formed after 16min in the first set of experiments (Figure 4a-f). The smallest one (Figure 4f) has
an external diameter of about 50 nm, close to the value measured for the smallest G4
dendrimer/DNA toroids (Carnerup et al., 2009). The rods may be straight or curved with DNA loosely
packed inside (Figure 6a,d). Small isolated globules were found occasionnally. A close examination
reveals that at least some of them are toroids with a very small central hole (Figure 4b). Large
aggregates are extremely rare.

At t = 20 s, thin fibers are not seen anymore and are replaced by bundles. Globules, toroids, rods are
found isolated and, more often, aggregated by groups of 2 to 5 or stuck to the bundles (Figure 4h-i).
Compared to data collected at t =9 sec, toroids and rods are generally larger. Their boundaries are
better defined and the DNA ordering inside present more striated patterns which suggests a higher
DNA organization. Objects with shapes intermediate between toroids and rods (rackets) that are
found here (Figure 4h) were never observed under other conditions in our experiments.

At t =60 s, there are numbers of toroids and rods that are mostly stuck to large bundles. A typical
example is given in Figure 4j. The diameter of these bundles is irregular, and in many places it seems
to be made of merging rods and toroids. Their diameter is also larger than at t =20s. Thin fibers
observed at t = 9 sec are not found anymore.

3. Structure of spermine-DNA aggregates

We present on Figure 5 aggregates of toroids formed at 0.05, 1 and 100 mM spermine, and imaged
with low underfocus values (-850 nm) to visualize the details of the structure. Many of these toroids
are easy to identify (underlined with different colours on Figure 5a). Figure 5b presents two toroids,
one in top view (on the left) and one in side view (on the right). As schematically drawn on Figure 6,
the side view shows the section profiles of the toroid, in which we recognize the DNA segments seen
along their axis and organized into a hexagonal lattice (double arrow on Figure 5b). In the aggregates,
a few toroids are more difficult to identify, apparently engaged into a process of fusion and
reorganization (Figure 5a) that will be detailed below. Aggregates where toroids cannot be recognized
are also found, especially at 1 mM spermine (Figure 5c), and present beautiful top and side views of
the hexagonal lattice from which can be measured the distance (d) between the reticular planes and
the interhelix distance (ay), with d = anV3p.
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Figure 5. Aggregates of toroids with details of their local hexagonal DNA structure (a: 0.05 mM sp, b: 100 mM sp; c: 1 mM sp). CryoEM
micrographs are recorded at -850 nm underfocus. Details of the structure are visible under favourable orientations, either striated patterns
(simple arrows) or hexagonal lattice (double arrows).

thickness

Figure 6: Characteristics of the toroids of radius r and R, with
the thickness and diameter parameters that have been
measured on the micrographs. Top views of the hexagonal
lattice let us measure ay, the interhelix spacing or d, the
distance separating the reticular planes, easily measured on
oblique and side views of the lattice.

We present on Figures 7 and 8 a collection of patterns characteristic of the hexagonal packi
ng of DNA helices in toroids, bundles and aggregates. Striations correspond to side views of the
hexagonal lattice, and reveal that the reticular planes are perfectly oriented along the direction of the
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electron beam. These striated domains are seen in elongated bundles as well as in toroids. As
illustrated on Figure 7, the alternation of striated and unresolved patterns is found at all spermine
concentrations. The striated domains can extend laterally over distances are small as a few nm
(Figure 8d) up to 80-100 nm in a few cases. Their limits can be very sharp with an abrupt transition
from the striated to unresolved patterns (Figure 8b). Nevertheless, in many cases, a careful
observation reveals that these striations are scarce but can nevertheless be followed outside of these
domains (Figure 8a,b - arrows). Regions devoid of clear striations are found frequently in the striated
domains. These unresolved domains can be extremely thin (Figure 8c) or more extended. In the
toroids, there are generally from 1 to 4-5 striated domain (Figure 5a, Figure 7b) with a large range of
lateral extension. The periodicity is well defined and stays constant from the inside to the outside of
the toroid. Interestingly, it is extremely rare to detect dislocation lines in these striated patterns.

Figure 7: Examples of striated domains observed for three different spermine concentrations (0.05, 1 and 200 mM). The preriod d is
measured from the profiles of the selected regions, and averaged over a large number of measurements.
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Figure 8: Striated patterns of the hexagonal DNA lattice inside the aggregates formed in 0.05 mM spermine. Arrows indicate lines extending
laterally outside of the “striated domain” (in a and b) and a domain with no striation inside a striated domain (in c).

4. Variation of the interhelix distance ay

The ay values given in Table 1 have been measured on toroids and aggregates directly on top views of
the lattice or by measuring the distance (d) separating the reticular planes (a = (2/v3)d).

aH  values | Average values globules toroids rods undefined aggregates bundles

(nm)

0.05mM 2.98 +0.02 3.15+0.01 (3) 2.95%0.02 (79) 2.9740.1 (3) 3.40%0.11(5)

(t=9sec) (90)

0.05mM 2.98+0.01 3.0210.14 (3) 2.9740.01(70) 2.9810.02 (56)
(t=20sec) (134)

0.05mM 2.91+0.02 3.09+0.04 (10) 2.91+0.02 (61) 2.98+0.03 (16) 2.9610.01(44)
(t=60sec) (67)

0.05mM 2.93+0.01 2.97 2.93+0.01 (46) 2.93+0.02 (15) 3.21
(t=16min) (64) (1) (1)

ImM 2.88+0.01 2.88+0.01(45) 2.88+0.02 (21)

(t=16min) (67)

100mM 2.95+0.02 2.95+0.02(31)

(t=16min) (42)

200mM 3.32+0.04 3.3240.04 (11)
(t=16min) (11)

Table 1: The ay values measured for each set of experiments. Each averaged value corresponds to the number of
measurement indicated in brackets.

Data collected at 1 and 100 mM spermine are in correct agreement with data collected previously by
X-ray diffraction analysis of pellets in the 0.1-100 mM sp concentration range in comparable buffer
conditions (10 mM TE or 13 mM NaCl) (Raspaud et al., 2005) (Figure 9). It was also shown previously
in CoHex-DNA aggregates that values of the interhelix spacing were comparable when measured by X-
ray (2.83 nm; Rau and Parsegian, 1992) or by cryoEM (2.8 nm; Hud and Downing, 2001). Our
measurements extend to lower and larger spermine concentrations the explored range of spermine-
DNA conditions of condensation. We notice a significant increase of the interhelix spacing at
Csp =200 mM. There is no available data to which we can make comparisons at Csp =0.05 and
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200 mM.

For each set of data, we compared the interhelix spacing ay in globules, toroids, rods, bundles and
aggregates.

Toroids may be isolated or aggregated. Aggregates specify that isolated objets cannot be identified
anymore. The ay values are identical in toroids and aggregates, which means that the fusion of
toroids and their reorganization into larger objects happens without any change in the interhelix
spacing. Only bundles formed at 200 mM show a significant larger interhelix spacing, and
interestingly no toroids are formed ar this high spermine concentration. We cannot see bundles in
apical views, but we suspect that the DNA chains are not hexagonally packed anymore because the
striated patterns are not as regular as in 0.05 and 1 mM spermine (Figure 7). In bundles found at
0.05 mM sp (only at short time, 20 and 60 s), ay values do not differ from the values measured in
toroids. The structure is the same. There are therefore two types of bundles, those that correspond
to a transient step before toroids are formed at 0.05 mM spermine, and those that correspond to
stable conformations where no toroids are formed at 200 mM spermine.

The ay values measured at 9, 20, 60 sec (respectively 2.98 + 0.02, 2.98 + 0.01, 2.91 + 0.02 nm) are not
significantly different from the values measured after 16 minutes (2.93 + 0.01 nm).

13 I Figure 9: Graph reprenting the measured ay values in Lambda
toroids and aggregates at 0.05, 0.1, 100 and 200 mM spermine
concentration in 10 mM monovalent salt (Tris+ and Na+) after

g 16 minutes of equilibration. For comparison, X-ray data
el measured with short DNA fragments with no salt and 50 mM
g NaCl are indicated by the two horizontal lines up to 10 mM sp
S and by the dotted line between 10 and 100 mM sp where the
S = 1 distance does not depend on the salt environment. (X-ray data
E L from Raspaud et al., 2005).
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5. Correlations between DNA helices

In many regions showing the striated patterns, we observed an undulated aspect of the successive
series of DNA rows (or reticular planes) (Figure 8a,b). Density profiles have been recorded on selected
regions of interest, as illustrated on Figure 10. We have chosen in this example a domain that
presents striations almost everywhere around a +m disclination line (Figure 10a). (This type of
rotation defect is frequent in lamellar liquid crystalline phases such as hexagonal ones). Their
presence reveals that the phase is fluid. Nevertheless, the intensity of the striations fluctuates. The
domain with the best striations was selected and density profiles were recorded i) perpendicular to
the striations to determine the periodicity d of the hexagonal lattice (d = 25.27 A in this case) (Figure
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10b) and ii) along the rows (Figure 10c). From the periodic patterns recorded along selected rows, we
measured a periodicity p ~ 34 A that corresponds to the helical pitch of the DNA helices. This means
that in the thickness of the bundle, a series of helices are correlated and aligned perfectly in register,
so that their pitches superimpose and become visible and measurable in 2D projection.

