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The molecular support of genetic information, DNA, has to be packaged and organized inside the tiny
volume of nuclei, cells, or virus capsids, in an ordered and dynamical way. Evolution has favored
different strategies in different kingdoms: a liquid crystal ordering mechanism prevails in viruses; strong
entanglement due to supercoiling is the main compacting strategy in bacteria; the building of

a hierarchical and tunable architecture mediated by DNA-protein interaction constitutes the main
compacting mechanism in archaea and eukaryotes. The interplay between these different strategies is
however much more complex than at first sight and all these strategies can be used in a synergistic way.
All of them have to deal with the same elementary physical constraint which hinders compaction:
electrostatic repulsion due to the high line charge density of DNA. In this review, we will show how this
apparent weakness can be turned into a strength in order to compact this long molecule in a functional

way.
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1 Introduction

Genetic information is encoded essentially in the DNA double helix.
The genetic material has to be packaged inside the tiny volume of the
cell, and specific sequences have to be retrieved at will for physio-
logical purposes. The genetic material is therefore embedded in an
orderly and dynamically retrievable architecture. Knowledge of the
physical principles and the molecular machinery that govern the 3D
organization of this structure and its regulation is key to under-
standing the relationship between genome structure and function.
DNA is one of the most highly charged polyelectrolytes, and also
one of the stiffest polymers. How both these physical constraints
have been overcome and actually turned to good account during
evolution of living organisms is the focus of this review.

If DNA is the genetic support for all living organisms, the way it
is organized in the available space may differ considerably from
viruses to prokaryotes (organisms that lack cell nucleus, generally
unicellular, as bacteria), to archaea (again nucleus-lacking unicel-
lular organisms, but having an independent evolutionary history),
to eukaryotes (organisms having a cell nucleus, including multi-
cellular organisms). Different organisms achieve different DNA
compaction levels. To quantify this compaction level, one can
define two different quantities (see Table 1). As shown in Table 1,
the various biological compaction strategies implemented among
the different organisms cannot be reduced to the coil-globule
transition of a polyelectrolyte but involve instead architectural
proteins that constitute the very folds of a “molecular origami”.

The paper is organized as follows: in Section 2, we present the
molecular actors (DNA, ions, water, proteins) and describe the
elementary electrostatics features involved in their interaction. In
Section 3, we discuss how electrostatics may drive three funda-
mental mechanisms involved in genome condensation, namely
DNA supercoiling, the building of an architecture by DNA binding
proteins (BPs) and liquid crystal ordering of DNA and proteins.
The way how different condensation mechanisms are implemented
in vivo in different kingdoms (viruses, prokaryotes, eukaryotes and
archaea) is then discussed in Section 4. Section 5 is devoted to
deeper insights into the functional tuning allowing regulation of
DNA compaction, again focusing on the role of electrostatics.
Finally, in Section 6 we reexamine the overall scenario from an
evolutionary perspective, and draw a few conclusions.

2 DNA, proteins, ions and their electrostatic
interactions

2.1 DNA in solution and Manning condensation

Double stranded DNA (dsDNA) is a highly charged poly-
electrolyte of —2e per base pair, each elementary charge

belonging to one backbone phosphate. It is also one of the stiffest
polymers in nature. The high charge, together with the cylinder-
like shape of DNA, induces the formation of a condensed
counterion atmosphere around the dsDNA “cylinder”. In the
70s, Manning introduced a theoretical approach to calculate the
condensed counterion density,**' and showed that condensation
depends on the value of the Manning parameter & = gAlg, where ¢
is the counterion valency, A the effective line charge density of the
rod and /g = 7 A the Bjerrum length in normal temperature
conditions (the Bjerrum length is defined as the separation at
which the electrostatic interaction between two elementary
charges is comparable in magnitude to the thermal energy scale,
kgT). If £ < 1, the bare charge on DNA is not enough to over-
come the entropic cost of binding for counterions and they
escape from the polyelectrolyte whereas if £ > 1 a counterion
condensation is predicted and the rod line charge density is
expected to be renormalized as A = (¢/g)~'. In the case of
a monovalent salt, Manning theory predicts that, due to the high
DNA charge, the number of condensed monovalent counterions
is 0.76 per DNA phosphate charge, independent of the added salt
concentration. The counterion density around DNA is therefore
of about 3 positive charges every 2 base pairs, this resulting in
a linear charge of —e every 0.68 nm or, alternatively, in an
average surface charge apna = —e nm 2 Note that temperature
may vary considerably from one organism to another. This will
change in turn the Bjerrum length and the Manning parameter &
accordingly. Different strategies will therefore be used in
different organisms to deal with DNA electrostatics.

As mentioned above, the Manning parameter & grows linearly
with the valency of the counterions so that multivalent ions more
easily condense on DNA. Despite the robustness of its general
features, it has been stressed that Manning condensation
depends on the chemical nature of the counterions, even for
monovalent ions.?%8520

This is likely due to the way these ions interact with the
solvent. Small monovalent ions of high charge density (as Li*
or Na*) bind water molecules strongly, whereas large mono-
valent ions of low charge density (as K* or Cs*, but also
arginine, histidine, and lysine side chains) bind water mole-
cules weakly relative to the strength of water—water interac-
tions in bulk solution.*® This results in a difference in the ion
solubility, and therefore in their adsorption on macromolec-
ular surfaces.®

2.2 Mechanics of DNA in solution

Electrostatics of DNA in solution affects its mechanical prop-
erties. Three key parameters of the DNA double helix come

Table 1 Genome compaction for different organisms. The volume reduction is evaluated, following Holmes and Cozzarelli,*® as the ratio between the
volume occupied by a DNA stretch of equivalent length free in solution and the volume of the container (capsid, cell or nucleus). The packing fraction is
the ratio between the physical volume of DNA and the volume of the container, where the physical volume of DNA is defined as the volume of a cylinder

of same length as the whole genome and radius equal to 1 nm

Organism Sequence length (bp) Volume reduction Packing fraction (%)
E. coli 4.6 x 10° 3.7 x 10 (ref. 88) 1.2
Yeast 2.8 x 107 1.9 x 10° (ref. 88) 0.7
Human 6.0 x 10° 4.9 x 10* (ref. 88) 1.2
Virus (T4) 0.17 x 10° 6.9 x 10° (ref. 15) 67
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into play: both bending and torsional persistence lengths and
the effective diameter. The bending persistence length is defined
as the length over which correlations in the direction of the
tangent to the polymer vanish. Its large value is due, in part, to
the strongly charged polyelectrolyte nature of the DNA:
repelling each other, these charges act against the double helix
bending. On the other hand, the stacking interaction between
DNA base pairs also contribute to the stability of the double
helix and hence to its rigidity. By charging the DNA phosphate
groups from a valency of zero to their normal valency of —1,
the simulation by Savelyev et al. showed that the electrostatic
contribution to the persistence length is roughly equal to the
contribution from base stacking and other possible non-
electrostatic sources.?*! The twisting persistence length is simi-
larly defined and accounts for torsional rigidity, while the
effective diameter accounts for electrostatic repulsion between
two dsDNAs. These parameters determine how mechanical
constraints are transmitted along DNA and transducted into
compaction or decompaction.

DNA mechanical properties have been measured most effi-
ciently through single DNA molecule manipulation by optical
or magnetic tweezers. Indeed, such experiments give a direct
access to the mechanical response of DNA under a stretching
force and torsional constraints. Both bending and twisting
rigidities as well as the effective radius of DNA have thus been
probed in various salt conditions.’®® These experiments
together with former measurements (light scattering or sedi-
mentation) have shown that the bending persistence length
slowly decreases from ~70 nm down to ~30 nm while
increasing monovalent salt concentration for over three
decades (from 2.5 mM up to 3 M).82°2 Whereas it used to be
assumed that the bending persistence length reaches a lower
limit** (close to 50 nm) above ~20 mM, several authors
recently started to critically reexamine this assumption by
theoretical’®* and computational®*®® means and came to the
conclusion that the bending persistence length steadily drops
down with increasing salt concentration (down to ~30 nm at 1
M). In the presence of multivalent ions at mM concentrations,
the bending persistence length is strongly reduced and can
reach 25 nm."* Again, the ion type matters, and ions in which
the charge is centrally concentrated (point-like cations as Mg
or Co(NH3){") yield lower values than ions in which the
charge is linearly distributed (mainly polyamines, e.g. spermi-
dine** or spermine**).!?

As for the twisting persistence length, it is hardly affected by
the monovalent salt whereas it was shown to decrease'®® from
~100 nm to ~60 nm when adding 5 mM Mg** into the solution.
This change in persistence length can be accompanied by
a change in the DNA local structure.'!

Finally, many papers?®192193:215 ojye an estimation of the
effective. DNA diameter for different salt concentrations
and show that it decreases from 15 to approximately 2 nm
while increasing the monovalent salt concentration from
0.01 to 1 M. Divalent ions, such as Mg>* even at mM
concentrations, also strongly reduce the effective diameter
down to less than 5 nm and therefore close to its crystal-
lographic value.!92:1%3

All these salt effects are summed up in a schematic represen-
tation in Fig. 1.

2.3 DNA-DNA ion-mediated interaction

Ion mediated interactions have been shown experimentally and
numerically to induce an attractive interaction between like
charged objects such as dSDNAs 3.79:89.96.121.133.147.155.235.237 Ap jon
mediated attraction between like charged objects is not catchable
within  the well known  Poisson-Boltzmann (PB)
theory'*®15%17:194 and  hence other approaches have been
proposed during the last 15 years. The extent of the attraction as
well as the possible physical mechanisms responsible for it are,
however, counterion-type dependent. In the following three
paragraphs we review the three main contributions to this topic.

(1) Nanoscale cluster formation and measurements of virial
coefficients incompatible with purely repulsive ion mediated
interactions have been observed in dsDNA solutions with
monovalent salt only (reviewed in ref. 133). These effects are all
the more strong that the ionic strength is low. To explain these
observations, Manning has suggested an extension of its
condensation theory involving two counterion populations:
condensed counterions and bulk counterions. Such a description
leads to an attraction between two dsDNAs at a finite distance.
The underlying mechanism is akin to covalent bonding in the
sense that the sharing of condensed counterions by two close
dsDNAs results in an increase in their translational entropy. 3318
In this respect, the original paper by Ray and Manning is
enlightening.'®

(i) Multivalent ions with a centrally concentrated charge
greater than +3 (e.g. Cr**) or specific divalent metal ions such as
Co*" and Cd** are known to lead to dSDNA aggregation, while
usual divalent ions (e.g. Mg>") are able to do so only with triple-
stranded DNAs.'” Theoretical strategies to account for these
observations are twofold. On one hand, one can try to devise an
effective model of the charge pattern on a counterion dressed
dsDNA that would lead to an attraction within the PB theory.
On the other hand, a theoretical treatment of the ion statistics
that includes correlations can be proposed. An example of the
first category is the so-called Kornyshev—Leikin (KL) theory
which assumes that the charge pattern on dsDNA does not
comprise negative charges only but also carries a fraction of
irreversibly adsorbed cations mostly in the major groove.3%107-10°
This strong assumption is not discussed at the chemical level in
the theory and a strict interpretation of this model might be
contradictory with some experiments done on divalent metal ions
for instance.®®'%? Despite this issue, one can compute the inter-
action between such dressed dsDNAs and predict an exponen-
tially decaying attraction between two side by side dsDNA
segments with a decay length that is almost salt independent,
ki = HR2w = 5 A (where H = 3.4 nm is the DNA average
helical pitch). This attraction originates from the dipole-moment
distribution on each dsDNA segment. The electrostatic attrac-
tion is predicted to be maximum for two homologous dsDNAs
and when one of the dsDNAs is shifted along its axis by half its
average helical pitch, an ideal “electrostatic zipper” is formed, as
shown schematically in Fig. 2. If the dsSDNA molecules are not
homologous, this approach still predicts an attraction, but of
much weaker intensity.?®'71% The simplest attempt for the
second category of strategies considers bare dsDNA molecules
carrying only negative charges in solution and tries to account
for very strong ion—ion and ion-DNA correlations in the system.

This journal is © The Royal Society of Chemistry 2012
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Fig. 2 Schematic representation of the DNA-DNA interaction mech-
anism leading to attraction. If two double stranded DNA molecules with
positive counterions irreversibly adsorbed in the major and minor
grooves come in close contact with the appropriate phase shift,
a “zipper”-like mechanism could happen between facing opposite
charges.