In addition, we compared the scans from successive rows and noticed the relative orientation of the
helices from one row to the next. In this particular region, we observe that helices are out of register,
as illustrated by the orange spots deposited on top of the highest density spots along the rows, just
by blinking the eye to better visualize the visible periodicity. The alignment of the profiles also reveals
locally this out of register alignment of the helices. Our observations are in agreement with the report
of DNA correlations in spermine-DNA aggregates by X-ray diffraction (Raspaud et al., 2005), and by
cryoEM in spermine-DNA bundles and toroids formed inside the bacteriophage capsid (Leforestier
and Livolant, 2009). Such correlations of DNA helices have been initially reported in dense Na-DNA
hexagonal phases (Durand et al., 1992). Theoretical approaches predicted such DNA correlations and
calculated possible relationships between helices in 3D space (Kornyshev, 2010). An improvement in
the signal to noise ratio of the images would be needed to perform systematic analyses and to
determine whether helices are always shifted from one row to the next, whether it depends on the
interhelix spacing, and whether DNA correlations are linked to possible variations of the DNA helical
pitch.
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Figure 10: From a selected striated domain (ABCD) are analyze in (b) the periodicity between the reticular planes along AB
direction (here d = 25.2 A) and in (c) the periodicty in the DNA rows along DA direction. The profiles recorded for three
successive rows let us meausre a periodicity P = 34 A that corresponds to the DNA helical pitch. The denser spots along
the rows are underlined by orange dots on a copy of the same micrograph.

ol



52

6. Deviations from a perfect hexagonal structure

Top views of the hexagonal lattice are not rare and enable us distinguish individual helices and
measure directly the interhelix distance ay. This hexagonal lattice does not extend perfectly over large
distances. We observe instead a lot of deviations from a perfect hexagonal ordering of parallel helices
(Figure 5c, Figure 11). For example, we note the presence of configurations with a few DNA segments
seen in perfect top view, surronded by segments that draw lines around them (encircled in Figures
11c). Such patterns are reminiscent of the so-called “double twist” configurations. A small tilt of DNA
orientation underlines one of the three main directions of the hexagonal lattice (Figure 11b) or
disturb the lattice when the directions of tilt are not correlated. Interestingly, we note here that these
lines draw successively different orientations encircling the central molecules. This means that there
are different directions of twist around a given molecule, which is the signature of a “double twist”
configuration, frequent in bundles formed by helical molecules (Figure 11e). It is more surprising to
see their presence inside large aggregates, as described here. Their occurrence reveals the presence
of frustration between the dense hexagonal packing of helices and their intrinsic properties of twist.
Many examples of structures resulting from this competition have been reported so far (Leforestier et
al., 2008) and predicted theoretically (Harris et al., 1999). The presence of domains with double twist
configurations inside macroscopic aggregates has not been reported yet to our knowledge. We also
observe distortions of the lattice with zig-zag or more complex patterns that we did not analyze in
detail yet.

These deviations from the perfect hexagonal structure together with the occasional lack of hexagonal
lattice (right part of the side-view toroid in Figure 5b) may be related to side views of the lattice
showing the transitions from the strong to the faint and to unresolved striated patterns. Except in one
particular case (Figure 7b), there is no significant variation of the diameter of the bundle between
striated and unresolved patterns, which cancels out in almost all cases the occurrence of density
fluctuations in the aggregates. We assume that the lack of striations arises either from the presence
of defects such as those seen along the hexagonal axis or to unfavourable orientations of the reticular
planes. Images with a higher signal to noise ratio (for example in thinner sample or tilted images)
would be necessary to go further in the analysis of these structural details. These observations can be
understood as clues that reveal the complexity of the hexagonal structure at the local scale and how
it has to account for the competition arising between close packing and tendency to twist of DNA
helices.
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Figure 11: (a-b) Hexagonal lattice of DNA helices almost normal to the observation plane (in the region limited by the dotted line), with a
slight tilt of the network that underlines one of the three main directions of the hexagonal lattice, as explained in (b) (redrawn from
Leforestier et al, J. Mol Biol. (2010) 396, 384-395). A slight tilt of DNA helices along the direction 1, 2 or 3, leads to the formation of
striations along one of the three main directions of the hexagonal lattice. Together with each perspective view is given the same pattern
using the nail convention: the nail indicates that the chain is oblique to the observation plane, with the tip pointing to the observer; the
longer the nail, the higher the obliquity. Here, all chains present the same obliquity with respect to the observation plane. In (c) is
presented a top view of a hexagonal domain showing “double-twist” configurations (in encircled domains) revealed by striations drawing a
hexagonal box around a few central molecules seen in perfect top view. These patterns arise, as above, from a slight tilt of helices, but the
tilt occurs in all directions around the central helices, as drawn in (e) (redrawn from Grason and Bruinsma (2007) Phys. Rev. Lett. 99,
098101) and in (f) according to the nail convention.

7. Fusion and re-organization of DNA aggregates in their liquid crystalline state

Although most toroids present a more or less spherical section profile (usually facetted), a few larger
barrel-like toroids have been found. This kind of toroids was described earlier in solutions of
bacteriophages ejecting simultaneously their DNA in the presence of spermine (Lambert et al., 2000).
Here these barrel-like toroids seem to be made of several superimposed small toroids that fuse
together secondarily. Indeed, Figure 12a and b let us recognize a few toroids seen in side view. Those
are stuck on top of each other, with their axes aligned along the same direction. At least two toroids
can be recognized on Figure 6a and the faceting of the lower one is still visible (bracket n°1). A closely
related situation is seen on Figure 12b, with several superimposed domains (toroids) still visible,
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especially on the right side that is not straight. We may hypothesize that toroids seen on Figure 12c
and d were made of several toroids that cannot be identified anymore.

Such patterns reveal that aggregation does not correspond to a simple sticking of toroids. This initial
aggregation step would be followed by a fusion and reorganization of DNA to form larger toroids or
larger aggregates. Such a process reveals a necessary fluidity of the sample based on a liquid like
behaviour of DNA, with molecules probably sliding along one another in the aggregate. Pelta et al.
(1996) already described the fluidity of the liquid crystalline phases of polyamine-DNA aggregates in
optical microscopy. We are visualizing here what happens at higher resolution. In other aggregates,
the toroids cannot be recognized anymore (Figure 5c). Those may correspond to a later stage of the
secondary aggregation process.

Figure 12. Fusion of toroids into larger aggregates in 0.05 mM spermine.

Other examples of this liquid crystalline fluidity and reorganization of DNA in the aggregates comes
form the observation of the striated patterns. There are many examples showing how striations are in
continuity between two aggregated toroids that are still recognizable, as for example in the region
indicated by the arrow on Figure 5a.

8. DNA toroids, bundles, spheroids, rods and rackets

We tried to quantify the relative amounts of DNA conformations in the two series of experiments
(Figure 13). Toroids are predominant at low and moderate spermine concentration (0.05, 1 and
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100 mM). A sharp transition from toroids to bundles is observed between 100 and 200 mM spermine.
For higher spermine concentrations, bundles disassemble into thin elongated fibers (called here
fibres of type 1) (Figure 3f). For the 0.05 mM spermine concentration, the toroidal shapes are
predominant. Nevertheless, they are exceptionnally observed at 9 s and become more numerous at
20 s. Instead we found many thin fibers (type 2) at very short times that are still present after 20 s in
coexistence with bundles, toroids, rods and rackets (Figure 4). Bundles of type 2 as well as rods and
rackets (Figure 4h) can be considered as transient states in the process of toroid formation since they
are never found under other conditions. Thin elongated fibers observed just below and above the
resolubilisation line at high spermine concentration (type 1) or at very short time close to the
precipitation line (type 2) should not be confused. They share the particularity to be thin, stretched
and elongated but for different reasons that we will discuss below.

Effect of spermine Rods and Toroids Bundles Fibres
concentration rackets
(t=16min)
400mM - - - +++ (Lype 1)
200mM - - ek -
100w - ++++ - 4
1mM - s £ -
0.05mM = 444 + -

Effect of time after

mixing
(Csp=0.05mM)
b sec
9 sec - + - +++ (type2)
20 sec +4 +4 +4 ++
60 sec - ++ - -
16 min - +++ n -

Figure 13: Semi-quantitative evaluation of the relative frequency of identified DNA shapes (rods, bundles, toroids, and
fibers) as a function of the spermine concentration (after 16 min) and as a function of time (for Csp = 0.05 mM).

We focus now on bundle and toroid morphologies that were found under all experimental conditions.
i) Toroids

All identified toroids were measured and their diameter plotted with respect to their thickness
(Figure 14). As in Conwell et al. (2003), toroid diameter and thickness correspond to twice the
respective radii R and r, as drawn in Figure 6. For each set of data, we plotted the correlation line. All
correlations are slightly positive, as illustrated in the inserts of Figure 14. Toroids have a mean
diameter of 87 + 2, 80 + 4 and 88 + 2 nm and a mean thickness of 40 + 2, 46 + 4 and 47 + 2 nm, when
observed after 16 min at 0.05, 1 and 100 mM spermine respectively. For the 0.05 mM spermine
concentration, we note that toroids formed at short time are significantly smaller and thinner
(diameter D =65 + 3 nm and thickness Th=6+ 2 nm at 9 s) than toroids observed at longer time
(D=90x4nmandTh=36+*2nmatt=20s;D=85+6nmandTh=32+2nmatt=60s).
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Figure 14: Comparison of toroids diameter and thickness as a function of the spermine concentration and as a function of
time for the given spermine concentration (Csp = 0.05 mM). The black dots correspond to possible dimensions of a toroid
made of a unique Lambda DNA chain (48 kbp) with interhelix distances aH = 2.88 nm (the volume of a lambda chain is 1.1
x 10° nm®). All measurements are collected in 10 mM Tris-CI, 1 mM EDTA, pH 7.6 except one set of data (x symbols)
(collected in 5 mM sp, 100 mM NaCl, 10 mM tris-Cl-, after 15 min). The insert presents the regression lines calculated for
each set of data, using the same color code. All points below the black dotted line are made of less than one Lambda chain.

The black dots drawn on Figure 14 correspond to the possible dimensions of a toroid made of a single
48 kbp DNA chain. This curve, plotting the diameter versus the thickness, was obtained from a
calculation assuming that a single DNA chain forms a torus in keeping constant interhelical spacing
(an). By equating the torus volume (V = 2r°Rr?) to the volume of a cylinder of diameter ay containing
the DNA molecule of length L (may’L/4), we obtain the following relation: diameter =
ai’L/m(thickness)’. In our case, we put L = 16320 nm (for lambda DNA) and a, = 2.88 nm (for Csp =
0.05 nm).

Interestingly, all toroids (except one) measured 16 min after addition of spermine contain more than
one A-DNA chain. Conversely, toroids made of less DNA than expected for one A-DNA chain are found
only at short time after addition of spermine (half of the toroids observed after 9 s, and a few other
at 20 and 60 s). These data include a few barrel-like toroids presented on Figure 12c¢,d.

The Figure summarizing the dimensions of toroids can be compared to the observations of Conwell et
al. (2003) with 3 kbp DNA chains condensed with Cobalt hexamine (3+) in various ionic environments.
They showed that the diameter and the thickness of the toroid show proportional relations in general.

ii) Bundles

As reported above, bundles are rare at Csp =1 mM and absent at Csp = 100 mM (Figure 13). When
bundles exist, their thickness depends on the ionic conditions. Figure 15a compares the histograms of
the thickness of bundles formed at 0.05, 1 and 200 mM spermine. A bell curve is observed at 200 mM
spermine (with a mean value of 19.3+0.6 nm) whereas bundles formed at 0.05 mM spermine
present an asymmetric distribution with a majority of very thin bundles (made of the lateral
interaction of 1-3 DNA chains). The tail distribution of larger bundles leads to a mean value of
9.4+ 0.6 nm. It can be noted that the symmetric distribution is found when bundles present a large
interhelix distance (3.3 nm in 100 mM) and do not coexist with toroids. Conversely asymmetric
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distributions are found for bundles with small interhelix spacing, coexisting with toroids.

For a given spermine concentration, the thickness of the bundles also increases with time (Figure
15b), with a mean value of 4.8+ 0.4 nm at t =9 sec, compared to 28.8 £2.3 nm at t=20sec and
39.2+2.1nm at t=60sec. This increase illustrates the aggregation process. Surprisingly, their
thickness was reduced to 9.4 = 0.8 nm after 16 min when samples are prepared in the bulk.
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The thickness of the bundles was also compared to the thickness of the toroids for ionic conditions
where both morphologies coexist (at Csp =0.05mM for several condensation times and at
Csp =5 mM, with 100 mM added NaCl after 16 min) (Figure 16). The thicknesses distribution in
toroids looks more or less symmetric in all conditions whereas in bundles the distribution is
asymmetric and skewed to the right which suggests that their dimensions did not reach an
equilibrium state (even after 16 min) probably because of a competition between the formation of
bundles and toroids that coexist under these ionic conditions.
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Figure 16: Histograms illustrating the comparison between the thickness of bundles (B) and toroids (T) measured for Csp=0.05 mM
after 9, 20 and 60 sec.

The broad distribution of the thicknes of DNA bundles may be discussed in relation with theoretical
predictions. According to some authors (Ha and Liu, 1998; Huang et al., 2002) the formation of
bundles was predicted to be a macroscopic phase separation, that would result in a bundle with large
thickness. For others, the equilibrium distribution of bundle sizes should be sharply peaked, all
bundles having approximately the same thickness for a given ionic condition (Henle and Pincus, 2005;
Fazli and Golestanian, 2007; Saito and Yoshikawa, 2010). However, a model by Grason and Bruinsma
(2007) has considered the chirality as a core thermodynamic parameter for the aggregation to
produce a stable disperse phase of hexagonal bundles. According to their result, the free energy
curve versus the bundle radius shows a flat continuous minimum for multimolecular bundle
formation, which represents a broad dispersion of the bundle width. This may imply that the DNA
bundles could have structural chirality with columnar hexagonal order, as already discussed in a
previous cryo-EM study (Leforestier and Livolant, 2009).

iii) Other shapes

In addition to toroids and bundles that represent the two main categories of DNA condensates, we
also observed a few spheroids and rods (less than 10), only at low spermine concentration (0.05 mM
sp), more often after short condensation times. Those are only exceptionnally found isolated. They
are usually stuck to form aggregates. Rackets are transient objects observed only 20 sec after addition
of 0.05 mM spermine (Figure 4h).
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DISCUSSION

1. Collapse versus aggregation

Widom and Baldwin (1983) reported how it was impossible to separate the collapse and aggregation
of Lambda DNA chains condensed by spermine and spermidine, although this separation was
possible when using Cobalt hexamine as the condensing agent at low DNA concentration (Lambda
DNA, 200 pg/ml). Nevertheless, the single molecular collapse seems to be possible at even lower
DNA concentration (< 1 uM T4 DNA; 166 kbp) with polyamines after equilibration times of 1-2 h, in
10-30 mM Tris (pH 6-8), sometimes with 10 mM NaCl (Takahashi et al., 1997; Ilwataki et al., 2004).
However, in these fluorescence microscopy experiments, each DNA chain is tagged by fluorescent dye
molecules, usually DAPI (4" 6-diamidino-2-phenylindole) that binds to the major groove of DNA.
Although it is reported that DAPI does not significantly change the persistence and contour lengths of
the DNA chain, its presence (usually 0.1 uM) may modify the electrostatic property of the DNA chain
in some degree. Another DNA-intercalating fluorescent dye (YOYO-1) was shown to induce the
collapse of a DNA chain (Kuyper et al., 2003). In addition, any detail of the structure of the DNA
cannot be reached by these optical microscopy methods.

In our cryoEM experiments, we tried to prevent the initial aggregation of DNA by working at low DNA
concentration and to prevent the secondary aggregation either by keeping the objects isolated the
ones from under ionic conditions where they repulse each other, and by freezing the objects at short
time after addition of the condensing agent.

Nevertheless, in our experimental condition (Cpna = 0.03 mM), the calculation on the number of
chains in the DNA toroids implies that the DNA condensation is usually not a single-molecular
collapse, but mostly corresponds to multimolecular aggregation even when isolated toroids are
formed. Lower DNA concentrations would have been more favourable to separate collapse from
aggregation but it would have become difficult to find the objects in the glassy water film.

Besteman et al. (2007) measured the electrophoretic mobility of DNA (8 kbp, 5mg/ml) condensed by
varying amounts of spermine. In 10 mM Tris, the measured values turn form negative to positive
when the spermine concentration is increased and it is equal to zero for Csp = 1 mM. This explains
why the total DNA is aggregated at Csp = 1 mM since there are no repulsive interactions to keep the
chains isolated the ones from the others. For Csp values above and below 1 mM, the spermine-DNA
complexes are respectively negatively and positively charged and conditions are more favorable to
find isolated collapsed DNA chains in solution. In our experiments, we indeed favour the formation of
smaller aggregates by lowering the spermine concentration to Csp = 0.05 mM and found under these
conditions a few isolated globules and toroid. Conversely, we did not observe a significant decrease of
the aggregation when increasing the spermine concentration up to 100 mM. On the contrary, the
number of chains in a condensate shows a tendency to increase as the spermine concentration
becomes higher. In future experiments, considering the mobility measurements of Besteman et al.
(2007) recorded at lower Tris concentration, we could think of decreasing the molarity of the Tris
buffer to 1 mM to favor te formation of isolated condensed chains.

2. Kinetic effects
Porschke found that, when the DNA concentration is around 1 uM, there are “fast” (milliseconds
range) and “slow” (minutes range) processes in the DNA condensation, that represent the

intramolecular and the intermolecular associations, respectively. In our experimental conditions, we
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had no chance to catch the fast processes. Surprisingly, we did not observe any DNA condensation at
t=6s. After t =9 s, the intramolecular and intermolecular DNA condensation is at work to form small
globules, toroids, rods, and fine networks of fibers. We observed toroids smaller than expected for
one Lambda chain but our DNA concentration is rather high (0.03 mM) compared to that of Porschke.
Therefore, the discrimination between intra- and inter-molecular condensations is not clear. Our
small toroids may be made of DNA segments belonging to one or several chains. Freezing the samples
at early stages of the process was necessary to trap these small objects, but our method may have
introduced inhomogeneities in the ionic conditions. Let us comment the experimental set up. The
chain has a contour length of 16.5 um, with a radius of gyration (before addition of spemine i.e. in
good solvent conditions) significantly larger than the diameter of the holes in the carbon film (2 um).
DNA chains can then only marginally cross the carbon surface. lons instead, are in large excess (0.05
mM spermine x 4 (valency of the cation) = 0.2 mM positive charges) compared to 0.03 mM negative
phosphate charges and they can diffuse freely. They migrate through the holes to condense onto DNA.
If we consider an ideal diffusion of a spermine molecule by Brownian motion in a static fluid, the
process is governed only by Fick’s law, which describes the relation between the mean displacement
of the motion (/) and its requiring time (t) as * = 2Dt, where D is the diffusion coefficient. When we
take D = 4 x 10™'° m?/s, which is a value measured from a dye-labeled derivative of spermine (Ware et
al., 1988), we find t = 5000 s (1h 40 min) for a spermine molecule to travel 2 mm distance. This is a
very long time compared to the time scale of our experimental conditions, and cannot explain the
DNA condensation in 9-60 s. Now, if we take into account the possible micro-turbulent mixing of the
solutions through the micropores, caused by the osmotic pressure of the concentrated spermine, a
sub-millimeter range of active diffusion (let us take 100 um) is enough to make the spermine
molecules diffuse to all the volume of the solution in 12.5 s, which is a value in reasonable agreement
with our experimental results. Another effect that could decrease the diffusion time of spermine into
the DNA solution is that DNA may be attracted to the surface either by the negatively charged surface
of the mica (carbon coated grids are glow discharged to facilitate the spreading of the DNA solution)
or/and by the spermine cations which should also attract the DNA chains close to the carbon film.
The two effects may increase locally the DNA concentration close to the carbon surface and favor
aggregation versus collapse of the chains. To conclude, our time resolved experiments let us trap the
formation of very small toroids containing only part of one (or a few) Lambda DNA chain(s), usually
connected to uncondensed DNA molecules around. Besides toroids, we also noticed at shorter times
after mixing DNA and spermine another interesting effect: the stretching of the thin visible fibers. We
cannot rule out the possibility that DNA stretching occurs during the preparation of the thin cryofilm
but our observations rely on the observation of grids prepared using the same protocol. This
stretching of the fibers reminds us of the macroscopic stretching phenomenon that was coupled to
DNA aggregation of short DNA fragments upon addition of spermine to a solution of 50 nm DNA
fragments (unpublished observations). We also relate such observations to the remark by Porschke
(1984) noticing that “it is remarkable how fast the DNA is packed from a disordered wormlike coil to
an apparently well-ordered condensed state. It seems that the DNA can be compared with a string
which is kept under tension by electrostatic repulsion; upon release of this tension, the string
collapses almost immediately”. We hypothesize that the helical fibers presented on Figure 4g
correspond to events that occur very rapidly (and are therefore rarely trapped by freezing) during the
transition between the extended fiber and the collapsed toroid.

Experiments have been designed by others to follow the kinetics of a single DNA chain collapse, by
keeping a single DNA chain attached to a surface at one extremity, and by elongating the chain under
flow before addition of the condensing agent (protamine in this case) (Corzett and Balhorn, 1999). In
these experiments, DNA condensation starts always from the end of the stretched DNA, a
consequence of the non uniform tension distribution in such a configuration. Later on it has been
shown that DNA fixed to two beads is reeled in from the both ends at the same time upon addition of
spermine (van der Broek et al., 2010), in good agreement with the finding that the onset of DNA
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condensation is the formation of a DNA loop due to random fluctuations of the polymer (Besteman et
al., 2007). The design of experiments following this DNA chain collapse in the absence of any
stretching of the chain, and with the resolution of electron microscopy remains to be done. We will
show in the second chapter of this thesis that keeping DNA chains isolated the ones from the others
inside the protein bacteriophage capsid (see Leforestier and Livolant, 2009) is a strategy that may
resolve some of our experimental difficulties.