This is the so-called Strong Coupling (SC) regime, where the ion—
DNA correlations are so strong that they lead to the condensa-
tion of most counterions in an almost two-dimensional strongly
correlated liquid at the surface of the DNA. In the case where the
two-dimensional liquid is so correlated that it tends to form
a two-dimensional Wigner crystal, the charge pattern at the
surface of the DNA (that is comprised of adsorbed positive
counterions on negative patches) displays a dipole-moment
structure that leads to an exponentially decaying attraction akin
to the “electrostatic zipper” of the KL theory.!!*116:190.207 Thjg
Wigner crystal picture has got a regain of interest recently and
has been shown to give very good agreement with Monte Carlo
simulations.'®'”® The SC regime has also been interpreted as
a virial expansion whose first order of approximation would yield
a single-counterion picture that also predicts a like charge
attraction.’”'#7-157 Even though its predictions diverge from MC

simulation at higher orders for two plates,'*>'* the virial
expansion has been quite successfully applied to uniformly
charged,’®15>15¢ and helically charged® cylinders. In particular,
an attraction owing to ion—-DNA electrostatic correlations is
found to appear only for counterion valencies higher than +3 for
parameters corresponding to dsDNAs in solution.

Recent experiments on condensed dsDNA arrays*”-**® have
shown that the DNA-DNA interaction displays exponentially
decaying repulsion and attraction with typical length scales that
are not very sensitive neither to the charge of the condensing
agents nor to their chemistry (the measured range for the
attraction is about 5 A). As stressed by De Rouchey et al. 2010,4
the attraction is quite likely due to some positive correlation
between complementary charge motifs that is present in both KL
and SC theories. The “electrostatic zipper” picture seems there-
fore a fair representation of a plausible mechanism for DNA-
DNA aggregation in the presence of charged and compact
condensing agents.

(ii1) Most of the charged condensing agents consist in a repe-
tition of a positive rod-like molecule into multivalent chains (e.g.
polyamines)!747-107:143.228 apd this particular structure could be
responsible for an attraction mechanism independent of ion—ion
electrostatic correlation. In fact, it has been shown by Bohinc
and co-workers''*3 that rod-like divalent ions (two charges
separated by a fixed distance) could lead to attraction between
two like charged plates when their charge is treated within
a mean field theory. When the distance between the plates is
about the size of the rod, then it is electrostatically favorable for
counterions to form bridges lying perpendicularly to the
macromolecules. This effect is better illustrated by imagining
arod ion exactly at the midplane between two plates: the rod will
be unstable if oriented parallel to the planes, while it will be
stabilized in the perpendicular direction. Finally, if the size of the
divalent rods is above a certain threshold, then this “bridging”
transition may appear at distances where the electrostatic gain
overcomes the electrostatic cost of bringing two like charged
particles closer and this yields attraction. Further developments
accounting for correlations and multivalent chains have been
proposed recently by the same authors.'®
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Overall, whatever the ion type, an attraction induced by
counterions always relies on our current understanding of
a bridging mechanism. This mechanism, as we have seen, can be
due to an entropy increase induced by the sharing of condensed
counterions, or a strong ion—-macromolecule electrostatic corre-
lation in the presence of high valency counterions, characterized
either by a strongly localized charge, or by a smaller charge
evenly distributed on a chain.

2.4 Electrostatics of the protein-DNA interaction

DNA-binding proteins are multivalent macroions that display
charged patches which can bind to DNA.**'¢7 Their shape and
charge distribution determine their binding mode of interaction
with the DNA double helix. Not surprisingly, patches are
generally positively charged but some enzymes bear negatively
charged patches, e.g. DNase 1. Their binding to DNA is
controlled by multivalent cations,” in a similar way as DNA-
DNA ion-mediated attraction (see Section 2.3 above). Interest-
ingly, proteins that recognize and bind to specific DNA
sequences, such as transcription factors and restriction enzymes,
seem to be on average less charged than non-specific DNA-BPs
such as histones or nucleoid-associated proteins (NAPs, see
Section 4.2). A possible reason for the lower charge observed for
specific DNA-BPs is that it may play a role in facilitating protein
sliding along DNA - a necessary step for finding target
sequences. Indeed, these proteins have a characteristic concave
shape, inducing a large fitting interface with DNA (of the order
of a few tens of nm?).** For the intermediate values of the protein
charge, local electroneutrality imposes the trapping of compen-
sating ions between the DNA and the charged patches of the
protein facing the DNA. When the protein approaches DNA,
the increasing ion density induces a relevant osmotic pressure.
The consequent repulsion is able to push the protein far from the
DNA surface, thus preventing the formation of chemical bonds:
the protein mobility is increased and the sliding becomes
possible.**1¢” Simple models predict that the larger the charge of
the patch, the lower the number of ions trapped and the lower the
equilibrium distance between the protein and the DNA. 4*166
Therefore, it is expected that highly charged DNA-BPs will
strongly stick to DNA. On the contrary, specific DNA-BPs
undergo stronger repulsion which is able to push the protein
away from the DNA surface, far enough to prevent the forma-
tion of chemical bonds: the protein mobility is then increased and
the sliding becomes possible.**'¢”

3 Mechanisms of DNA compaction

DNA, ions and proteins interact, in different organisms, as to
built and organize the genome in a functional way. Electrostatics
plays a crucial role in such interaction, and may justify by itself
the simplest observed architectures, e.g. that observed in viruses.
However, increasing complexity of the organisms needs an
increasing involvement of specific structural features of proteins,
then protein—protein interactions, and finally the emergence of
a collective behavior should be invoked. The overall organization
obtained is active, ATP dependent. Alternative architectures
exist in most cases.

Fig. 3 Schematic view of two different mechanisms for DNA compac-
tion: an unconstrained supercoiling and a constrained, protein-mediated
architecture. A 900 bp long DNA is represented in a thermally disordered
configuration (a) and in a supercoiled state (b). The same length of DNA
is then organized by the formation of 7 tetrasomes (c) or 4 nucleosomes
(d). Color code: blue and green spheres represent H3-H4 dimers or,
equivalently, HMfA and HMIfB archaeal proteins. Red and yellow
spheres represent H2A-H2B dimers. DNA stretches that are bound to
proteins are represented in the same color as the corresponding proteins.
The four pictures are represented at the same scale.

Nonetheless, mechanics, electrostatics and ion-mediated
effects still play a crucial role in tuning the dynamical evolution
of such complex structures. We can identify three major funda-
mental mechanisms involved in genome condensation: (i) DNA
over- or under-winding, i.e. DNA supercoiling (Fig. 3b), (i)
building of a (hierarchical) architecture supported by DNA folds
mediated by proteins (Fig. 3c and d), and (iii) DNA-DNA
aggregation inducing liquid crystal ordering, a mechanism that
depends not only on the presence of multivalent ions but also on
osmotic stress (Fig. 4). The interplay between these mechanisms
may be sophisticated, and results in a wealth of possibilities. For
example, supercoiling may accompany and enhance DNA-DNA
interaction by braiding two dsDNAs.

In this section, we will discuss some details of these three
fundamental mechanisms, while the in vivo implementation of
these mechanisms will be discussed in Section 4. As a guide,
Fig. 3 presents a schematic view of the first two compaction
modes mentioned above.

3.1 DNA compaction and supercoiling

One way to compact DNA is to apply torsional constraints on it
so as to achieve supercoiling. Torsional constraints applied on
a rope produce either plectonemic or toroidal structures
depending on the superhelical density (i.e. the number of turns
that have been applied on the relaxed rope, divided by the length
of the rope).*® Plectonemes are loops of dsDNA helices twisted
together, as commonly observed in garden hoses and telephone
or computer cords, whereas toroids are annular-shaped

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 Liquid-crystal order of DNA and nucleosomes. (A) Scheme of
a DNA cholesteric right handed liquid crystal order. In each plane
perpendicular to the cholesteric axis C, DNA molecules are arranged in
the same orientation. The orientation in a particular plane is obtained
from the orientation of DNA in the previous one by a rotation of an
angle 6. The same orientation is therefore recovered every =/6 plane.
Adapted from Livolant 1991."2% (B) Stacks of nucleosomes in a nucle-
osome liquid crystalline order. Nucleosomes are represented as pink
cylinders and columns of nucleosomes are shown to interact laterally.
Adapted from Mangenot et al. 2003.3° (C) Left and right: respectively
top and side view of the chromatin fiber. Nucleosomes (in pink) are
stacked in columns as in (B) and the DNA linkers (in yellow) are found
in a similar cholesteric order as in (A). Linker histones H1 are shown
in red.

structures favored at higher superhelical density. The critical
value of the twisting torque necessary to induce plectonemes is
called the buckling torque. Both DNA bending and twisting
persistence lengths affect the buckling torque, together with
another parameter, the DNA effective diameter, directly related
to DNA-DNA electrostatic repulsion (see Section 2.2 above).
Using magnetic tweezers,'®” Mosconi and co-workers'* provided
an experimental study of DNA supercoiling by applying a rota-
tion to the magnetic bead (magnetic tweezers cannot impose
a torque to the magnetic bead) at one DNA extremity while
keeping the other clamped, at constant stretching force. A
theoretical treatment®*° provides an indirect measurement of the
critical buckling torque at different salt concentrations. More-
over, the buckling transition becomes steeper at higher salt
concentrations, and disappears in low salt concentration solu-
tions.?*%* At low stretching forces (<0.3 pN) and physiological
salt concentration (~200 mM) the buckling torque is estimated
to be less than 4 pN nm (i.e. of the order of kgT)."*® This suggests
a relative ease in forming and modifying plectonemes in vivo.
Interestingly, the buckling torque is much affected by the ionic
strength, decreasing down to half its maximal (i.e. at low salt)
value with increasing monovalent salt concentration, and rather
independently from the stretching force value.

Adding multivalent cations to the solution is another way to
induce supercoiling in DNA, and this results in well-defined
condensed structures, particularly toroids and bundles of

rods!*5358:5%:140 gimijlar to those observed in viruses (see Section
4.1). In this case, the zipping mechanism discussed in Section
2.3 is directly involved. However, multivalent cations also
affect the formation of plectonemic structures. The plectoneme
radius (also called supercoiling radius) p depends indeed on the
concentration of the monovalent salt?®* and on the stretching
force f too (p decreases when increasing f).3%3316%161 Interest-
ingly, divalent ions, e.g. Mg**, strongly lower the supercoiling
radius, thus facilitating plectoneme formation (actually by
reducing the critical torque), which in turn facilitates bridging
of both dsDNAs in the plectoneme. Moreover, at the atomistic
level, Timsit and Varnai have shown that Mg** (and other
divalent cations too) specifically promotes the formation of
stable right-handed crossovers, so that DNA is preferentially
condensed into left-handed plectonemes (hence positively
supercoiled).??”

3.2 Architectural proteins

Highly charged macroions can induce extensive bending and
even wrapping of DNA. This effect can be explained by the
electrostatic interactions between a charged flexible cylinder,
modeling DNA, and a positively charged sphere.*?* In this
model, the number of turns of DNA is determined, in physio-
logical conditions, by the sphere charge and radius. This effect
can obviously be extended to larger charged bodies, and in
particular to proteins or protein complexes.

Interestingly, many of the known structural proteins involved
in genome compaction can be qualified as benders or wrap-
pers.'?® While in the case of wrappers (and notably for histone
octamers within eukaryotes) the suggested electrostatic-induced
DNA bending may be considered as the main mechanism
involved, this is not always the case for benders. Indeed, DNA
can be bent away from or around onto the bending protein
according to the shape and charge distribution of the protein.
Importantly, DNA wrapping (and bending to a lesser extent) is
generally chiral (see below the nucleosome structure), hence
generates some amount of supercoiling, which is constrained in
the protein—-DNA complex and does not require any active
process (motor) for its maintenance. Note that proteins that
can kink DNA have also an impact on supercoiling formation.
Buckling transition occurs at significantly lower twist for
kinked DNA molecules.?®

A third class of architectural proteins is represented by DNA
“bridgers”, which are able to bind simultaneously to two
dsDNAs and join them together. An example of such behavior
is given in Fig. Sc for the bacterial protein Hfq. As described
above for multivalent ions, electrostatics is the main actor of
this bridging effect. And here again there exists a synergistic
interplay between bridging and supercoiling. But, unlike
multivalent cations, proteins have enriched features allowing
a more complex behavior as e.g. a given degree of sequence
specificity or the possibility of acting differently (as bender,
wrapper or bridger) according to their monomeric or multi-
meric form. Moreover, the protein charge distribution may be
tuned by post-translational modifications (as acetylation or
phosphorylation), which in turn may finely tune its interaction
with DNA.
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Fig. 5 (a) The folding of a naked plasmid in solution depends on its amount of supercoiling and on the ionic conditions. Here, a 5400 bp supercoiled
plasmid was spread in bi-distilled water, showing a typical entangled conformation. (b) When core histones (purified from eukaryotic nuclei) are added,
DNA wraps around them in typical round-shaped octameric particles (so-called nucleosomes) made from two of each histone type H2A, H2B, H3 and
H4.'*7 (c) The same plasmid incubated in the same condition with the “bridger” protein Hfq (purified from E. coli nucleoids) shows instead a typical
bridged structure.” (d) Remarkably, some proteins from bacteria also wrap DNA in a “nucleosome-like” manner, as clearly seen from LrpC binding to
short linear DNAs (upper part).'" Indeed, LrpC was shown to form tetramers around which DNA wraps in a right-handed manner, causing an increase
in the free negative supercoiling as seen from the tight winding of the free DNA part — red arrow — compared with free DNA in panel (a) to compensate
for the LrpC-restrained positive supercoils — yellow arrow.'! (ej—e;,) In vitro chromatosome reconstitution shows a three step process: (i and ii) a (H3-
H4), tetramer binds to DNA, (ii and iii) two H2A-H2B dimers join the structure, (iii and iv) eventually, a linker histone (H1) comes and seals the two
linker DNAs. Note that core histones (H2A, H2B, H3, H4) together act as DNA wrappers (yellow arrow), while H1 acts as a bridger (green arrow). Scale
bars: (a—d): 50 nm; (e;_jy): 10 nm. Picture (d) by courtesy of Eric Le Cam.