The overall increase of the sizes of the DNA condensates with time is consistent with previous reports
(Porschke, 1984; He et al., 2000; Lee et al,, 2001). At t = 20 s, the intramolecular or intermolecular
(among 3-5 chains) condensation is completed to form larger condensates with clear boundaries and
ordered internal structures. According to the TEM data by He et al. (2000) thick networks of the
toroids and bundles are formed after long condensation time (t = 30 min), and the tendency of
forming such large aggregates becomes stronger as the DNA concentration increases. Therefore, we
can imagine that, in our condition, the sizes of the aggregates would be even larger with longer
condensation time.

We observed that the ay values do not significantly change as time goes on (Csp = 0.05 mM).
Nevertheless, the degree of order seems to increase and this may be a consequence of the
stabilization and optimization process, the charge (spermine) redistribution along the DNA helix.
According to a Monte Carlo simulation by Porschke, the degree of spermine binding to DNA gradually
increases with time (up to seconds range), when the spermine-DNA association/disassociation rate
and the charge redistribution process (including sliding and/or hopping) are taken into the
consideration (Porschke, 1984). Furthermore, this charge redistribution can be a critical factor to
determine the morphology of a condensed DNA structure. For example, according to the simulation
report by Stevens, in a DNA condensate, a few sharper turns require less energy than many slight
bends, and the Coulomb energy also reduces when two segments of a DNA chain lie parallel (Stevens,
2001). Since the charge redistribution rate can be a major factor that determines the degree of
bending (and move from sharp turns into parallel configurations) of a semiflexible DNA chain, the fine
kinetics of charge association and redistribution can change the structure and morphology of a DNA
condensate even with a constant interhelical spacing.

From our observations, we hypoythesize that the events follow the sequence drawn on Figure 16: 1)
DNA chains are first stretched. Thin fibers (type 2) made of 2-5 chains aligned in parallel and observed
after 9 sec may be due to a combination of kinetic and ionic effects. The fibers would correspond to
DNA chains onto which spermine are condensed at amounts lower than the critical concentration
required to induce the collapse. This sub-threshold concentration of spermine (due to
inhomogeneous distribution of spermine ions) along the DNA would transiently increase
tremendously the persistance length of DNA. 2) The chain would secondarily coil into toroids with
intermediate undulation instabilities. The smallest toroids seen after 9s (in coexistence with the
stretched fibers) are sometimes uncompletely formed, with part of the Lambda chain still outside of it
(and visible in a few cases). Rods and rackets also correspond to intermediate (or alternative) steps in
the process of toroids formation. Fibers also aggregate laterally to form bundles, and we hypothesize
that their formation is favoured by the extension of the DNA chains. Their width increases with time
to form bundles that remain usually straight. Individualized toroids and rods are seen in coexistence
with the fibers at all steps of the process and they are most of the time sticked to the fibers/bundles.
In some cases, they seem to become part of them. The diameter of the toroids also increases with
time. The transient formation of these bundles may slow down but apparently does not prevent the
formation of the toroids. Toroids may contain more than one chain but they remain individualized in
the aggregates. We conclude that a transition occurs from fibers to bundles and to toroids.
Concomitantly, the internal organization of the condensates is often quite loose at the initial steps of
the process with visible fluctuations of the molecular orientations inside the fibers, rods and toroids
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although, in a few cases, striated domains are already visible after 9 s. The hexagonal structure is
usually well established after 20 sec as revealed by the striations that become frequent in most
bundles and toroids. The occurrence of the striated domains further increases with time. DNA chains
are thus almost immediately organized into a 3D hexagonal lattice. Since the macroscopic
reorganization of the aggregates still goes on, this means that the chains continue to reorganize and
move the ones with respect to the others. Striated and non striated domains correspond to a fluid
liquid crystalline state in a continuous process of reorganization. When time goes on, the DNA
hexagonal ordering is further improved and seen almost everywhere under favourable orientations of
the lattice, either in side or top views. For longer equilibration time (16 min), bundles are almost
completely retracted. Aggregates are mostly formed by toroids that were mostly individualized but
can secondarily fuse together to form cylindrical toroids (Figure 5). We present a schematic drawing
summarizing the different steps of this evolution of Figure 17.

& RODS 6

&..7 contraction BM 20
_ s
3 _ TOROIDS ﬁ

60 s

16 min

Aggregates of toroids
Fusion of toroids

Figure 17: Schematic drawing of the observed condensed objets at different times after addition of spermine (for a final 0.05 mM
spermine concentration). 9, 20 and 60 s correspond to identical protocols (addition of spermine on the opposite side of the grid) whereas
observations at 16 min were done after mixing the samples in test tubes. Arrows indicate possible transitions between these different
conformations.

3. Relationship between the shape of the aggregates and their internal structure
We observed that:

i) the morphology of the aggregates is related to their local structure and depends on the spermine
concentration.

The objects with the higher density are toroids, either isolated or aggregated, formed at low

spermine concentration, with ay values close to 2.88 nm. Bundles characterized by a larger interhelix
spacing (3.3 nm) are formed at higher spermine concentration. Based on previous observation
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(Durand et al., 1992; Pelta et al., 1996), we know that the hexagonal liquid crystalline state turns
cholesteric for interhelix distances ay above 31.5 A. According to Raspaud et al (2005), the cohesive
energy E/kT = 0.05 for a, = 2.9 nm (hexagonal phase) is over 3.3 times larger than E/kT = 0.015 for ay
= 3.3 (cholesteric phase). Such a decrease of the interchain cohesive energy unpon increase of the
spermine concentration follows the overcharging of the chains since the aggregates turn from
negative to positive upon increase of the spermine concentration (Besteman et al., 2007). The
decrease of the interchain cohesive energy, together with the overcharging of the chains that occurs
upon increase of the spermine concentration and leads to the hexagonal-cholesteric transition may
not be enough anymore to overcome the bending energy of the semiflexible DNA chains. Straight
DNA chains would aggregate laterally to form a multimolecular bundle with larger ay, probably in a
liquid crystalline cholesteric state. This toroid-bundle transition that we report here at 200 mM
spermine may correspond to a general behaviour since it was was also observed with CoHex (Conwell
et al., 2003). The authors report that the transition happened at approximately two times the ionic
strength when MgCl, was added instead of NaCl but they did not go further in the analysis of this
phenomenon.

Nevertheless, the existence of straight elongated bundles with short interhelix distances (ay = 2.88
nm) has been reported (Leforestier and Livolant, 2009). They were formed with long DNA chains
ejected from SPP1 viruses in the presence of 10 mM spermidine in a 10 mM Tris (pH 7.6) solution at a
DNA concentration much higher than in our experiments. Iwaki et al., using T4 DNA chains, also
reported how, for an identical spermidine (3+) concentration, toroids were preferentially produced at
low DNA concentration and bundles at higher DNA concentration (lwataki et al., 2004). High DNA
concentration of course favours the aggregation of the DNA chains and the consequent formation of
bundles. Under our experimental conditions, we have been able to differentiate the formation of
toroids and bundles as a function of spermine concentration, which is a completely different
phenomenon.

ii) DNA solubilized in excess of spermine forms a loose network

The networks of thin fibers observed above the redissolution line (Figure 3f; Csp = 400 mM) differ
from a classical solution of Na-DNA chains in the absence of spermine (not shown). The persistence
length of these fibers looks significantly larger than the 50 nm of isolated DNA chains. The
conformation of DNA in this high spermine concentration region has not been investigated yet
experimentally except by Trubetskoy et al. (2003). These authors proposed that the DNA redisolution
at high spermine concentration is due to the formation of small (< 100 nm) colloidal condensed DNA
particles that are suspended in the solution. They described bead-on-a-string structures that we
never observed. However, their experimental observations are done in a conventional TEM with
silver-enhancement and gold-labeling, which can modify significantly the electrostatic interactions of
the spermine-DNA system. On the other hand, lwataki et al. (2004) also have reported the generation
of network structure by mixing T4 DNA (5 uM) solution with a large excess of spermidine (0.5 mM) on
a glass plate by using fluorescence microscopy that they interpret as a kinetically “frozen” state due
to very strong effective attraction between the DNA chains (caused by the excess of spermidine). We
instead consider the phenomenon as a consequence of the decrease of the interchain attractive
interaction. The structure of the DNA condensate may evolve from the initial (precipitated) hexagonal
phase to the (precipitated) cholesteric phase, and finally to the soluble phase, accompanying the
corresponding morphological transitions from the toroids, globules, rods, and bundles, to the
dominantly bundles, and finally to the fibrous network, respectively.

As a conclusion, we analyzed by cryoEM the shape and the structure of DNA condensed by spermine
from the onset of precipitation up to above the resolubilization limit. We showed how the toroids are
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always hexagonal inside as opposed to bundles that may be hexagonal under conditions where they
coexist with toroids, and cholesteric (with a larger interhelix distance) at higher spermine
concentration, when toroids are not found anymore. The transition from toroids to bundles seems
therefore to be the consequence of a decrease of the cohesive energy resulting from the excess of
spermine cations. Hexagonal bundles coexisting with toroids may correspond instead to unstable
shapes that should ultimately transform into toroids. We extended the domain explored previously by
X-ray diffraction analysis of the DNA packing, and analyzed local scale deviations from a perfect
hexagonal packing of helices that we relate to a competition between helical twist and dense
hexagonal packing. We also analyzed the process of aggregation of toroids inside larger aggregates
and how different objects can merge together thanks to the fluidity of their liquid crystalline state
and to the necessary redistribution of condensed cations. In addition, helical instabilities of the
spermine-DNA chains together with toroids made of less than one DNA chain were trapped by
working with microvolumes and by freezing samples at very short times after the addition of the
condensing agent.
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Collapse of single DNA chains confined in protein bacteriophage capsids:
a cryoelectron microscopy study

ABSTRACT

The conformation of individual double stranded DNA macromolecules is monitored at the collapse
transition by cryoelectron microscopy. Unique DNA chains confined in the volume of the T5
bacteriophage capsid (80 nm in diameter) are collapsed by varying amounts of the polyamine
spermine (4+) that diffuses through the protein shell. In the coexistence region, between the region
where all chains are in a coil conformation, and the region where all chains are collapsed into toroids,
we show that intermediate states exist between the coil and the globule. “Hairy toroids” have been
imaged with part of the chain condensed in a toroid and the other part uncondensed around. The
measured interhelix distance is smaller in these uncomplete toroids than in the fully organized
toroids formed at higher spermine concentrations. We show that in the coexistence region two
parameters may adjust the global density of each chain: i) the balance between the condensed
(toroidal) and uncondensed segments along a given DNA chain and ii) the packing density in the
toroid.

INTRODUCTION

The DNA molecule is a semiflexible polyelectrolyte and exists in a coil conformation in “good solvent”
conditions because of its high charge density. As other polyelectrolytes, the molecule can be
collapsed into a globule. Numerous agents can produce the condensation of DNA in vitro (Bloomfield,
1996): the addition of alcohol that changes the quality of the solvent (80% alcohol in water is
commonly used), the addition of neutral crowding agents such as PolyEthylene Glycol (PEG) through
an excluded volume mechanism or the addition of multivalent cations (spermine, spermidine, CoHex),
cationic polypeptides and basic proteins. DNA condensation can also be obtained by interaction with
cationic amphiphilic liposomes.

The morphology of the DNA condensed particles has drawn much interest especially after the first
electron microscopy observation of the DNA globules (Gosule and Schellman, 1976; Chattoraj et al.,
1978) showing the frequent toroidal conformation of DNA, although spheres and rods were found
sometimes (Marx and Ruben, 1983). This interest has been renewed in the last years with the hope
to be able to control the size and charge of the genetic material for potential gene delivery
applications. Nevertheless, classical electron microscopy methods that require to dehydrate the
sample and to add contrasting agents ruled out high resolution studies. These limitations can be
overcome now by cryoelectron microscopy that keeps unchanged the water and ionic environments
of the molecule. Hud and Downing (2001) revealed how this method is powerful and well suited to
analyze details of the DNA chain conformation. Nevertheless, the systematic analysis of the globular
DNA conformations encounters other limitations. The collapse transition of individual chains must be
separated from the aggregation that involves several chains. Widom and Baldwin (1983) were able to
get rid of the aggregation effect by using Co®*(NHs)s as the condensing agent and by working at very
low concentrations of A-DNA concentration (below 0.2 pg/ml). Nevertheless, when spermine and
spermidine were used as condensing agents, it has not been possible to separate the collapse from
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the aggregation in conditions that were successful for Co**(NHs)s. Jary and Sikorav were able to
analyze the coil-globule transition before aggregation starts, by working at shorter times with
extremely low concentrations of DNA (50 ng/ml) (Jary, 1998). Nevertheless, such experimental
constraints prevent any systematic structural analysis of the DNA chain conformation.

Very little was thus known about the morphological changes of individual DNA chains during the coil-
globule transition until the development of high sensitivity methods of fluorescence microscopy that
were designed to follow the coil-globule transition of “giant” T4 DNA chains confined between slide
and coverslip. It happens that the addition of condensing agents —many have been tested— does not
modify the extended coil conformation of the chain up to a critical concentration where a few chains
start to collapse. Above a second critical concentration of the condensing agent, all DNA chains are
compacted in a globular condensed state. In the intermediate range between these two critical
concentrations, both coil and globule states coexist. In this coexistence region, and at low salt
concentration, the chain may stay in the coil conformation for a long period of time and suddenly
collapse, making possible to follow this transition at the level of individual chains. We described
earlier a method to perform high resolution cryoEM observations of individual DNA chains at a
reasonable DNA concentration, without aggregation (Leforestier et al., 2008; Leforestier and Livolant,
2009). We use the bacteriophage T5 and trigger its DNA ejection in vitro upon interaction of the
phage with its receptor. The ejection can be stopped before the ejection is complete. Fragments of
the chains, whose length ranges from a few hundreds of base pairs to the full genome (121000 bp)
are thus kept in each capsid (80 nm in diameter) and cannot interact with each other. The capsid
being permeable to water and ions, each chain is entrapped in its own dialysis bag and ionic
conditions can be reversibly modified. The conformation of the DNA chain changes accordingly. Using
this method, the aim of the present paper is to monitor the changes of the conformation of
individual double stranded DNA macromolecules at the collapse transition. We tested three
concentrations of the condensing multivalent ion spermine, 0.05, 0.1 and 0.5 mM. We show how the
tetravalent cation spermine induces the collapse of the chain inside the capsid, and how the
conformation of the chain depends on the concentration of the condensing agent. Not only toroids
with varying interhelix distances but also more complex conformations of the DNA chains are
observed, that may raise new questions on the underlying mechanisms.

MATERIALS AND METHODS

T5 wt bacteriophages were produced in E. coli Fsub+ and purified as described by Bonhivers et al.
(Boulanger et al., 1996). They were suspended at a concentration of 1x10° phages/ml in 10 mM Tris

pH 7.6, 1 mM MgCl,, 1 mM CaCl,. The protein receptor FhuA was purified as described earlier %'

MET7HY2IEIo 2K @EH- (Boulanger et al., 1996) and stored in 250 mM NaCl, 1% (w:v) octyl glucoside
and 10 mM Tris, pH8, at a concentration of 2.6 mg/ml. During the experiments, the detergent

concentration was kept constant at all steps of the procedures (either octyl glucoside (OG) 1% or
lauryldimethyl-amine N-oxide (LDAQ) 0.03%).

Partial ejection of DNA and condensation of the DNA chain inside the capsid. The preparation of the
samples is detailed in Figure 1. A concentrated solution of T5 bacteriophages (4.4x10" phages/ml) is
maintained at 4°C in the presence of the receptor FhuA at a final T5:FhuA ratio of 1:500 (to permit
the DNA ejection), 15% PEG 6000 (to apply an external osmotic pressure of 3.2 Atm that blocks the
ejection at intermediate steps, see (Leforestier and Livolant, 2010) and DNAse (Amersham Bioscience,
5 units/ml) to digest the ejected DNA. After 4h at 37°C, most phages have ejected a fraction of their
DNA. Each capsid contains a unique DNA fragments. A few other capsids are full or completely empty.
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A negligible volume of spermine solution is then added. Spermine diffuses through the protein capsid
and initiates the conformation change of the DNA chain in the confined volume of the capsid. The
sample is then diluted 4 times without changing the spermine and ionic concentrations and
equilibrated for 1h to a few days at 4°C before preparation of thin vitrified films.

To summarize, cryoEM observations of DNA chains inside bacteriophage capsids are done in 10 mM
Tris buffer pH 7.6, 7 mM NaCl, ImM MgCl, and 1mM CaCl,. The concentration of bacteriophages is
equal to 1.1x10" phages/ml (0.45 mM DNA Phosphates). We tested three concentrations of
spermine (0.05, 0.1 and 0.5 mM). Are also present in the buffer the protein receptor FhuA (0.07
mg/ml), PEG 6000 (3.75%) and DNAse (1.25 units/ml).

Buffer : 10mM Tris, 1mM MgCl2, 1mM CaCl2

2.5;1\ spermine solution
b.b bQ—»&i‘o. ° 9, 5
St Bete sac |,
| | & W@ |0 Sgr0—
IR e

Dilution
‘l.t’ 5.8 BVoN (29 97| (e :
- é : ':’
a b Negligible dilution C d
Sample Partial DNA DNA CryoEM
composition ejection condensation
(v=23u)4°C, 1h 37°C, 4h 4°C, 20min - A 1h-3days ;
| )
. 4.4 x102 phages/ml 1.1 x10%? phages/ml
1 S5u/m| DNAse 1.25 u/ml DNAse
2 0.3mg/ml FhuA 0.07 mg/ml FhuA
S 15% PEG 6000 3.75% PEG 6000
28mM Nacl 7 mM Nacl

Figure 1: Schematic drawing of the 4 steps experimental protocol. a) Composition of the sample incubated for 1 h at 4°C containing T5
bacteriophages, FhuA receptor, PEG 6000 and DNase. b) Ejection proceeds at 37°C during 4 hours under conditions where DNA is not
condensed. c) the addition of spermine induces the condensation of DNA inside the capsids. The low temperature and the DNA
condensation block the DNA ejection. d) A dilution of the samples is done before the preparation of thin films for cryoEM observations.
CryoEM observations are done in 10 mM Tris, 7 mM NaCl, 1 mM MgCl, and 1 mM CacCl,. Traces of divalent cations are required to maintain
the integrity of the capsids at the initial steps of the experiments.

Cryoelectron microscopy. 3 plL of the solution are deposited on a glow-discharged holey carbon grid
(Quantifoil R2/2, Jena, Germany). The grid is blotted with a filter paper for 2-3 seconds to remove the
excess of the solution, and directly plunged into liquid ethane cooled down by liquid nitrogen. During
the preparation of the samples, the temperature and relative humidity of the environment are kept
at 20-21°C and 89-96%, respectively, in a home-made device. Frozen samples are transferred into a
Gatan 626 cryostage (Gatan, Warrendale, USA) and observed in a transmission electron microscope
(JEM-2010, JEOL, Japan) operated at 200 kV. All images are recorded on Kodak SO163 negative films
under low dose conditions at a magnification of X50000 and 880 or 3000 nm underfocus, to image
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DNA packing and the overall shape of the objects, respectively. The films are developed in full
strength Kodak D19 for 12 minutes, and scanned with a Nikon Coolscan 9000 at a resolution of 4000
pixels/inch.

RESULTS

Imaging conditions have been chosen to optimize the contrast of DNA inside the capsid. DNA is
densely packed in full capsids and multiple domains can be recognized; they can be punctuated,
striated or uniformly grey. In the punctuated domains, where each point corresponds to a DNA
segment seen in top view, the hexagonal lattice can be recognized and the interhelix distances ay
measured directly (example of capsid 5 in Figure 2a that is full of DNA). In striated domains, the
interdistance d, with d = a,v3/2, corresponds to the reticular planes of the DNA hexagonal lattice. A
detailed analysis of the full capsid has been detailed elsewhere (Leforestier and Livolant, 2010).