3.3 A major architectural pattern: the nucleosome complexes. However, this “non-structurally focused” view of the
histone octamer simply bearing 146 net positive charges (many of
which are on the tails) should not occult the fact that binding of
DNA to the octamer is primarily mediated through a series
of fourteen discrete binding sites (referred to as “minor groove-in
positions”®? or “superhelix axis locations”'**) made by arginine
residues spaced more or less evenly around the octamer. These
residues form a left-handed superhelical ramp of a charged side
chain that inserts between two phosphates into the minor groove
of each DNA double helical turn.

The nucleosome reconstitution process in vitro can be seen as
a complexation between an excess of polyanions (146 bp of DNA
per nucleosome, with a net charge of —294¢) and a limited pool
of polycations (an octamer of basic histones per nucleosome,

Histone-like proteins in prokaryotes and archaea and histone
octamers in eukaryotes carry large positive charges, which are
responsible for strong electrostatic interactions with DNA.
Many of these structural proteins bend DNA and work as DNA
“benders” or “wrappers”, depending on the degree of distortion
induced on the DNA. In their electrostatic model, Arcesi and co-
workers* considered the examples of an archaeal protein and of
the histone octamer complex, and the result is rather close to the
geometry actually observed. A schematic view of these geome-
tries is shown in Fig. 3c and d, while Fig. 5e shows an example of
nucleosome formation in vitro. This suggests a key role of elec-
trostatics in tuning the specific geometry of DNA-protein
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with a net charge of +146¢).'"° So the nucleosomal complex is
overcharged by the DNA.2* A third ingredient is needed to allow
the proper deposition of positively charged histones on to the
negatively charged DNA and avoid non-nucleosomal aggregates
that tend to form spontaneously when histone and DNA are
simply mixed at low ionic strength. This “chaperone” function is
usually mediated by histone-binding proteins (so-called “histone
chaperones”), such as NAP-1 or nucleoplasmin,?' negatively
charged polymers (such as polyglutamate or RNA) or a high
concentration of monovalent salts (such as NaCl). In the last case
(known as salt gradient procedure), the core histones are initially
combined with DNA in 2 M NaCl, then the NaCl concentration
is slowly decreased by dialysis or dilution of the mixture.'®*2!*
Interestingly, this method recently inspired a new way to monitor
the electrostatic complexation of anionic nano-particles by
cationic—neutral block copolymers, which allows the formation
of clusters with a size controlled by the desalting kinetics.®

3.4 Liquid-crystal ordering of DNA and nucleosomes

In vitro, pure DNA can form multiple liquid crystalline phases
when the concentration is increased by osmotic stress. The two
most typical phases are a left-handed cholesteric organization,
with a pitch typically ranging from 2 to 3 microns,'** and an
hexagonal compact form (see Fig. 4a). The cholesteric pitch
depends on both steric constraints due to the DNA right-handed
helicity and electrostatic contributions. Isolated nucleosome core
particles (NCPs) as well can form liquid crystalline phases under
osmotic stress (i.e. by increasing the nucleosome concentration,
for example by adding crowding agents such as PEG or dextran).
They were shown to stack one upon each other, forming columns
which then organize laterally to form an hexagonal packing'*®
(see Fig. 4b). These phases can also be obtained by aggregation
of the NCPs by multivalent cations.®® In the case of chromatin,
nucleosomes are regularly spaced along the genome and the
contributions of both DNA and NCPs are expected to aid
compaction. Indeed, a regular nucleosomal array is known to
fold in vitro in a compact 30 nm chromatin fiber if divalent
cations and the linker histone HI1 are present.’®® All-atom
modeling of the fiber*** tends to argue in favor of the idea that the
fiber stability results from an interplay between a short pitch
cholesteric DNA liquid crystalline phase of linker DNA and
a columnar phase of nucleosomes stacked in helices (see Fig. 4c).
The pitch of the DNA helix can either be left or right handed
depending on the linker length. Recent experiments on the
formation of liquid crystalline phases of short DNA tend to
support this view.**

4  In vivo implementation
4.1 Viruses

While the genome is highly confined spatially in all living
organisms, the highest level of compaction is observed in the
simplest possible organisms: viruses (see Table 1). During the
assembly of many dsDNA viruses, the genome is compacted to
near liquid crystalline density into a viral capsid (tens of thou-
sands of base pairs for a total contour length of several microns
packed into 50-80 nm capsids or virus heads).>* Significant DNA

bending must occur during DNA packaging; moreover,

a repulsive electrostatic barrier, due to the negatively charged
phosphate backbone, must be overcome.!0%162:177:178.185.233 Thjg
effect is partially reduced since the capsids of many dsDNA
viruses are penetrable for small ions.? The presence of di- and tri-
valent cations in solution can therefore enhance the DNA-DNA
electrostatic attraction and ease DNA packaging into the capsid.
Neutralization of negative charge is generally done either with
polyamines’ and/or cations,**® whereas some viruses partially
neutralize the DNA charge with a positively charged domain of
the capsid protein.?*®

As mentioned in Section 3.1, cations or polycations can
spontaneously collapse DNA in vitro into folded-fiber (toroidal)
forms provided the separation of a DNA phase occurs. Poly-
lysine and the naturally occurring polyamine spermidine, in
particular, have been reported to collapse DNA into a rod-sha-
ped or toroidal structure.”*34113.163.246 O the other hand, electron
microscopic studies have revealed a similar toroidal arrangement
of the DNA inside certain bacteriophages and animal
viruses.37:67:106.119.184 Thig rajses the possibility that spermidine
and spermine are responsible for viral compaction in vivo,*® since
these polyamines are normally found in the host cell as well as in
the mature virion.>"*

In spite of these effects, the size of the viral capsid is close to
the persistence length of the DNA, and a strong energy barrier
has to be overcome during viral assembly. The viral genome
packaging is indeed achieved by an ATP-powered molecular
motor that translocates dsDNA into the preformed viral
capsid.?®?'° This process can be assimilated with the formation of
a DNA liquid crystalline mesophase using an osmotic stress (see
Fig. 4). A detailed investigation of the role of electrostatics in
single DNA packaging was carried out in bacteriophage ®29 via
optical tweezer measurements,® showing that the internal force
resisting DNA packaging was lowered when Mg** was the
dominant ionic species or by addition of 1 mM Co*". This force
was up to 80% higher with Na* as the dominant counterion and
only 90% of the genome length could be packaged.®® This study
revealed that ions also affect motor functioning; Mg>" is required
for initiation of packaging, while Na* increases the motor
velocity by up to 50%. Mg>* is indeed known to be a cofactor for
motor functioning as is the case with polymerase helicase and
endonuclease.*

4.2 Prokaryotes

In prokaryotes, DNA is not enclosed by a membrane, but
occupies an irregular region of the cell called the nucleoid.
Prokaryotic genome is generally circular (possibly in multiple
copies). It is negatively supercoiled, and shows distinct domains
topologically independent, which have dynamic boundaries but
an average size of 10 kbp.?** Such a high level of negative
supercoiling can be obtained thanks to the action of a specific
bacterial enzyme, the DNA gyrase, that has the unique capability
of introducing negative supercoils in DNA.”* High valence ions
such as spermines and spermidines contribute to lower the elec-
trostatic DNA-DNA repulsion and thus facilitate supercoiling
and compaction in bacteria; however, DNA compaction implies
the action of nucleoid-associated proteins (NAPs) that, together
with DNA, form the bacterial nucleoid.?!-#8125:213,230
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There are about twelve NAPs involved in the formation of the
nucleoid.®* Some of these proteins are distributed uniformly
within the nucleoid, while the others show an irregular distri-
bution.>**® NAPs’ contribution to the overall structure of the
bacterial chromosome in vivo is unclear, since most details about
how they interact with DNA come from in vitro studies.** Some
NAPs constrain supercoils and some do not.'¢5206:218:232 Most of
them act as benders or bridgers, and therefore possibly facilitate
and stabilize supercoiling (see Fig. 1).

The most abundant NAP is the small H-NS (histone-like
nucleoid structuring protein), present in >20 000 copies per
cell,’® that is about one protein per 400 bp. H-NS is a DNA
bridger that acts as a dimer'?® and compacts DNA.**'% Due to
the presence of two DNA binding domains, the protein can
interact with two DNA duplexes simultaneously.** The protein
binds with relatively high affinity to any DNA sequence,*®
although some preferential binding sites have been reported.-!*

HU (heat-unstable nucleoid protein) and FIS (factor for
inversion stimulation) are two DNA benders that act as dimers
and can bend DNA up to 160° (ref. 126) and to 90°,'® respec-
tively. HU induces negative supercoils in vitro when incubated
with DNA and topoisomerase 1.?2 It exhibits no sequence spec-
ificity, but it has been shown to bind preferentially to intrinsically
flexible DNA.?* At high concentrations HU dimers can be
packed tightly side-by-side in a cooperative manner resulting in
effective stiffening of the DNA.?*¢ The HU/DNA co-crystal
structure provides, at high resolution, an explanation for how
HU may constrain negative supercoils, and evidences a proline
intercalation and asymmetric charge neutralization mechanisms
of DNA bending.*'®

When bacteria are grown under limited food conditions, they
reach a phase called the stationary phase during which they stop
growing and dividing. It was observed that, shortly after the onset
of the stationary phase, bacterial chromatin undergoes a transi-
tion from a disperse morphology to several ring-shaped toroids
that contain DNA and the protein Dps (DNA-binding protein
from starved cells).** This condensation overall is driven in part by
the loss of the transcriptional activity and by the natural tendency
of DNA to condense at high concentrations in the presence of
counterions. This type of condensation is similar to packaging in
phage heads and bacterial spores, and probably constitutes one of
the simplest ways of creating inactive bacterial chromatin.

Besides benders and bridgers, some DNA wrappers are also
present in bacteria. Conserved examples are members of the Lrp/
AsnC family. These proteins form disc-shaped octameric struc-
tures with multiple binding sites that wrap DNA around them-
selves in a right-handed superhelix.*®*>* An example of this
behavior in vitro is given in Fig. 5d for protein LrpC. When two
Lrp octamers associate, a hexadecamer is formed that can wrap
DNA around itself by almost two full turns, resulting in
a nucleosome-like structure.?”® Interestingly, members of the
Lrp/AsnC family also appear to have a second mode of inter-
action with DNA that involves duplex bridging.'!-**

4.3 Archaea

The archaeal and eukaryotic nucleosome core histones evolved
from a common ancestor. The best studied example of an
archaeal histone is the HMf protein. Two HMTf polypeptides

exist (HMfA and HM(fB) that can form homodimers and het-
erodimers with different DNA binding properties.’*”**® Further
assembly into tetramers allows wrapping of 60-70 bp of
DNA,”'* in a similar way to eukaryotic tetrasomes (H3 + H4),
(ref. 1) (Fig. 3c). The wrapping (and consequent supercoiling)
can be negative or positive, and depends on the histone-to-DNA
ratio and salt concentration.'*>!>* Interestingly, Soares and co-
workers?'! substituted eukaryotic conserved lysine residues at
their corresponding locations into the archaeal histone, HMfB,
and obtained an increased affinity to DNA and a higher
compaction level. At the same time, these complexes remained
negatively supercoiled at all histone-to-DNA ratios, thus losing
their flexibility to wrap DNA alternatively in either a negative or
a positive supercoil. Both observations suggest a crucial role of
these residues in the evolutionary differentiation of archaeal and
eukaryotic histones.

Archaeal histones are considerably smaller than their
eukaryotic counterparts and, with some exceptions, lack the C-
and N-terminal tails. The absence of such tails suggests that
archaeal histones are not subject to similar regulatory processes
as found in eukaryotes. In line with this finding there is no
evidence for post-translational modification of archaeal histone
proteins.'*®

Besides HMf, other proteins participate in DNA packaging,
such as MC1, an abundant histone-like protein co-responsible
for the physiological structuring of the archaeal chromosome.''®
MCI is a globular protein with a net positive charge of +12; its
visualization by EM shows sharp kinks in DNA with a bending
angle of 116° (or 0.32 turn).3**'% Alba is another DNA
condensing protein expressed in most archaeal genomes.® It
forms regular fibrous structures with plasmid DNA, possibly
wrapping two dsDNAs around each another.'*’

Interesting temperature-related features emerge in the case of
hyperthermophilic archaea, living at temperatures of the order of
90 °C. If a high GC content is needed to resist to heat double-
strand denaturation, intermolecular ion pairs formed between
histidine and aspartate during histone tetramerization observed
in vitro have also been suggested to play an important role in the
maintenance of the archaeal nucleosome structure and for DNA
stabilization.?” Most interestingly, unusual long and branched
polyamines are often found in hyperthermophile archaea. They
are more abundant when cells are grown at higher temperature®*
and are thought to stabilize DNA against thermal denaturation.

4.4 Eukaryotes

In the case of eukaryotes, DNA wrapping is the essential
compaction mechanism and it is achieved by specific octameric
complexes made of histones. The different steps in the histone—
DNA aggregation in vivo are illustrated in Fig. 5. The first
organization level in eukaryotes is the nucleosome, which
consists of a “nucleosome core particle” (NCP) of 146-147 base
pairs of DNA wrapped around a roughly cylindrical core of eight
histone proteins*>'** and a linker DNA (stretch of free DNA
between two NCPs, Fig. 3d and 5b). The NCP shows a tripartite
structure: a (H3-H4), tetramer binds to DNA (Fig. 5e;;), then is
complexed by two H2A-H2B dimers (Fig. 5b and ej;). A linker
histone, named H1, may eventually come and seal the two linker
DNAs flanking a NCP (Fig. Se;y). Linker histone H1 and its
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variants®®! were shown to interact with chromatin transiently in

the order of minutes.’?*!¢ The H1 globular domain contains two
DNA binding patches on opposite sides of the protein, similar to
the suggested structure of bacterial H-NS.7%'2> The presence of
these two DNA-binding domains endows H1 with the ability to
bridge DNA duplexes.’!

Nucleosomes in vivo are rather regularly spaced along the
genome, so that nucleosome core particles form a “beads on
a string” array, also called “nucleosomal array”.%> The repeat
length (i.e. the mean number of base pairs per nucleosome) may
vary depending on organisms, tissues, and genomic regions, and
is approximately in the range of 155 to 240 bp.

It is generally assumed that higher order structures of the
nucleosomal array are involved in achieving an efficient and
adjustable genome compaction. However these higher levels of
organization remain largely speculative. Folding of the nucleo-
somal array into 30 nm chromatin fibers has been observed in
vitro'®*'® and some indications of their existence in vivo have
been recently obtained,?*>2** but the subject is still debated.'*®
The issue of the higher-order structure of chromatin is directly
related to the characterization of nucleosome-nucleosome
physical interactions. The ability of nucleosomes to stack their
faces together has been earlier observed using electron micros-
copy on isolated NCPs.5> As discussed in Section 3.4, this was
later confirmed and more precisely quantified by the study of
NCP liquid crystals (see ref. 123 for a review). The relevance of
this nucleosome-nucleosome interaction within chromatin fibers
has been proved by the presence of an 11 nm meridional band in
the X-ray diffraction pattern of oriented fibers.?*! All the models
for compact fibers are therefore based on the assumption that
nucleosomes are stacked in columns which are further twisted to
form the 30 nm fiber (see e.g. Fig. 4¢c). In the emerging picture,
these stacking interactions are essential for the fiber integrity and
can be tuned in vivo using both variant histones and post-trans-
lation modifications (see ref. 231 for a review).

While packaging of the genome in eukaryotes is primarily due
to the wrapping of DNA around nucleosomes, members of the
high mobility group (HMG) family of proteins play a supple-
mentary, possibly modulatory, role in chromatin organiza-
tion.*»*** HMGs'>"® (including HMGA family,'® HMGB
family**> and HMGN family?¢) are DNA benders. At a distance
of 2 bp from the first kink, a second kink is induced due to partial
intercalation of two additional residues.'** This induces a bend
into DNA of up to 80° for a single HMG box and up to 130° for
tandem boxes. While HMG box proteins can promote DNA
compaction by bending,?* a picture is emerging in which these
proteins function by favoring the partially unwrapped state of
nucleosomes by binding at the entry/exit point, which possibly
facilitates nucleosome remodeling.?*® Other non-histone proteins
participating in chromatin polymorphism and dynamics are
HPI1, SMCs,”” DEK,*° and BAF.'*’

Finally, it is worth noting that mitochondria, constituent
organelles of eukaryotes, have a compaction strategy similar to
that in bacteria, and use HMG-like proteins.?¢!

5 Functional insights: tuning the DNA compaction

We have seen so far that DNA compaction in cells is highly
driven by electrostatic properties of the proteins and ions. We

can therefore expect that the functional tuning of this compac-
tion is also driven through electrostatics. In this section, we wish
to address this specific issue in eukaryotes focusing on three
different aspects. We will first review the tuning of the protein
local charge through post-translational biochemical modifica-
tions of aminoacids focusing our attention on the nucleosome.
We then turn to the extreme chromatin condensation observed
during cell division, which involves post-translational modifica-
tions and also the action of molecular motors. Finally, we will
discuss some results on the role of cation concentration varia-
tions in tuning the chromosome compaction during the cell cycle.

5.1 The role of biochemical modifications

Cell differentiation, implied e.g. in the formation of different
tissues, needs heritable changes in gene expression. These
changes can be caused by mechanisms other than genetic modi-
fication of the nucleotide sequence, and are referred to as
epigenetic modifications. These changes are typically related to
chromatin structure and compaction, which in turn alter the gene
expression. DNA methylation and histone modification are
typical examples of such modifications.

Histone acetylation and phosphorylation effectively reduce the
positive charge of histones and this has the potential to disrupt
electrostatic interactions between histones and DNA. This
presumably leads to a less compact chromatin structure, thereby
facilitating DNA access by protein machineries such as those
involved in transcription. Notably, acetylation occurs on
numerous histone tail lysines.’'> Moreover, acetylation of Lys9
and Lys56 is correlated with response to DNA damage.?*¢

The X-ray structure of the nucleosome indicates that highly
basic histone amino (N)-terminal tails can protrude from their
own nucleosome and make contact with adjacent nucleo-
somes.'?* Modification of these tails affects inter-nucleosomal
interaction and thus affects the overall chromatin structure.
Acetylation of lysine or phosphorylation of serine or threonine is
one way to reduce the charge. Models predict that acetylation of
the histone core will destabilize the nucleosome.®® This is in
agreement with recent in vivo experimental evidence which
suggests that acetylation of lysine 56 or 36 of histone H3 is
necessary for efficient gene transcription.’*®**> Moreover, acet-
ylation of lysine 56 also enables DNA replication and prevents
epigenetic silencing'*> consistently with a looser state of the
nucleosome acetylated at lysine 56 in the theoretical model.®
Conversely, deacetylation of lysine 56 of histone H3 leads to
stronger compaction and to a transcriptionally silent chromatin
(heterochromatin).>** As another experimental example, acety-
lation of all H4 histone tails at lysine 16, a prevalent epigenetic
modification in eukaryotes, causes charge reduction and in turn
inhibits the formation of compact 30 nm chromatin fibers and
hampers the formation of cross-fiber interactions.?*®

Moreover, modifications regulate the recruitment of remod-
eling enzymes. Acetylated lysines are bound by bromodomains,
which are often found in HATSs (histone acetylase) and chro-
matin remodeling complexes.'*! For example Swi2/snf2 contains
a bromodomain that targets it to acetylated histones. In turn, this
recruits the Swi/snf remodeling complex which functions so as to
open the chromatin.®
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5.2 Chromatin compaction in mitosis (so-called “chromatin
condensation”)

Chromatin condensation and subsequent de-condensation are
essential for proper execution of cell division, or mitosis. During
mitosis chromatin is highly compacted, whereas it is de-
condensed right after chromosome segregation. Phosphorylation
of histone H3 is a key process driving mitosis and the histone H3
tail is phosphorylated at four specific residues.**7* Interestingly,
phosphorylation at three of those residues is found in tran-
scriptionally active genes. Thus, H3 phosphorylation is believed
to be involved in two structurally opposing processes, chromatin
de-condensation observed during gene transcription in inter-
phase and chromosome condensation during cell division.'” In
mammalian cells, phosphorylation of H3 starts in the late G2
interphase. Subsequently, the phosphorylation of H3 spreads
along the chromosomes and is completed in prophase. It is still
present in metaphase.®® The temporal and spatial relationship
between chromosome condensation and phosphorylation has
been clearly observed.” In addition, acetylation of H3 also
occurs on the same H3 tail.*

Replicated chromosomes assembled in linker histone H1
depleted crude extracts are thinner and 50% longer than control
chromosomes.’® Moreover, H1 is hyperphosphorylated by
mitotic cyclins.'® These studies suggest a role of HI in the mitotic
chromosome structure. Since the existence of chromatin fibers in
mitotic chromosomes has been challenged recently, based on two
independent electron microscopy studies,>”-*® this role seems
different from its role in stabilizing the in vitro compaction of
nucleosomes into thicker 30 nm fibers.?**

The mechanism that drives chromatin condensation during
mitosis is still debated.5”¢%!5® Molecular motors such as con-
densins and topoisomerases play an essential role in this process.
Condensed mitotic chromosomes have been shown to be orga-
nized in loops of DNA anchored to a proteinaceous chromosome
axis.>>'”® The mechanism by which condensins generate and
maintain condensation remains controversial. The enrichment of
the chromosome axis with condensins suggests that condensin
bridges could stabilize these loops by anchoring them to the axis.
Recent reports suggest that condensins first bind to DNA through
electrostatic interactions and then trap distant DNA segments to
stabilize chromatin loops.** It has been also suggested that the
introduction of positive supercoiling by condensins could be the
basis for mitotic chromosome architecture.'**

5.3 Cations in chromosome condensation

Cations are essential participants in chromosome condensa-
tion.3*1*® Mitotic chromosomes become very swollen following
the depletion of Ca** or Mg?". This process is completely
reversible. It has been demonstrated that the repeated removal
and addition of Mg?* resulted in cycles of chromosome swelling
and compaction.®

A report of the distribution of cations in nuclei and isolated
mitotic chromosomes using secondary ion mass spectrometry>'¢
concluded that during the transition from interphase to mitosis,
Ca* and Mg*" concentrations increase 3 to 4 fold, reaching
18 mM and 11 mM respectively. Interestingly, mitotic chromo-
somes show axial enrichment in Ca**. As far as monovalent ions

are concerned, Na* concentrations are close to those measured in
the cytosol, whereas K* concentrations are clearly higher in both
interphasic and mitotic chromosomes. It is also well established
that polyamines especially spermidine (3+) and spermine
(4+)13141 gre ubiquitous components with potent chromatin
compaction properties.