Figure 2: CryoEM of DNA chains condensed inside the T5 bacteriophage capsids with various concentrations of spermine: 0.05 mM (d,d’),
0.1 mM (b,b’,c) and 0.5 mM (a). Part of the DNA molecule was ejected from the T5 bacteriophage (upon interaction with the receptor
FhuA) and the DNA segment kept in the capsid was secondarily condensed with spermine. The same capsids have been imaged with two
conditions: -880 nm (a, b’, ¢, d) and -3000 nm (b, d’) underfocus. The densities observed at large underfocus provide us with the
distribution of DNA in the 3D volume of the capsid, whereas details are resolved at -800 nm. Details of the DNA packing in the toroids are
enlarged (inserts). Scale bar = 100 nm in the figures and 10 nm in the inserts.
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Following the protocol described in Figure 1, we are handling a population of capsids, each
containing a unique DNA chain whose length ranges from a few thousands of base pairs up to the full
genome. Using the fact that the bacteriophage capsid is permeable to water and ions, we analyzed
previously the conformation of the chain under “good solvent” conditions, in the absence of any
condensing agent (Leforestier and Livolant, 2009) (where the chain occupies the whole capsid) and
after its collapse into a toroidal globule by 5 mM spermine (Leforestier et al., 2008). Our goal is now
to investigate the conformation of the DNA chain in a lower range of spermine concentration to
detect possible intermediate conformations between the confined globule and the dense toroid.
Among the 151, 49 and 108 capsids observed at 0.05, 0.1 and 0.5mM spermine respectively, we will
concentrate on the 74, 36 and 92 capsids partially filled with DNA.

For Cspermine = 0.5 mM, all incompletely filled capsids present toroids visible under multiple
orientations: side views (capsids 2 and 3), top views (capsid 6) and oblique views (capsid 4) (Figure
2a). The toroids present the characteristics described earlier: a hexagonal packing of the DNA
segments, a faceting of the bundle section, and the alignment of the reticular planes parallel to the
faces of the capsid (enlargements of capsids 3 and 6). Periodic striations with d = awV3/2, underlining
the reticular planes, are seen locally under favorable orientations (Figure 2a, capsid 6), as described
earlier (Hud and Downing, 2001; Leforestier et al., 2008). The length of each DNA fragment trapped
in the capsids can be determined when toroids are seen in side views, by measuring the diameter
and the section of the toroid -to determine its volume- and the interhelix distance ay. As an example,
the toroid in capsid 2, is made of a 5 um long DNA fragment. In most cases, the external diameter of
the toroid is fixed by the internal diameter of the capsid (toroids 2, 3, 7). As shown earlier longer
chains form distorted toroids, in good agreement with theoretical predictions (Tzlil et al., 2003).
Short DNA chains may form toroids with a diameter smaller than the capsid (toroids 1, 4, 6).

For Cspermine = 0.1 mM, we also recognize capsids filled with variable amounts of DNA (Figure 2b, c).
Toroidal DNA is seen along multiple orientations: top view (capsid 3 in Figure 2b), side view (capsids
1 and 4 in Figure 2c) and oblique view (capsids 2, 3 in Figure 2c), and better recognized at higher
defocus (Figure 2b, capsid 1). The local hexagonal ordering of DNA is still recognized but it is often
less defined than in toroids formed at 0.5 mM sp. The measured interhelical distance is also larger
and the facetting is not so clearly seen although the main reticular planes are still aligned parallel to
the capsid surface (enlargement of the hexagonal lattice in capsid 4 in Figure 2c).

For Cspermine = 0.05 mM, we notice a larger variation of the DNA chain conformation inside the capsids
(Figure 2d,d’). We still recognize the classical toroidal structures (capsid 1 with a short DNA length
and capsid 4 with a larger one). The local packing of DNA segments is less defined and does not
extend above the next neighbor (enlargement of capsid 4 in Figure 2d). In other side-views of the
toroids, we do not recognize the local hexagonal order at all. DNA is not hexagonally packed in the
toroid. In other cases (Figure 2d, capsid 3), DNA occupies a large volume of the capsid as also
observed in the absence of condensing ions (Leforestier and Livolant, 2010). Nevertheless, the
content of the capsid looks more granular than usual and this is better seen in highly underfocused
images (-3000 nm) (Figure 2d’). In such cases, we suspect that segments of the chain may stick side
by side along short distances to form localized thin bundles connected by single DNA segments. This
granular aspect of DNA would correspond to an intermediate conformation between the confined
coil and the initial step of the toroid formation. In many other capsids, the DNA chain adopts more
complex configurations as in Figure 2d,d’ (capsid 2 for example). It happens that there is a continuum
of conformations between a complete disordered isotropic organization and a quite well defined
toroidal structure. In some capsids, DNA may adopt an intrachain segregated structure with part of
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the chain being collapsed and the other one being extended. Due to their loose structure, these DNA
chains are much more difficult to image.

We present on Figure 3 a selection of pairs of toroids imaged first at 800 nm underfocus to observe
details of the structure (Figure 3a-f) and secondly at -3000 nm to get more contrasted images (Figure
3a’-f’) in order to determine the contour of the condensed DNA. For each spermine concentration,
we selected a representative toroid seen in top view and another one in side view. There is no
ambiguity to identify the limits of the toroids formed at 0.5mM sp, either in top and side views
(Figure 3e,e’-f,f’). DNA is highly compacted, forms a regular hexagonal lattice (ay= 2.85+0.03 nm)
that leads to well-defined parallel striations that extend from the inside to the outside of the bundle
along identified sectors of the toroid. In contrast, boundaries of the toroids are fuzzy at 0.05mM
(Figure 3a,a’-b,b’), the DNA lattice is ill-defined with larger interhelix distances (ay= 3.24+0.09 nm).
The local lateral striations are seen very locally and do not extend over the whole diameter of the
bundle. Unexpectedly, DNA densities are also visible in the core of the top view toroids. They are
easily seen at large defocus (Figure 3a’) and then recognized at lower defocus (Figure 3a). This non-
toroidal DNA is also detected in side views above and below the toroid (Figure 3b’, arrows). To
establish unambiguously the presence of this uncondensed DNA, it appeared necessary to compare
the signal coming from the uncondensed DNA around the toroid with the signal recorded in the
empty capsid. We present in Figure 4 one capsid containing a toroid seen in top view and one empty
capsid surrounded by a homogeneous film of vitrified water. Profile plots of two rectangular domains
of identical dimensions have been recorded using Imagel) on the scanned micrograph recorded at -
3000 nm defocus. The fluctuations of the grey signal are low in the vitrified film of water (colored in
grey) and in the empty capsid (blue) with a very modest difference between the two mean values
that corresponds to twice the thickness of the protein capsid wall. By comparison, the signal from the
toroidal DNA (yellow) is higher as well as the signal coming from the uncondensed DNA close by
(orange). Even more significant are the fluctuations of the intensity coming from the phase contrast
imaging mode and visible only when DNA is present. Therefore, we can conclude that part of the
DNA is not condensed in the toroid and occupies the remaining free volume. We cannot precise
whether this non-toroidal DNA is in a coil configuration or locally collapsed. In many capsids, we also
detected non-toroidal DNA at the intermediate 0.1 mM sp concentration (Figure 3c-d’, arrows). For
this spermine concentration, ay=2.99+0.06 nm. We may roughly estimate that this non-toroidal DNA
would represent about 0-20% of the DNA chain in 0.1 mM spermine and 40-100% at 0.05 mM
spermine. The number of capsids that we analyzed is not large enough to determine whether the
amount of non-toroidal DNA depends on the total length of DNA inside the capsid. These “hairy”
toroids have been observed 1h and also 3 days after addition of spermine. We did not check their
presence for longer equilibration time, and therefore we cannot certify that the equilibrium
conditions were reached.
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Figure 3: Comparison of DNA conformations in the capsid for multiple spermine concentrations: Csp = 0.05 mM (a, @’, b, b’), 0.1 mM (c, c’,
d, d’) and 0.5 mM (e, €/, f, f'). Micrographs were taken at two underfocus values in order to estimate the volume occupied by the chain (z =
-3000 nm, a’-f’) and to visualize its local organization (z = -800 nm, a-f). For each spermine concentration, top views (a, a’, c,c’, e, e’) and
side views of the toroids (b, b’, d, d’, f, f') have been selected. The volume occupied by the DNA chain depends on the spermine
concentration. Compared to Csp = 0.5 mM, were all DNA is concentrated in the toroid and shows a local hexagonal lattice (f), a non-
condensed part of the DNA molecule is seen outside of the toroid in at Csp = 0.05 mM (a, @', b, b’) and at Csp = 0.1 mM (c, ¢/, d, d)
(arrows). Scale bar = 50 nm.
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Figure 4: Comparison of the intensity profiles of two half capsids (in 0.05 mM spermine), one containing a DNA chain partly condensed into
a toroid (1) and one completely empty (2). The signals coming from DNA (orange for the uncondensed chain and yellow for the condensed
toroid) can be distinguished from the background signal (the empty capsid in blue) that is itself only very slightly above the signal from the
vitrified film of water (grey). Signals were recorded using Image) on a -3000 nm defocus micrograph scanned at 4000 pixels/inch.

DISCUSSION

CryoEM of individual DNA chains trapped in the semi-permeable capsids let us explore the
conformation of the DNA chain in the region where coils and globules coexist (0.05 and 0.1 mM sp),
between the region of pure coils, in the absence of any condensing agents (Leforestier and Livolant,
2010) (11) and the region where all chains form toroids (0.5 mM sp in this work and 5 mM sp in
Leforestier et al., 2008) (Figure 5a).

Domain of coexistence between coils and globules

The coexistence of coils and globules has been reported long ago by Gosule and Schellman (1978) by
analyzing flow linear dichroism signals of very dilute T7 DNA solutions to which increasing amounts of
the polyamines spermidine and spermine were added under low ionic strength conditions (2 mM
monovalent ions). It was also observed by Post and Zimm (1982) by light scattering experiments with
magnesium in ethanol-water solvent. More recently, Yoshikawa and coworkers observed directly the
coexistence of “giant” T4 molecules coils and globules by fluorescence microscopy in highly dilute
solutions with a large variety of condensing agents (Ueda and Yoshikawa, 1996; Minagawa et al.,
1991; Melnikov et al., 1995; Yamasaki et al., 2003). When long DNA chains are condensed by the
tetravalent polyamine spermine (sp), the transition region between the two extreme states of pure
coils and pure globules is rather narrow compared to the divalent and trivalent polyamines
(Takahashi et al., 1997). Jary and Sikorav (1999) also studied by sedimentation the conformation of
Lambda DNA chains. They defined five regions for increasing spermidine (spd) concentrations. In two
of them coils and globules coexist, on both sides of the region of pure coils.
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Figure 5: Schematic representation of our observations: coils (below 0.05 mM sp), toroids for Csermine 2 0.5 mM and multiple states in the
coexistence region (0.05 and 0.1 mM sp).

Multiple globular states

CryoEM makes possible to analyze the conformation of the chain as a whole and the local DNA packing inside
the globule as well.