6 Evolutionary perspectives
6.1 One problem, many solutions

Viruses, bacteria (eu- and archaebacteria) and eukaryotes have
all found ways to compact their genome, accumulating a spec-
tacular amount of highly charged DNA into tiny volumes (see
Table 1). Advantages of accumulating such a quantity of DNA
with regard to the physical cost of compaction are not obvious,
especially in organisms in which most of the DNA has not yet
revealed its functional role. Hence, while bacteria genomes are
very dense in transcribed sequences (intergenic regions are very
small and there are no introns), this is definitely not the case for
human genomes: one million base pairs of bacterial DNA
contain 500 to 1000 genes whereas one million of human DNA
contain only on average 10 genes. What may be the advantages
of the presence of these intergenic regions for chromatin orga-
nization is still a debated question. It is noteworthy that many
proteins bind to DNA through a shape-dependent recognition
that depends on minor groove width and electrostatics. Hence,
the molecular nature of DNA embeds a supplementary layer of
information (distinct from the genetic information) that could
dictate various important features such as nucleosome posi-
tioning and transcription factor binding. As such, DNA is
subject to evolutionary constraint, even in non-coding regions.'™
As already discussed previously, various ways to compact DNA
co-evolved in the different kingdoms, and prokaryotic and
eukaryotic organisms may indeed not be as different as is
generally believed with regard to their chromatin structure and
properties.’* For instance, the eukaryotic dinoflagellate Cryp-
thecodinium cohnii that lacks histone proteins encodes HCC
proteins (histone-like proteins of Crypthecodinium cohnii) that
share homology with bacterial HU proteins.*** Also, many
bacteria contain homologues of the eukaryotic H1, such as Hel
and Hc2 proteins found in Chlamydia,*® whose nucleoid
compaction capacity was further demonstrated.” Bordetella
pertussis encodes two Hl-like proteins (Bphl and Bph2) and
a H-NS-like protein (Bph3); Pseudomonas aeruginosa encodes
the Hl1-like AlgP protein and five different H-NS-like proteins;
etc. The reader interested in these comparisons between the
various DNA benders/wrappers/bridgers found in different
organisms should refer to the quite exhaustive review by Dame
and colleagues.'*® From a phylogenetic point of view, the origin
of histone H1 can be traced to bacteria whereas core histones are
believed to originate from archaea.”®'® H3 and H4 evolved at
a far slower pace than H2A and H2B, reflecting their crucial role
in the first steps of nucleosome formation.” Remarkably,
further specializations of histone variants (mainly through
differences in their DNA wrapping properties and specialized
domains that regulate access to DNA) have evolved in some
lineages to perform additional tasks, underlying the diverse
functions that histones have acquired in evolution.?*®
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6.2 The invention of the nucleus and epigenetics

The nucleus is a highly organized compartment containing
several sub-compartments thought to offer various specific
micro-environments that regulate chromatin state and tran-
scriptional regulation.'**'8! How does this arise? The presence of
histones and nucleosomal packaging of chromosomal DNA
probably predates the development of a nuclear membrane.'?
Then, according to the coevolutionary theory of eukaryote
origins, the fundamental innovations were the concerted origins
of the endomembrane system and cytoskeleton, subsequently
recruited to form the cell nucleus and coevolving mitotic appa-
ratus.?”17%242 Historically viewed as little more than a diffusion
barrier between the cytoplasm and the nucleoplasm, the nuclear
envelope is now known to have roles in the cell cycle, cytoskeletal
stability, genome architecture, epigenetics, regulation of tran-
scription, splicing and DNA replication.>** From an electrostatic
point of view, much is still unknown of the interplay between
lipid binding, counterion displacement, and DNA condensa-
tion.™ DNA methylation appears as a strong epigenetic regu-
lator in all kingdoms of life, including bacteria.?® The enzyme
responsible for methylation of histones H3 and H4, the histone
lysine methyltransferase (KMT), utilizes a catalytically active site
called the SET domain. SET domains have been shown to be
involved in eukaryotic chromatin modification by methylating
some histone lysine residues (Kouzarides 2002 (ref. 111)). The
identification of SET domain methyl-transferase proteins in
bacteria raises the possibility that epigenetic inheritance in these
organisms may also involve DNA-associated proteins.'*> The
demonstration of a physical interaction between the chlamydial
SET domain protein and histone-like proteins Hcl and Hc2
(described in Section 6.1) provides some evidence of a similar
regulatory mechanism in bacteria.

At the same time, proteomic approaches have unraveled many
unknown acetylation sites in bacteria and archaea.*'* As a whole,
it seems that common mechanisms in gene silencing (the pro-
grammed inhibition of the gene transcription) are shared by all
life forms,?*” although the logic behind these mechanisms has
been argued to be quite different.?"’

6.3 Concluding remarks

Far from having “explained” the role of electrostatics in the
making and tuning of functionally active levels of compaction in
living organisms, we have tried to review the various ways by
which electrostatics intervenes in these key biological mecha-
nisms. Coming back to Fig. 1, we can now briefly sum up the
interplay between the different actors evoked throughout the
paper. The mechanical properties of DNA and the DNA-DNA
interaction are both strongly determined by its high line charge
density, and are therefore directly tuned by the ion screening
effect. These properties in turn control DNA bending and
twisting flexibility, and therefore the formation of supercoiled
structures like plectonemes or toroids. In Section 4.2 it has been
stressed that the active (motor dependent) maintenance of
unconstrained supercoiling is a crucial compacting mechanism in
bacteria.

Highly charged multivalent ions which induce DNA-DNA
attraction strongly facilitate compaction by allowing the

formation of bridges and liquid crystal ordering of dsDNAs.
Moreover, these multivalent ions can /ocally modify the DNA
structure, and in particular they can induce DNA bending. In
this respect, they prefigure the second family of compacting
agents, namely proteins. Indeed DNA binding proteins are
multivalent ions that can bend DNA and moreover act as
wrappers or bridgers. Unlike simple ions, DNA binding proteins
have a new important feature: their specificity. Their “design”
has been selected so as to bind DNA in specific sites, and —
probably most important for the purpose of compaction — some
of them contain specialized domains that can ensure dimeriza-
tion, hence bridging of two dsDNAs specifically. Moreover
DNA binding proteins can be bound to other proteins to form
super-structures of increasing complexity. In eukaryotes, the
nucleosome complex is the key component involved in the
mechanism of compaction: the unconstrained supercoiling rele-
vant to bacteria is replaced by constrained supercoiling, locally
managed by protein-DNA interaction. Eukaryotic chromatin is
a beautiful example of this “high-tech engineering”: an inho-
mogeneous, multiscale, tunable architecture, made of protein—
DNA and DNA-DNA celectrostatic interactions and tuned by
small ions and post-translational electrostatic modifications.

Acknowledgements

We thank Eric Le Cam for discussion and help with Fig. 5. AL,
LS and JMV thank the Institut National de la Santé et de la
Recherche Médicale, grant MICROMEGAS PC201104.

References

1 M. Alilat, A. Sivolob, B. Revet and A. Prunell, Nucleosome
dynamics. Protein and DNA contributions in the chiral transition
of the tetrasome, the histone (H3-H4), tetramer-DNA particle,
J. Mol. Biol., 1999, 291, 815-841.

2 B. N. Ames and D. T. Dubin, The role of polyamines in the
neutralization of bacteriophage deoxyribonucleic acid, J. Biol
Chem., 1960, 235, 769-775.

3 L. Aravind, L. M. Iyer and V. Anantharaman, The two faces of
Alba: the evolutionary connection between proteins participating
in chromatin structure and RNA metabolism, Genome Biol., 2003,
4, R64.

4 L. Arcesi, G. La Penna and A. Perico, Generalized electrostatic
model of the wrapping of DNA around oppositely charged
proteins, Biopolymers, 2007, 86, 127-135.

5 T. A. Azam, S. Hiraga and A. Ishihama, Two types of localization of
the DNA-binding proteins within the Escherichia coli nucleoid,
Genes Cells, 2000, 5, 613-626.

6 T. A. Azam and A. Ishihama, Twelve species of the nucleoid-
associated protein from Escherichia coli. Sequence recognition
specificity and DNA binding affinity, J. Biol. Chem., 1999, 274,
33105-33113.

7 R. Balint and S. S. Cohen, The incorporation of radiolabeled
polyamines and methionine into turnip yellow mosaic virus in
protoplasts from infected plants, Virology, 1985, 144, 181-193.

8 E. Bardez, N. C. Vy and T. Zemb, Counterion-driven sphere to
cylinder transition in reverse micelles: a small angle X-ray
scattering and conductometric study, Langmuir, 1995, 11, 3374-
3381.

9 C.E.Barry, S. F. Hayes and T. Hackstadt, Nucleoid condensation in
Escherichia coli that express a chlamydial histone homolog, Science,
1992, 256, 377-379.

10 C. G. Baumann, S. B. Smith, V. A. Bloomfield and C. Bustamante,
Tonic effects on the elasticity of single DNA molecules, Proc. Natl.
Acad. Sci. U. S. A., 1997, 94, 6185-6190.

11 C. Beloin, J. Jeusset, B. Révet, G. Mirambeau, F. Le Hégarat and
E. Le Cam, Contribution of DNA conformation and topology in

9296 | Soft Matter, 2012, 8, 9285-9301

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2sm25789k

Downloaded on 12 November 2012
Published on 04 July 2012 on http://pubs.rsc.org | doi:10.1039/C2SM 25789K

right-handed DNA wrapping by the Bacillus subtilis LrpC protein, J.
Biol. Chem., 2003, 278, 5333-5342.

12 A. J. Bendich and K. Drlica, Prokaryotic and eukaryotic
chromosomes: what’s the difference?, BioEssays, 2000, 22, 481-486.

13 B. Bertin, S. Mangenot, M. Renouard, D. Durand and F. Livolant,
Structure and phase diagram of nucleosome core particles
aggregated by multivalent cations, Biophys. J., 2007, 93, 3652-3663.

14 V. A. Bloomfield, DNA condensation, Curr. Opin. Struct. Biol.,
1996, 6, 334-341.

15 V. A. Bloomfield, DNA condensation by multivalent cations,
Biopolymers, 1997, 44, 269-282.

16 B. A. Boggs, C. D. Allis and A. C. Chinault, Immunofluorescent
studies of human chromosomes with antibodies against
phosphorylated H1 histone, Chromosoma, 2000, 108, 485-490.

17 K. Bohinc, A. Igli and S. May, Interaction between macroions
mediated by divalent rod-like ions, Europhys. Lett., 2004, 68, 494-500.

18 K. Bohinc, J. M. A. Grime and L. Lue, The interactions between
charged colloids with rod-like counterions, Soft Matter, 2012, 8,
5679-5686.

19 E. Bouffartigues, M. Buckle, C. Badaut, A. Travers and S. Rimsky,
H-NS cooperative binding to high-affinity sites in a regulatory
element results in transcriptional silencing, Nat. Struct. Mol. Biol.,
2007, 14, 441-448.

20 A. A. Brian, H. L. Frisch and L. S. Lerman, Thermodynamics and
equilibrium sedimentation analysis of the close approach of DNA
molecules and a molecular ordering transition, Biopolymers, 1981,
20, 1305-1328.

21 D.F. Browning, D. C. Grainger and S. J. Busby, Effects of nucleoid-
associated proteins on bacterial chromosome structure and gene
expression, Curr. Opin. Microbiol., 2010, 13, 773-780.

22 S. S. Broyles and D. E. Pettijohn, Interaction of the Escherichia coli
HU protein with DNA. Evidence for formation of nucleosome-like
structures with altered DNA helical pitch, J. Mol. Biol., 1986, 187,
47-60.

23 H. Brutzer, N. Luzzietti, D. Klaue and R. Seidel, Energetics at the
DNA supercoiling transition, Biophys. J., 2010, 98, 1267-1276.

24 M. Bustin and R. Reeves, High-mobility-group chromosomal
proteins: architectural components that facilitate chromatin
function, Prog. Nucleic Acid Res. Mol. Biol., 1996, 54, 35-100.

25 J. Casadesus and D. Low, Epigenetic gene regulation in the bacterial
world, Microbiol. Mol. Biol. Rev., 2006, 70, 830-856.

26 F. Catez, D. T. Brown, T. Misteli and M. Bustin, Competition
between histone H1 and HMGN proteins for chromatin binding
sites, EMBO Rep., 2002, 3, 760-766.

27 T. Cavalier-Smith, Origin of the cell nucleus, mitosis and sex: roles of
intracellular coevolution, Biol. Direct, 2010, 5, 7.

28 Y. R. Chemla, K. Aathavan, J. Michaelis, S. Grimes, P. J. Jardine,
D. L. Anderson and C. Bustamante, Mechanism of force
generation of a viral DNA packaging motor, Cell, 2005, 122, 683~
692.

29 X.J. Chen and R. A. Butow, The organization and inheritance of the
mitochondrial genome, Nat. Rev. Genet., 2005, 6, 815-825.

30 Y. Cheng, N. Korolev and L. Nordenskiold, Similarities and
differences in interaction of K* and Na* with condensed ordered
DNA. A molecular dynamics computer simulation study, Nucleic
Acids Res., 2006, 34, 686—696.

31 D. J. Clark and J. O. Thomas, Differences in the binding of H1
variants to DNA. Cooperativity and linker-length related
distribution, Eur. J. Biochem., 1988, 178, 225-233.

32 N. Clauvelin, B. Audoly and S. Neukirch, Mechanical response of
plectonemic DNA: an analytical solution, Macromolecules, 2008,
41, 4479-4483.

33 N. Clauvelin, B. Audoly and S. Neukirch, Elasticity and
electrostatics of plectonemic DNA, Biophys. J., 2009, 2009, 3716—
3723.

34 J. A. Cognet, C. Pakleza, D. Cherny, E. Delain and E. Le Cam,
Static curvature and flexibility measurements of DNA with
microscopy. A simple renormalization method, its assessment by
experiment and simulation, J. Mol. Biol., 1999, 285, 997-1009.

35 A. Cole, Chromosome structure, Theor. Biophys., 1967, 1, 305-307.

36 K. D. Collins, Charge density-dependent strength of hydration and
biological structure, Biophys. J., 1997, 72, 65-76.

37 D. J. Cummings, V. A. Chapman and S. S. DeLong, An electron
microscopic study of lambda and lambda-dg bacteriophage in thin
sections, J. Mol. Biol., 1965, 14, 418-422.

38 R. Cortini, A. A. Kornyshev, D. J. Lee and S. Leikin, Electrostatic
braiding and homologous pairing of DNA double helices, Biophys.
J., 2011, 101, 875-884.

39 The Biological Chemistry of Magnesium, ed. J. A. Cowan, Wiley,
New York, 1995.

40 C. Crosio, G. M. Fimia, R. Loury, M. Kimura, Y. Okano, H. Zhou,
S. Sen, C. D. Allis and P. Sassone-Corsi, Mitotic phosphorylation of
histone H3: spatio-temporal regulation by mammalian Aurora
kinases, Mol. Cell. Biol., 2002, 22, 874-885.

41 S. Cuylen and C. H. Haering, Deciphering condensin action during
chromosome segregation, Trends Cell Biol., 2011, 21, 552-559.

42 V. Dahirel, F. Paillusson, M. Jardat, M. Barbi and J. M. Victor,
Nonspecific DNA-protein interaction: why proteins can diffuse
along DNA, Phys. Rev. Lett., 2009, 102, 228101.

43 R. T. Dame, The role of nucleoid-associated proteins in the
organization and compaction of bacterial chromatin, Mol
Microbiol., 2005, 56, 858-870.

44 R. T. Dame, C. Wyman and N. Goosen, H-NS mediated
compaction of DNA visualised by atomic force microscopy,
Nucleic Acids Res., 2000, 28, 3504-3510.

45 C. A. Davey, D. F. Sargent, K. Luger, A. W. Maeder and
T. J. Richmond, Solvent mediated interactions in the structure of
the nucleosome core particle at 1.9 A resolution, J. Mol. Biol.,
2002, 319, 1097-1113.

46 S. de los Rios and J. J. Perona, Structure of the Escherichia coli
leucine-responsive regulatory protein Lrp reveals a novel octameric
assembly, J. Mol. Biol., 2007, 366, 1589-1602.

47 J. De Rouchey, V. A. Parsegian and D. C. Rau, Cation charge
dependence of the forces driving DNA assembly, Biophys. J., 2010,
99, 2608-2615.

48 S. C. Dillon and C. J. Dorman, Bacterial nucleoid-associated
proteins, nucleoid structure and gene expression, Naf. Rev.
Microbiol., 2011, 8, 185-195.

49 C.J. Dorman, H-NS: a universal regulator for a dynamic genome,
Nat. Rev. Microbiol., 2004, 2, 391-400.

50 C. J. Dorman, H-NS, the genome sentinel, Nat. Rev. Microbiol.,
2007, 5, 157-161.

51 J. A. Downs, Histone H3 K56 acetylation, chromatin assembly, and
the DNA damage checkpoint, DNA Repair, 2008, 7, 2020-2024.

52 J. Dubochet and M. Noll, Nucleosome arcs and helices, Science,
1978, 202, 280-286.

53 J. G. Duguid and V. A. Bloomfield, Electrostatic effects on the
stability of condensed DNA in the presence of divalent cations,
Biophys. J., 1996, 70, 2838-2846.

54 W. C. Earnshaw and S. R. Casjens, DNA packaging by the double-
stranded DNA bacteriophages, Cell, 1980, 21, 319-331.

55 W. C. Earnshaw and U. K. Laemmli, Architecture of metaphase
chromosomes and chromosome scaffolds, J. Cell Biol., 1983, 96,
84-93.

56 T. H. Eickbush and E. N. Moudrianakis, The compaction of DNA
helices into either continuous supercoils or folded-fiber rods and
toroids, Cell, 1978, 13, 295-306.

57 M. Elstov, K. M. Maclellan, K. Maeshima, A. S. Frangakis and
J. Dubochet, Analysis of cryo-electron microscopy images does
not support the existence of 30-nm chromatin fibers in mitotic
chromosomes in situ, Proc. Natl. Acad. Sci. U. S. A., 2008, 105,
19732-19737.

58 Y. Fang and J. H. Hoh, Cationic silanes stabilize intermediates in
DNA condensation, FEBS Lett., 1999, 459, 173-176.

59 Y. Fang and J. H. Hoh, Characterization of DNA condensates by
atomic force microscopy, Methods Mol. Med., 2001, 65, 149-158.

60 A.T. Fenley, D. A. Adams and A. V. Onufriev, Charge state of the
globular histone core controls stability of the nucleosome, Biophys.
J., 2010, 99, 1577-1585.

61 R. P. Fisher, T. Lisowsky, M. A. Parisi and D. A. Clayton, DNA
wrapping and bending by a mitochondrial high mobility group-
like transcriptional activator protein, J. Biol Chem., 1992, 267,
3358-3367.

62 T. M. Fletcher and J. C. Hansen, The nucleosomal array: structure/
function relationships, Crit. Rev. Eukaryotic Gene Expression, 1996,
6, 149-188.

63 S. Forth, C. Deufel, M. Y. Sheinin, B. Daniels, J. P. Sethna and
M. D. Wang, Abrupt buckling transition observed during the
plectoneme formation of individual DNA molecules, Phys. Rev.
Lett., 2008, 100, 148301.

This journal is © The Royal Society of Chemistry 2012

Soft Matter, 2012, 8, 9285-9301 | 9297


http://dx.doi.org/10.1039/c2sm25789k

Downloaded on 12 November 2012
Published on 04 July 2012 on http://pubs.rsc.org | doi:10.1039/C2SM 25789K

64 D. Frenkiel-Krispin, 1. Ben-Avraham, J. Englander, E. Shimoni,
S. G. Wolf and A. Minsky, Nucleoid restructuring in stationary-
state bacteria, Mol. Microbiol., 2004, 51, 395-405.

65 J. Fresnais, C. Lavelle and J. F. Berret, Nanoparticle aggregation
controlled by desalting kinetics, J. Phys. Chem. C, 2009, 113,
16371-16379.

66 D. N. Fuller, J. P. Rickgauer, P. J. Jardine, S. Grimes,
D. L. Anderson and D. E. Smith, Ionic effects on viral DNA
packaging and portal motor function in bacteriophage phi 29,
Proc. Natl. Acad. Sci. U. S. A., 2007, 104, 11245-11250.

67 D. Furlong, H. Swift and B. Roizman, Arrangement of herpesvirus
deoxyribonucleic acid in the core, J. Virol, 1972, 10, 1071-
1074.

68 1. Gdllego, P. Castro-Hartmann, J. M. Caravaca, S. Cano and
J. R. Daban, Dense chromatin plates in metaphase chromosomes,
Eur. Biophys. J., 2009, 38, 503-522.

69 B. A. Garcia, C. M. Barber, S. B. Hake, C. Ptak, F. B. Turner,
S. A. Busby, J. Shabanowitz, R. G. Moran, C. D. Allis and
D. F. Hunt, Modifications of human histone H3 variants during
mitosis, Biochemistry, 2005, 44, 13202-13213.

70 F. Geinguenaud, V. Calandrini, B. Cayrol, J. Teixeira, C. Mayer,
J. Liquier, C. Lavelle and V. Arluison, Conformational transition
of DNA bound to Hfq probed by infrared spectroscopy, Phys.
Chem. Chem. Phys., 2011, 13, 1222-1229.

71 M. Gellert, K. Mizuuchi, M. H. O’Dea and H. A. Nash, DNA
gyrase: an enzyme that introduces superhelical turns into DNA,
Proc. Natl. Acad. Sci. U. S. A., 1976, 73, 3872-3876.

72 W. Gibson and B. Roizman, Compartmentalization of spermine and
spermidine in the herpes simplex virion, Proc. Natl. Acad. Sci. U. S.
A., 1971, 68, 2818-2821.

73 L. C. Gosule and J. A. Schellman, Compact form of DNA induced
by spermidine, Nature, 1976, 259, 333-335.

74 H. Goto, Y. Tomono, K. Ajiro, H. Kosako, M. Fujita, M. Sakurai,
K. Okawa, A. Iwamatsu, T. Okigaki, T. Takahashi and M. Inagaki,
Identification of a novel phosphorylation site on histone H3 coupled
with mitotic chromosome condensation, J. Biol. Chem., 1999, 274,
25543-25549.

75 H. Goto, Y. Yasui, E. A. Nigg and M. Inagaki, Aurora-B
phosphorylates Histone H3 at serine28 with regard to the mitotic
chromosome condensation, Genes Cells, 2002, 7, 11-17.

76 F. A. Goytisolo, S. E. Gerchman, X. Yu, C. Rees, V. Graziano,
V. Ramakrishnan and J. O. Thomas, Identification of two DNA-
binding sites on the globular domain of histone H5, EMBO J.,
1996, 15, 3421-3429.

77 R. A. Grayling, K. A. Bailey and J. N. Reeve, DNA binding and
nuclease protection by the HMf histones from the
hyperthermopbhilic archaeon Methanothermus fervidus,
Extremophiles, 1997, 1, 79-88.

78 M. Gueroult, D. Picot, J. Abi-Ghanem, B. Hartmann and
M. Baaden, How cations can assist DNase I in DNA binding and
hydrolysis, PLoS Comput. Biol., 2010, 6, e1001000.

79 L. Guldbrand, B. Jonson, H. Wennerstrom and P. Linse, Electrical
double layer forces: a Monte Carlo study, J. Chem. Phys., 1984,
80, 2221-2228.

80 T. Hackstadt, W. Baehr and Y. Ying, Chlamydia trachomatis
developmentally regulated protein is homologous to eukaryotic
histone H1, Proc. Natl. Acad. Sci. U. S. A., 1991, 88, 3937-3941.

81 P. J. Hagerman, Flexibility of DNA, Annu. Rev. Biophys. Biophys.
Chem., 1988, 17, 265-286.

82 J. M. Harp, B. L. Hanson, D. E. Timm and G, J. Bunick,
Asymmetries in the nucleosome core particle at 2.5 A resolution,
Acta Crystallogr., Sect. D: Biol. Crystallogr., 2000, 56, 1513-1534.

83 A. H. Hassan, P. Prochasson, K. E. Neely, S. C. Galasinski,
M. Chandy, M. J. Carrozza and J. L. Workman, Function and
selectivity of bromodomains in anchoring chromatin-modifying
complexes to promoter nucleosomes, Cell, 2002, 111, 369-379.

84 M. Haynes, R. A. Garret and W. B. Gratzer, Structure of nuclei
acid-poly base complexes, Biochemistry, 1970, 9, 4410-4416.

85 B. Heddi, N. Foloppe, E. Hantz and B. Hartmann, The DNA
structure responds differently to physiological concentrations of
K* or Na*, J. Mol. Biol., 2007, 368, 1403-1411.

86 M. J. Hendzel, Y. Wei, M. A. Mancini, A. Van Hooser, T. Ranalli,
B. R. Brinkley, D. P. Bazett-Jones and C. D. Allis, Mitosis-specific
phosphorylation of histone H3 initiates primarily within
pericentromeric heterochromatin during G2 and spreads in an

ordered fashion coincident with mitotic chromosome
condensation, Chromosoma, 1997, 106, 348-360.

87 H. Higashibata, M. A. Siddiqui, M. Takagi, T. Imanaka and
S. Fujiwara, Surface histidine residue of archaeal histone affects
DNA compaction and thermostability, FEMS Microbiol. Lett.,
2003, 224, 17-22.

88 V. F. Holmes and N. R. Cozzarelli, Closing the ring: links between
SMC proteins and chromosome partitioning, condensation, and
supercoiling, Proc. Natl. Acad. Sci. U. S. A., 2000, 97, 1322-1324.

89 B. Hribar and V. Vlachy, Evidence of electrostatic attraction
between equally charged macroions induced by divalent
counterions, J. Phys. Chem. B, 1997, 101, 3457-3459.

90 N. G. Hunt and J. E. Hearst, Elastic model of DNA supercoiling in
the infinite length limit, J. Chem. Phys., 1991, 95, 9329-9336.

91 M. Imbert, B. Laine, N. Helbecque, J. P. Mornon, J. P. Hénichart
and P. Sautiere, Conformational study of the chromosomal
protein MC1 from the archaebacterium Methanosarcina barker,
Biochim. Biophys. Acta, 1990, 1038, 346-354.

92 D. Ivanov and K. A. Nasmyth, Topological interaction between
cohesin rings and a circular minichromosome, Cell, 2005, 122,
849-860.