- Variation of the interhelix distance. The interhelix distance ay measured in the toroids decreases from
3.24+0.09 nm at 0.05mM sp to 2.99+0.06 nm at 0.1 mM sp and to 2.85+0.03 nm at 0.5 mM sp. An analysis of
variance to compare the means of the three series of data reveals that there is a significant difference
between them (p < 1.4 x10”). Pairwise comparisons of the means shows that each mean is significantly
different from the others (p value < 0.04 in the three comparisons). For comparison, ay was equal to 2.84 nm
in toroids formed with 5 mM sp in 10 mM Tris, 10 mM MgCl,, 1 mM CaCl, (pH 7.6), to 2.88 nm with 5 mM sp,
10 mM Tris, 1 mM MgCl,, 1 mM CaCl,, 100 mM NaCl) (Leforestier and Livolant, 2009) and also to 2.8 nm when
DNA was condensed with 0.1 mM Co(NHs)g in 10 mM Tris, 1 mM EDTA, pH 7.0 (Hud and Downing, 2001). The
measured decrease of the interhelix distance with the spermine concentration can be compared to the X-ray
data collected earlier with short DNA fragments in the high DNA concentration regime (around 90 mM DNA
Ph) (Raspaud et al., 2005; Todd et al., 2008). Starting with Na-DNA, a fraction of DNA is aggregated at spermine
concentrations above 15 mM (i.,e. 60 mM positive charges) close to the charge compensation and was
collected for diffraction experiments. The interhelix distances decreases first until all condensed monovalent
counterions ions are replaced by spermine, and further increases. In our experiments, DNA was neutralized in
the capsid mostly with Na counterions, but divalent ions were also present to maintain the stability of the
capsids at the initial stages of our experiments. We also worked with a larger concentration of added salt (10
mM Tris, 7 mM NaCl, 1 mM MgCl,, 1 mM CaCl,) compared to 10 mM Tris in Raspaud et al experiments. Our
experiments are also performed at lower DNA concentration, 0.45 mM phosphate (0.15 mg/ml) compared to
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90 mM phosphate. This DNA concentration takes into account the total volume of the sample, with the DNA
inside the capsids and also the nucleotides outside of the capsids that result from the nuclease activity.
Nevertheless, this concentration seems to be high enough to follow the progressive release of the initially
condensed monovalent (and divalent) counterions upon addition of spermine. As reported before, the
presence of monovalent counterions initially condensed on DNA controls the interhelix distance (Raspaud et
al., 2005). The fact that spermine is added directly to the DNA solution in Raspaud et al experiments whereas
spermine is added here to the buffer around the capsids that act as dialysis bags does not matter because
added spermine cations freely diffuse through the capsid and immediately condense onto DNA. Nevertheless,
since we are working with small volumes of buffer around the capsids, we must consider not only the
spermine concentration in the buffer but also the charge ratio. Considering the 4 charges carried per spermine
molecule, the concentrations used in our experiments (0.5, 0.1 and 0.05 mM sp) correspond respectively to 2,
0.4 and 0.2 mM positive charges. Compared to the 0.45 mM negative phosphate charges, there is enough
spermine to neutralize all phosphate groups with 0.5 mM spermine, whereas 0.1 and 0.05 mM sp do not
permit to fully neutralize DNA.

In this transition region, we measured a significant variation of the interhelix spacing by changing the ionic
conditions. The largest distances are compatible with a cholesteric instead of a hexagonal liquid crystalline
organization of DNA in the globule, and agree with the predicted possible coexistence of several globular
states of DNA (Grosberg and Khokhlov, 1994).

- Conformation of the chain. In the coexistence region, we observe a continuum of DNA conformations
between the pure coil that occupies the entire volume of the capsid and the fully toroidal globule (Figure 5b).
In many cases, the single chain forms “hairy toroids”, the chain being partly in a coil and partly in a toroidal
conformation. This situation corresponds to an intra-molecular phase transition. The length of the DNA
segments in the coil and in the toroid varies. We suspect that the ratio Loid/Ltotal ranges from 0 to 1 but
guantitative measurement have not been undertaken yet. For this, we need to handle a population of capsids
containing DNA segments of identical length. Bacteriophages such as Lambda should be used for that purpose
since they have been shown to eject a DNA segment of a given length for each applied osmotic pressure
(Evilevitch et al., 2005), as opposed to T5 for which the ejection stops at several steps for a given applied
pressure (Leforestier et al., 2008).

These two parameters, the ratio between the coil and the toroidal DNA fragments, and the interhelix spacing
in the toroid determine the density of the DNA globule. Our observations agree with measurements of
sedimentation coefficient (Cs) of A-DNA globules condensed by spermidine in 10 mM Tris buffer at a
concentration of 50 ng DNA/ml (Jary, 1998; Jary and Sikorav, 1999). The authors reported the coexistence of
globules with Cs = 180S with coils of a much lower density (40S) in the coexistence region. Their density
increases up to 380S in the domain where all chains are condensed into globules. The increase from 180S to
380S likely reflects mostly the decrease of the interhelix spacing with the variation of the spermidine
concentration. The visualization of intermediate states of monomolecular condensation reveals that the
collapse transition is not a two state reaction, in agreement with measurements of the diffusion coefficient of
Lambda chains collapsed by Co**(NH;)s through the transition zone, in solutions equilibrated for 16h (Widom
and Baldwin, 1983).

Based on many fluorescence microscopy experiments, it was shown that the DNA collapse transition can
proceed by one of two ways, either i) a direct transition from the coil to the globule or ii) via an intermediate
intrachain segregated state. Using chitosan polycations as the condensing agent, Philippova et al showed how
the intrachain segregation between condensed and extended fragments occurring in the low salt regime can
switch to a discrete transition in the high salt regime (Jary and Sikorav, 1999). For polyamines, the situation
seems unclear yet. Using T4 DNA chains (166 kbp) Takayashi et al. (1997) reported that the collapse transition
was discrete on the level of individual chains (in 30 mM Tris with 10 mM NaCl, pH 6.0). Later on, Iwaki et al.
(2008) predicted that a folded chain would appear accompanied by unfolded fragments of non-negligible size

76



77

at a high concentration of salt (10 mM monovalent salt and above). Their experimental observations, using T4
chains and no Tris buffer, supported these predictions. High resolution fluorescence microscopy is a very
powerful method allowing the simultaneous observation of a large number of individual chains. Nevertheless,
the resolution of fluorescence microscopy is limited due to the blurring effect and may explain the difficulties
to identify the nature of the transition in some cases, as reported by Iwaki et al. (2008). In addition, this
method requires the presence of dyes that may interfere with the DNA electrostatics.

Classical Electron microscopy has also been widely used over the years. It requires multiple steps of
preparation (adsorption on a positively charged surface, dehydration and addition of charged contrasting
agents such as uranyl acetate). Despite these limitations, we should mention the description of a few globules
connected to disperse DNA around, that the authors suspected to be incompletely formed or in the process of
being unraveled (Jary, 1998). These may correspond to our “hairy” globules. Interestingly, partially folded
chains of T4 DNA chains were also observed by AFM between the elongated coil and the condensed globule
for intermediate concentrations of the condensing agent (a dimeric gemini surfactant) (lwaki et al., 2008).

To our knowledge, this is the first high-resolution observation of DNA chains at the coil globule transition
revealing the presence of an intramolecular phase transition upon addition of polyamines. In addition to the
increased resolution, the interest of cryoEM is to control the ionic environment of the chain and to avoid the
presence of dye and the adsorption of the chains onto surfaces.

Does the confinement modify the conformation of the DNA globule?

In fluorescence experiments, the DNA is confined between slide and coverslip, which leads to the “extended
coil” configuration of the chain, which may sometimes be additionally stretched under flow (Miyazawa et al.,
2005). Under such conditions, the presence of multiple toroids along the chain was reported sometimes upon
addition of condensing agents (lwaki et al., 2008; Brewer et al., 1999). Other experiments (Zhang et al., 2009)
reported how DNA chains confined in nanochannels first elongate and finally condense into a globule (whose
detailed structure cannot be analyzed for experimental reasons). In this case, the condensation was induced
by macromolecular crowding. In our experiments, the confinement of the chain in the quasi-spherical volume
of the capsid is isotropic and should mimic more closely the confinement of the chain that exists in any living
systems.

Biological interest of a complex globular conformation of DNA

In the coexistence region were the complex globule configurations are observed, spermine cations are not in
sufficient amount to collapse the total DNA. Due to the cooperative effect of the counterions, part of the chain
is saturated with spermine (and its charge close to neutrality) while the other part is still highly negatively
charged with no (or low amounts of) condensed spermine. The loose globule is therefore made of a neutral
domain (the toroid) and of negatively charged hairs (the coil segment). Kundagrami and Muthukumar (2010)
reported in other systems how the collection of counterions by the collapsing polymer occurs in tandem with
the polymer collapse and how there is a unique mapping between the effective charge and the average coil
size. From a biological point of view, DNA chains are always confined in the cell nucleus, and exposed to low
amounts of condensing polycations and other condensing agents. These complex conformations of the globule
are therefore of the highest interest because the coexistence of neighbouring condensed /uncondensed
segments of the chains together with a fine regulation of the interdistance and nature of the DNA/DNA
interactions should provide a fine regulation of the control of the activity of the molecule.
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GENERAL DISCUSSION AND CONCLUSION

The two parts of this thesis correspond to different experimental conditions. In the first part, |
analyzed long DNA chains diluted in the bulk and followed their collapse and aggregation upon
addition of varying amounts of spermine. In the second part, | analyzed long DNA chains already
confined in the capsid of the phage before addition of the condensing spermine. The initial
conformation and environment of the DNA chain was therefore different in the two series of
experiments. The chain was in a coil configuration in bulk experiments (in the dilute regime since

CDNA =

10 pg/ml < C" = 33 pg/ml). Under confinement, the DNA molecule cannot be in a classical coil

configuration because its end-to-end distance is much larger than the capsid dimension.

In bulk experiments (part 1), | have observed that:

(1) The shape and the structure of the DNA condensates (toroids, globules, rods versus bundles)

(2)

can be controlled by the polycation (spermine) concentration.

By x-ray diffraction, it had been previously known that the structure, which is represented by
the interhelical spacing au, depends on polyamine, salt (NaCl), and DNA concentrations
(Raspaud et al., 2005). | have found that the morphology of the condensate, depends on the
spermine concentration as well. We showed that toroids present always a local hexagonal
structure. Bundles instead are probably cholesteric.

There exists a fine network of DNA fibers which are composed of 2-4 DNA chains in the
redissolution regime.