93 S. Jones, H. P. Shanahan, H. M. Berman and J. M. Thornton, Using
electrostatic potentials to predict DNA-binding sites on DNA-
binding proteins, Nucleic Acids Res., 2003, 31, 7189-7198.

94 S. Jones, P. van Heyningen, H. M. Berman and J. M. Thornton,
Protein-DNA interactions: a structural analysis, J. Mol. Biol.,
1999, 287, 877-896.

95 M. Kanduc, J. Dobnikar and R. Podgornik, Counterion-mediated
electrostatic interactions between helical molecules, Soft Matter,
2009, 5, 868-877.

96 M. Kanduc, A. Naji and R. Podgornik, Counterion-mediated weak
and strong coupling electrostatic interaction between like-charged
cylindrical dielectrics, J. Chem. Phys., 2010, 132, 224703.

97 M. Kanduc, M. Trulsson, A. Naji, Y. Burak, J. Forsman and
R. Podgornik, Weak- and strong-coupling electrostatic interactions
between asymmetrically charged planar surfaces, Phys. Rev. E:
Stat., Nonlinear, Soft Matter Phys., 2008, 78, 061105.

98 H. E. Kasinsky, J. D. Lewis, J. B. Dacks and J. Ausio, Origin of H1
linker histones, FASEB J., 2001, 15, 34-42.

99 J. Granot, J. Feigon and D. R. Kearns, Interactions of DNA with
divalent metal ions. 1. *P-NMR studies, Biopolymers, 1982, 21,
181-201.

100 J. Granot and D. R. Kearns, Interactions of DNA with divalent
metal ions. II. Proton relaxation enhancement studies,
Biopolymers, 1982, 21, 203-218.

101 J. Granot and D. R. Kearns, Interactions of DNA with divalent
metal ions. III. Extent of metal binding: experiment and theory,
Biopolymers, 1982, 21, 219-232.

102 J. Granot, N. Assa-Munt and D. R. Kearns, Interactions of DNA
with divalent metal ions. IV. Competitive studies of Mn** binding
to AT- and GC-rich DNAs, Biopolymers, 1982, 21, 873-884.

103 N. Kepper, D. Foethke, R. Stehr, G. Wedemann and K. Rippe,
Nucleosome geometry and internucleosomal interactions control
the chromatin fiber conformation, Biophys. J., 2008, 95, 3692-3705.

104 K. Kimura, V. V. Rybenkov, N. J. Crisona, T. Hirano and
N. R. Cozzarelli, 13S condensin actively reconfigures DNA by
introducing global positive writhe: implications for chromosome
condensation, Cell, 1999, 98, 239-248.

105 J. Kindt, S. Tzlil, A. Ben-Shaul and W. M. Gelbart, DNA packaging
and ejection forces in bacteriophage, Proc. Natl. Acad. Sci. U. S. A.,
2001, 98, 13671-13674.

106 S. M. Klimenko, T. I. Tikchonenko and V. M. Andreev, Packing of
DNA in the head of bacteriophage T2, J. Mol. Biol., 1967, 23, 523—
533.

107 A. A. Kornyshev, D. J. Lee, S. Leikin and A. Wynveen, Structure
and interactions of biological helices, Rev. Mod. Phys., 2007, 79,
943-996.

108 A. A. Kornyshev and S. Leikin, Electrostatic zipper-motif for DNA
aggregation, Phys. Rev. Lett., 1999, 82, 4138-4141.

109 A. A. Kornyshev and S. Leikin, Sequence recognition in the pairing
of DNA duplexes, Phys. Rev. Lett., 2001, 86, 3666-3669.

110 N. Korolev, O. V. Vorontsova and L. Nordenskiold,
Physicochemical analysis of electrostatic foundation for DNA-
protein interactions in chromatin transformations, Prog. Biophys.
Mol. Biol., 2007, 95, 23-49.

9298 | Soft Matter, 2012, 8, 9285-9301

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2sm25789k

Downloaded on 12 November 2012
Published on 04 July 2012 on http://pubs.rsc.org | doi:10.1039/C2SM 25789K

111 T. Kouzarides, Histone methylation in transcriptional control, Curr.
Opin. Genet. Dev., 2002, 12, 198-209.

112 T. Kouzarides, Chromatin modifications and their function, Cell,
2007, 128, 693-705.

113 U. K. Laemmli, Characterization of DNA condensates induced by
poly(ethylene oxide) and polylysine, Proc. Natl. Acad. Sci. U. S.
A., 1975, 72, 4288-4292.

114 B. Lang, N. Blot, E. Bouffartigues, M. Buckle, M. Geertz,
C. O. Gualerzi, R. Mavathur, G. Muskhelishvili, C. L. Pon,
S. Rimsky, S. Stella, M. M. Babu and A. Travers, High-affinity
DNA binding sites for H-NS provide a molecular basis for
selective silencing within proteobacterial genomes, Nucleic Acids
Res., 2007, 35, 6330-6337.

115 A. W.-C. Lau, Fluctuation and correlation effects in electrostatics of
highly-charged surfaces, PhD thesis, University of California at
Santa Barbara, 2000.

116 A. W.-C. Lau, P. Pincus, H. A. Levine and D. Fertig,
Electrostatic attraction of coupled Wigner crystals: finite
temperature effects, Phys. Rev. E: Stat., Nonlinear, Soft Matter
Phys., 2001, 63, 051604.

117 C. Lavelle and A. Prunell, Chromatin polymorphism and the
nucleosome superfamily: a genealogy, Cell Cycle, 2007, 6, 2113—
2119.

118 E. Le Cam, F. Culard, E. Larquet, E. Delain and J. A. Cognet, DNA
bending induced by the archaebacterial histone-like protein MC1, J.
Mol. Biol., 1999, 285, 1011-1121.

119 A. Leforestier and F. Livolant, Structure of toroidal DNA collapsed
inside the phage capsid, Proc. Natl. Acad. Sci. U. S. A., 2009, 106,
9157-91162.

120 M. A. Lever, J. P. Th’ng, X. Sun and M. J. Hendzel, Rapid exchange
of histone H1.1 on chromatin in living human cells, Nature, 2000,
408, 873-876.

121 P. Linse and V. Lobaskin, Electrostatic attraction and phase
separation in solutions of like-charged colloidal particles, Phys.
Rev. Lett., 1999, 83, 4208-4211.

122 F. Livolant, Ordered phases of DNA in vivo and in vitro, Phys. A,
1991, 176, 117-137.

123 F. Livolant, S. Mangenot, A. Leforestier, A. Bertin, M. de Frutos,
E. Raspaud and D. Durand, Are liquid crystalline properties of
nucleosomes involved in chromosome structure and dynamics,
Philos. Trans. R. Soc., A, 2006, 364, 2615-2633.

124 K. Luger, A. W. Maider, R. K. Richmond, D. F. Sargent and
T. J. Richmond, Crystal structure of the nucleosome core particle
at 2.8 A resolution, Nature, 1997, 389, 251-260.

125 M. S. Luijsterburg, M. C. Noom, G. J. Wuite and R. T. Dame, The
architectural role of nucleoid-associated proteins in the organization
of bacterial chromatin: a molecular perspective, J. Struct. Biol.,
2006, 156, 262-272.

126 M. S. Luijsterburg, M. F. White, R. van Driel and R. T. Dame, The
major architects of chromatin: architectural proteins in bacteria,
archaea and eukaryotes, Crit. Rev. Biochem. Mol. Biol., 2008, 43,
393-418.

127 R. Lurz, M. Grote, J. Dijk, R. Reinhardt and B. Dobrinski, Electron
microscopic study of DNA complexes with proteins from the
archaebacterium Sulfolobus acidocaldarius, EMBO J., 1986, 5,
3715-3721.

128 K. Maeshima, S. Hihara and M. Eltsov, Chromatin structure: does
the 30-nm fibre exist in vivo?, Curr. Opin. Cell Biol., 2010, 22, 291—
297.

129 H. S. Malik and S. Henikoff, Phylogenomics of the nucleosome, Nat.
Struct. Biol., 2003, 10, 882-891.

130 S. Mangenot, A. Leforestier, D. Durand and F. Livolant, X-ray
diffraction characterization of the dense phases formed by
nucleosome core particles, Biophys. J., 2003, 84, 2570-2584.

131 G. S. Manning, The molecular theory of polyelectrolyte solutions
with applications to the electrostatic properties of polynucleotides,
Q. Rev. Biophys., 1978, 11, 179-246.

132 G. S. Manning, The persistence length of DNA is reached from the
persistence length of its null isomer through an internal electrostatic
stretching force, Biophys. J., 2006, 91, 3607-3616.

133 G. S. Manning, Counterion condensation theory of attraction
between like charges in the absence of multivalent counterions,
Eur. Phys. J. E, 2011, 34, 132.

134 S. Mantelli, P. Muller, S. Harlepp and M. Maaloum,
Conformational analysis and estimation of the persistence length

of DNA using atomic force microscopy in solution, Soft Matter,
2011, 7, 3412-3416.

135 F. Marc, K. Sandman, R. Lurz and J. N. Reeve, Archaeal histone
tetramerization determines DNA affinity and the direction of
DNA supercoiling, J. Biol. Chem., 2000, 277, 30879-30886.

136 T.J. Maresca, B. S. Freedman and R. Heald, Histone H1 is essential
for mitotic chromosome architecture and segregation in Xenopus
laevis egg extracts, J. Cell Biol., 2005, 169, 859-869.

137 A. Margalit, A. Brachner, J. Gotzmann, R. Foisner and
Y. Gruenbaum, Barrier-to-autointegration factor — a BAFfling
little protein, Trends Cell Biol., 2007, 17, 202-208.

138 R. Marquet, P. Colson and C. Houssier, The condensation of
chromatin and histone Hl-depleted chromatin by spermine, J.
Biomol. Struct. Dyn., 1986, 4, 205-218.

139 R. Marquet, P. Colson, A. M. Matton, C. Houssier, M. Thiry and
G. Goessens, Comparative study of the condensation of chicken
erythrocyte and calf thymus chromatins by di- and multivalent
cations, J. Biomol. Struct. Dyn., 1988, 5, 839-857.

140 R. Marquet and C. Houssier, Thermodynamics of cation-induced
DNA condensation, J. Biomol. Struct. Dyn., 1991, 9, 159-167.

141 R. Marquet, C. Houssier and E. Fredericq, An electro-optical study
of the mechanisms of DNA condensation induced by spermine,
Biochim. Biophys. Acta, 1985, 825, 365-374.

142 D. Matulis, I. Rouzina and V. A. Bloomfield, Thermodynamics of
cationic lipid binding to DNA and DNA condensation: roles of
electrostatics and hydrophobicity, J. Am. Chem. Soc., 2002, 124,
7331-7342.

143 S. May, A. Igli, J. Rescic, S. Maset and K. Bohinc, Bridging like-
charged macroions through long divalent rod-like ions, J. Phys.
Chem. B, 2008, 112, 1685-1692.

144 L. Meldi and J. H. Brickner, Compartmentalization of the nucleus,
Trends Cell Biol., 2011, 21, 701-708.

145 A. Miller, B. Yang, T. Foster and A. L. Kirchmaier, Proliferating
cell nuclear antigen and ASF1 modulate silent chromatin in
Saccharomyces cerevisiae via lysine 56 on histone H3, Genetics,
2008, 179, 793-809.

146 T. Misteli, A. Gunjan, R. Hock, M. Bustin and D. T. Brown,
Dynamic binding of histone Hl to chromatin in living cells,
Nature, 2000, 408, 877-881.

147 A. Moreira and R. R. Netz, Simulations of counterions at charged
plates, Eur. Phys. J. E, 2002, 8, 33-58.

148 S. A. Morris, B. Rao, B. A. Garcia, S. B. Hake, R. L. Diaz,
J. Shabanowitz, D. F. Hunt, C. D. Allis, J. D. Lieb and
B. D. Strahl, Identification of histone H3 lysine 36 acetylation as
a highly conserved histone modification, J. Biol. Chem., 2007, 282,
7632-7640.

149 F. Mosconi, J. F. Allemand, D. Bensimon and V. Croquette,
Measurement of the torque on a single stretched and twisted DNA
using magnetic tweezers, Phys. Rev. Lett., 2009, 102, 078301.

150 J. Mozziconacci, C. Lavelle, M. Barbi, A. Lesne and J. M. Victor, A
physical model for the condensation and decondensation of
eukaryotic chromosomes, FEBS Lett., 2006, 580, 368-372.

151 S. Mujtaba, L. Zeng and M. M. Zhou, Structure and acetyl-lysine
recognition of the bromodomain, Oncogene, 2007, 26, 5521-
5527.