In previous studies using light scattering and x-ray diffraction, it was assumed that the DNA
precipitates re-enter the soluble state. Recently, there have been two studies that report the
existence of small (<100 nm) colloidal DNA particles (by TEM, Trubetskoy et al., 2003) or the
DNA network (by fluorescence microscopy; lwataki et al., 2004) in a large excess of spermine
or spermidine. Using cryo-EM, | have confirmed the existence of the DNA fiber networks
above the redissolution limit and imaged them with high resolution without using any
contrasting or staining agents.

(3) The dimensions of the DNA toroids and bundles can be controlled by the reaction time.

It was shown by light scattering experiments that the size of the DNA aggregates increases
with time (Widom and Baldwin, 1983; Porschke, 1984; He et al., 2000; Lee et al., 2001), and |
confirmed their observations with cryo-EM. Furthermore, | observed the increase of the
thickness of the toroids and bundles and the increase of the toroid diameter with time.
There is a recent time-resolved cryo-EM study of the morphologies of DNA condensed with a
cationic dendrimer (Carnerup et al.,, 2009), but the analysis of the evolution of the
condensates dimensions is lacking.

(4) The variation of the interhelix distance with the concentration of spermine.

| confirmed by cryoEM measurements the X-ray data collected by Raspaud et al (2005). In
addition, | enlarged the explored range of spermine concentration to lower and larger values,
showing a low increase of the ay value at the lowest spermine concentration and a significant
increase of ay for the highest explored spermine concentrations. Ainalem et al. (2009) and
Carnerup et al. (2011) have recently investigated the changes in the size and morphology of
the DNA condensates with cationic dendrimers of varying charge by using cryo-EM, which
are similar approaches to my study but do not focus on the changes in size/shape and
structure (ay) on the dissolution-precipitation-redissolution phase diagram.
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(5) I found conditions (reaction time <10 s) in which monomolecular toroids are formed.
It was known that the monomolecular and the multimolecular condensations cannot be
separated during the aggregation process when the condensing agent is spermine or
spermidine (Widom and Baldwin, 1983). However, in my observation, isolated toroids were
obtained when samples are frozen within less than 10 seconds.

Under confinement of DNA chains inside the capsid, | observed

1) Original conformations of a unique DNA chain.
In the coexistence regime between the regimes where all chains are in a coil
conformation and the regime where all chains are fully collapsed toroids, there exist
“hairy” toroids that have condensed and uncondensed segments coexisting along the
same DNA chain.

2)  Adecrease of the interhelical distances when increasing the spermine concentration.

Previously, several confinements have been applied to DNA chains (liposome, viral capsid,
nanochannel, and liquid droplet) before condensing DNA. It happens that the confinement
contributes to the condensation process: reducing nanochannel width (Zhang et al., 2009) or
decreasing liquid droplet diameter on a mica surface even without any condensing agent
(Hou et al., 2009) can facilitate the DNA chain collapse. The originality of our work comes
from the fact that we performed experiments with high resolution (compared to
fluorescence microscopy methods) and that we kept ionic conditions unchanged which are
not possible in classical TEM observations that require dehydration and staining of the
sample. We showed that the T5 capsid confining the DNA chain is likely to influence the DNA
collapse process.

Apart from the confinement effect that we discussed above, how can we compare these two sets of
experiments? Let us first summarize similarities and differences in the two series of experiments (se
also Table 1):

- We used long DNA chains in both cases (48.5 kbp lambda chains in part | and 12-54
kbp T5 chains in part Il). The DNA length is considered by theoreticians as a critical
parameter for the coil-globule transition and the size/morphology of the collapsed
globule (Post et Zimm, 1982; Stukan et al., 2003). Nevertheless, we do not consider
that the difference in DNA length is significant here compared to the other
parameters that differ between the two sets of experiments.

- We used spermine as the condensing agents in both series of experiments as well,
under ionic conditions that can be considered as low monovalent salt conditions in
both cases. The addition of 7 mM NaCl and very low amounts of divalent cations (1
mM CaCl, and 1 mM MgCl,) to 10 mM Tris was required to maintain the stability of
the bacteriophage capsid but has minor affects on the condensation process.

More important are two other parameters, the initial DNA concentration and the +/- charge ratio.

82



83

In order to prevent the aggregation of the chains in bulk experiments, the DNA
concentration was fixed at the lowest possible concentration (10 pg/ml, i.e. 0.03
mM phosphates). Lower concentrations would have been even better but they
were incompatible with cryoelectron microscopy studies since it was necessary to
find enough objects in the cryofilm after condensation. For experiments in part Il it
was not necessary anymore to work with low DNA concentrations because each
chain is trapped inside its capsid and cannot interact with the others. The initial
DNA concentration inside the capsid is high, and ranges from 0.4 to 1.6x10° pg/ml
(40-160 mg/ml i.e. 120-480 mM phosphates) because of the small dimensions of
the capsid (diameter 80 nm) that contains the DNA chain (15-24 kbp in the
conditions of our experiments). If we consider the DNA concentration in the
solution of phages (1x10™ phages/ml), it is close to 0.45mM Ph under our
conditions of imaging.

The DNA concentration is an important parameter because the spermine
concentration (Cyrecip) that triggers the DNA precipitation varies with the DNA
concentration (see the phase diagram in Raspaud et al, 1998). The Cpip is constant
in the low Cpya regime (<0.1 mM Ph) and increases with Cpya in the intermediate
Cona concentration regime (0.1-10 mM Ph). It also increases with spermine in the
high DNA concentration regime but the slope is different.

We also explored two different ranges of charges ratio. In bulk experiments (part I),
the positive charges (4+ for each spermine) were in excess in the solution for all
experimental conditions (+/- ratio ranging from 6.7 to 5.3x10%), whereas in
experiments with capsids (part Il) the negative charges (1 for each phosphate) were
in large excess in the solution (+/- ratio ranging from 1.7x10° to 4.2x10™). This
should be true also inside the capsids if we hypothesize that all spermine cations
are condensed onto DNA, but we do not have access to this information. This
means that experiments in part | are all done above the precipitation line (see the
phase diagram) and that experiments in part Il are done close to the precipitation
line (just below or just above). The charge ratio has been traditionally thought as a
key parameter in the theories of polyelectrolyte behaviors regarding DNA
condensation, in which undercharging, neutralization and overcharging are related
to the ionic distributions and determine the interchain forces (Oosawa, 1968,
Manning, 1969).

PART | PART Il

Long DNA chains

48.5 kbp

12-54 kbp

Condensing agent

Spermine (4+)

Spermine (4+)

Similar ionic conditions

10 mM Tris & 1 mM EDTA

10 mM Tris, 7 mM Nadcl,
1 mM MgClI2, 1 mM CaCl2

Different +/- charge ratios 6.7-5.3x10"

(Excess of + charge)

0.2-2

(Excess of — charge)

Different DNA concentrations

Low (10 pg/ml)

High (0.15 mg/ml)

Different physical environments

Bulk experiment

Confinement within phage capsid

Table 1: Comparison of the main characteristics of the two experiments:
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We present on Figure 1, a graphical comparison of conditions where experiments have been
performed, based on the phase diagram.

3 2 1
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Figure 1: Experimental conditions and results are presented on the phase diagram. Domains indicated by the double arrows 1, 2 and 3
correspond respectively to the high, intermediate and low DNA concentration régimes described in Raspaud et al. (1998).

Experiments in part | of this thesis have been done in the low DNA concentration regime (small red
crosses in light blue zone, in regime 3). Experiments in part Il have been done at a higher DNA
concentration and we may be dealing either with regime 2 or regime 1. Indeed, if we consider the
whole sample (the capsids and the buffer around), the concentrations are respectively 0.45 mM Ph
DNA and 0.05-0.5 mM spermine, we are in the intermediate regime (large blue crosses in regime 2).
Interestingly, we see that we are really close to the precipitation line. Therefore, the confinement of
DNA does not modify much (if it does) the critical concentrations at which occurs the DNA
condensation. We cannot discuss his point more precisely because of possible errors in our
measurements because we handled very small volumes of the capsids suspension in our experiments.

We could also consider the DNA concentration inside each capsid, and in this case we would be
dealing with the high DNA concentration regime (1) (blue circle on Figure 1) but we lack precise
information about the spermine concentration inside the capsid to consider this situation in detail.
Nevertheless there are some arguments suggesting that it would be more realistic to consider these
local concentrations. Indeed, when we follow the evolution of the interhelix spacing, we notice how
the ay value decreases while increasing the spermine concentration. This behavior mimics what was
described in the high DNA concentration regime only (Raspaud et al., 2005) and interpreted as a
progressive release of the large number of condensed monovalent cations Na+ upon addition of
more and more spermine. It would be interesting to perform more experiments to explore how
varies the DNA packing inside the capsid under a larger range of ionic conditions.
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In both systems, it has been shown that the condensed morphology and local structure of DNA chains
can be effectively changed by ionic environments. We recall that there are multiple local
concentrations of DNA in a living cell with various ionic environments (mono and multivalent cationic
species). This study may imply that dynamic DNA conformations can exist in vivo with varying
concentrations of the multivalent cations (for example spermine and other polyamines).

There are two different fields of applications of this study.

First, this study can be a model system mimicking real biological genetic processes, because, the
genetic material is always condensed and confined in vivo: chromosomes in eukaryotic cells, DNA in
bacterial nucleoids, and DNA chains in viruses. The confinement effects remain to be analyzed in
detail and simplified systems such as the bacteriophage may provide an interesting tool for
approaching the phenomena.

Second, we may think of applications in the field of gene therapy. The main objective being to design
nano-scale condensed objects of genetic materials in order to vectorize them into living cells, the
concept of DNA condensation is essential. It has been proven in this study that it is difficult to
prevent DNA aggregation, and that it is necessary to keep DNA molecules isolated by confinement or
by other protocols. In this context, our study may give a direction for future investigations.
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La 4°™ page de la couverture doit comporter :

@ Un résumé de la these (3-4 lignes)

By using cryo-electron microscopy, we analyzed the morphology and structure of long double-stranded DNA
chains condensed upon addition of varying amounts of the tetravalent polycation spermine (polyamine).
Experiments have been performed i) with chains diluted in the bulk and ii) with individual chains confined in

the bacteriophage capsid.

@ Une liste des mots clés relatifs au sujet de la thése

DNA condensation, cryo-electron microscopy, spermine, bacteriophage, toroid, liquid crystal

@ Le nom du laboratoire de rattachement

Laboratoire de Physique des Solides, UMR CNRS 8502

Université Paris-XI, Centre d’Orsay, France
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