152 M. Murata, Y. Azuma, K. Miura, M. A. Rahman, M. Matsutani,
M. Aoyama, H. Suzuki, K. Sugi and M. Shirai, Chlamydial SET
domain protein functions as a histone methyltransferase,
Microbiology, 2007, 153, 585-592.

153 F. V. T. Murphy, R. M. Sweet and M. E. Churchill, The structure of
a chromosomal high mobility group protein-DNA complex reveals
sequence-neutral mechanisms important for non-sequence-specific
DNA recognition, EMBO J., 1999, 18, 6610-6618.

154 D. R. Musgrave, K. M. Sandman and J. N. Reeve, DNA binding by
the archaeal histone HMf results in positive supercoiling, Proc. Natl.
Acad. Sci. U. S. A., 1991, 88, 10397-10401.

155 A. Naji, A. Arnold, C. Holm and R. R. Netz, Attraction and
unbinding of like-charged rods, Europhys. Lett., 2004, 67, 130-136.

156 A. Naji and R. R. Netz, Attraction of like-charged macroions in the
strong-coupling limit, Eur. Phys. J. E, 2004, 13, 43-59.

157 R. R. Netz, Electrostatistics of counter-ions at and between planar
charged walls: from Poisson-Boltzmann to the strong-coupling
theory, Eur. Phys. J. E, 2001, 5, 557-574.

158 R. R. Netz and H. Orland Beyond, Poisson Boltzmann: fluctuations
effects and correlation functions, Eur. Phys. J. E, 2000, 1, 203-214.

This journal is © The Royal Society of Chemistry 2012

Soft Matter, 2012, 8, 9285-9301 | 9299


http://dx.doi.org/10.1039/c2sm25789k

Downloaded on 12 November 2012
Published on 04 July 2012 on http://pubs.rsc.org | doi:10.1039/C2SM 25789K

159 J. C. Neu, Wall-mediated forces between like-charged bodies in an
electrolyte, Phys. Rev. Lett., 1999, 82, 1072-1075.

160 S. Neukirch, Extracting DNA twist rigidity from experimental
supercoiling data, Phys. Rev. Lett., 2004, 93, 198107.

161 S. Neukirch and J. F. Marko, Analytical description of extension,
torque, and supercoiling radius of a stretched twisted DNA, Phys.
Rev. Lett., 2011, 106, 138104.

162 T. Odijk, Osmotic compaction of supercoiled DNA into a bacterial
nucleoid, Biophys. Chem., 1998, 73, 23-29.

163 D. E. Olins and A. L. Olins, Model nucleohistones: the interaction of
F1 and F2al histones with native T7 DNA, J. Mol. Biol., 1971, 57,
437-455.

164 T. Oshima, T. Moriya and Y. Terui, Identification, chemical
synthesis, and biological functions of wunusual polyamines
produced by extreme thermophiles, Methods Mol. Biol., 2011, 720,
81-111.

165 T. A. Owen-Hughes, G. D. Pavitt, D. S. Santos, J. M. Sidebotham,
C. S. J. Hulton, J. C. D. Hulton and C. F. Higgins, The
chromatin-associated protein H-NS interacts with curved DNA
to influence DNA topology and gene expression, Cell, 1992, 71,
255-265.

166 F. Paillusson, M. Barbi and J. M. Victor, Poisson-Boltzmann for
oppositely charged bodies: an explicit derivation, J. Chem. Phys.,
2009, 107, 1379-1391.

167 F. Paillusson, V. Dahirel, M. Jardat, J. M. Victor and M. Barbi,
Effective interaction between charged nanoparticles and DNA,
Phys. Chem. Chem. Phys., 2011, 13, 12603-12613.

168 C. Q. Pan, S. E. Finkel, S. E. Cramton, J. A. Feng, D. S. Sigman and
R. C. Johnson, Variable structures of Fis-DNA complexes
determined by flanking DNA-protein contacts, J. Mol. Biol., 1996,
264, 675-695.

169 F. Paquet, F. Culard, F. Barbault, J. C. Maurizot and G. Lancelot,
NMR solution structure of the archaebacterial chromosomal protein
MCI reveals a new protein fold, Biochemistry, 2004, 43, 14971—
14978.

170 S. C. Parker and T. D. Tullius, DNA shape, genetic codes, and
evolution, Curr. Opin. Struct. Biol., 2011, 21, 342-347.

171 V. A. Parsegian and D. Gingell, On the electrostatic interaction
across a salt solution between two bodies bearing unequal charges,
Biophys. J., 1972, 12, 1192-1204.

172 T. T. Paull, M. J. Haykinson and R. C. Johnson, The nonspecific
DNA-binding and -bending proteins HMG1 and HMG2 promote
the assembly of complex nucleoprotein structures, Genes Dev.,
1993, 7, 1521-1534.

173 J. R. Paulson and U. K. Laemmli, The structure of histone-depleted
metaphase chromosomes, Cell, 1977, 12, 817-828.

174 S. L. Pereira, R. A. Grayling, R. Lurz and J. N. Reeve, Archaeal
nucleosomes, Proc. Natl. Acad. Sci. U. S. A., 1997, 94, 12633-12637.

175 B. Pfez-Cadahia, B. Drobic and J. R. Davie, H3 phosphorylation:
dual role in mitosis and interphase, Biochem. Cell Biol., 2009, 87,
695-709.

176 J. Postberg, H. J. Lipps and T. Cremer, Evolutionary origin of the
cell nucleus and its functional architecture, Essays Biochem., 2010,
48, 1-24.

177 P. K. Purohit, M. M. Inamdar, P. D. Grayson, T. M. Squires,
J. Kondev and R. Phillips, Forces during bacteriophage DNA
packaging and ejection, Biophys. J., 2005, 88, 851-866.

178 P. K. Purohit, J. Kondev and R. Phillips, Mechanics of DNA
packaging in viruses, Proc. Natl. Acad. Sci. U. S. A., 2003, 100,
3173-3178.

179 X. Qiu, V. A. Parsegian and D. C. Rau, Divalent counterion-induced
condensation of triple-strand DNA, Proc. Natl. Acad. Sci. U. S. A.,
2010, 107, 21482-21486.

180 J. Ray and G. S. Manning, An attractive force between two rodlike
polyions mediated by the sharing of condensed counterions,
Langmuir, 1994, 10, 2450-2461.

181 1. Rajapakse and M. Groudine, On emerging nuclear order, J. Cell
Biol., 2011, 192, 711-721.

182 R. Reeves, Nuclear functions of the HMG proteins, Biochim.
Biophys. Acta, 2010, 1799, 3-14.

183 D. Rhodes and R. A. Laskey, Assembly of nucleosomes and
chromatin in vitro, Methods Enzymol., 1989, 170, 575-585.

184 K. E. Richards, P. C. Williams and R. Calendar, The ionic strength
of DNA packing within bacteriophage heads, J. Mol. Biol., 1973,78,
255-259.

185 S. C. Riemer and V. A. Bloomfield, Packaging of DNA in
bacteriophage heads: some considerations on energetics,
Biopolymers, 1978, 17, 785-794.

186 S. Rimsky, Structure of the histone-like protein H-NS and its role in
regulation and genome superstructure, Curr. Opin. Microbiol., 2004,
7, 109-114.

187 F. Ritort, Single-molecule experiments in biological physics:
methods and application, J. Phys.: Condens. Matter, 2006, 18,
R351-R358.

188 P. J. J. Robinson, L. Fairall, V. A. T. Huynh and D. Rhodes, EM
measurements define the dimensions of the “30-nm” chromatin
fiber: evidence for a compact, interdigitated structure, Proc. Natl.
Acad. Sci. U. S. A., 2007, 103, 6506-6511.

189 A. Routh, S. Sandin and D. Rhodes, Nucleosome repeat length and
linker histone stoichiometry determine chromatin fiber structure,
Proc. Natl. Acad. Sci. U. S. A., 2008, 105, 8872-8877.

190 I. Rouzina and V. A. Bloomfield, Macroion attraction due to
electrostatic correlation between screening counterions. I. Mobile
surface-adsorbed ions and diffuse ion cloud, J. Phys. Chem., 1996,
100, 9977-9989.

191 1. Rouzina and V. A. Bloomfield, DNA bending by small, mobile
multivalent cations, Biophys. J., 1998, 74, 3152-3164.

192 V. V. Rybenkov, N. R. Cozzarelli and A. V. Vologodskii,
Probability of DNA knotting and the effective diameter of the
DNA double helix, Proc. Natl. Acad. Sci. U. S. A., 1993, 90, 5307—
5311.

193 V. V. Rybenkov, A. V. Vologodskii and N. R. Cozzarelli, The effect
of ionic conditions on DNA helical repeat, effective diameter and
free energy of supercoiling, Nucleic Acids Res., 1997, 25, 1412-1418.

194 J. E. Sader and D. Y. C. Chan, Long-range -electrostatic
attractions between identically charged particles in confined
geometries: an unresolved problem, J. Colloid Interface Sci.,
1999, 213, 268-269.

195 L. Samaj and E. Trizac, Wigner-crystal formulation of strong-
coupling theory for counterions near planar charged interfaces,
Phys. Rev. E: Stat., Nonlinear, Soft Matter Phys., 2011, 84, 041401.

196 L. Samaj and E. Trizac, Counterions at highly charged interfaces:
from one plate to like-charge attraction, Phys. Rev. Lett., 2011,
106, 078301.

197 K. Sandman, J. A. Krzycki, B. Dobrinski, R. Lurz and J. N. Reeve,
HMTI, a DNA-binding protein isolated from the hyperthermophilic
archaeon Methanothermus fervidus, is most closely related to
histones, Proc. Natl. Acad. Sci. U. S. A., 1990, 87, 5788-5791.

198 K. Sandman, F. P. Perler and J. N. Reeve, Histone-encoding genes
from Pyrococcus: evidence for members of the HMf family of
archaeal histones in a non-methanogenic Archaeon, Curr. Opin.
Microbiol., 2006, 285, 1011-1021.

199 K. Sandman and J. N. Reeve, Archaeal histones and the origin of the
histone fold, Gene, 1994, 150, 207-208.

200 A. Savelyev and G. A. Papoian, Electrostatic, steric, and hydration
interactions favor Na*+ condensation around DNA compared with
K*, J. Am. Chem. Soc., 2006, 28, 14506-14518.

201 A. Savelyev, C. K. Materese and G. A. Papoian, Is DNA’s rigidity
dominated by electrostatic or nonelectrostatic interactions?, J. Am.
Chem. Soc., 2011, 133, 19290-19293.

202 A. Savelyev, Do monovalent mobile ions affect DNA’s flexibility at
high salt content?, Phys. Chem. Chem. Phys., 2012, 14, 2250-2254.

203 M. P. Scheffer, M. Eltsov, J. Bednar and A. S. Frangakis,
Nucleosomes stacked with aligned dyad axes are found in native
compact chromatin in vitro, J. Struct. Biol., 2012, 178(2), 207-214.

204 M. P. Scheffer, M. Eltsov and A. S. Frangakis, Evidence for short-
range helical order in the 30-nm chromatin fibers of erythrocyte
nuclei, Proc. Natl. Acad. Sci. U. S. A., 2011, 108, 16992-16997.

205 H. Schiessel, The physics of chromatin, J. Phys.. Condens. Matter,
2003, 15, R699-R774.

206 R. Schneider, R. Lurz, G. Liider, C. Tolksdorf, A. Travers and
G. Muskhelishvili, An architectural role of the Escherichia coli
chromatin protein FIS in organising DNA, Nucleic Acids Res.,
2001, 29, 5107-5114.

207 B. L. Shklovskii, Wigner crystal model of counterion induced bundle
formation of rodlike polyelectrolytes, Phys. Rev. Lett., 1999, 82,
3268-3271.

208 M. Shogren-Knaak, H. Ishii, J. M. Sun, M. J. Pazin, J. R. Davie and
C. L. Peterson, Histone H4-K16 acetylation controls chromatin
structure and protein interactions, Science, 2006, 311, 844-847.

9300 | Soft Matter, 2012, 8, 9285-9301

This journal is © The Royal Society of Chemistry 2012


http://dx.doi.org/10.1039/c2sm25789k

Downloaded on 12 November 2012
Published on 04 July 2012 on http://pubs.rsc.org | doi:10.1039/C2SM 25789K

209 D. Skoko, B. Wong, R. C. Johnson and J. F. Marko,
Micromechanical analysis of the binding of DNA-bending proteins
HMGBI1, NHP6A, and HU reveals their ability to form highly
stable DNA-protein complexes, Biochemistry, 2004, 43, 13867-
13874.

210 D. E. Smith, S. J. Tans, S. B. Smith, S. Grimes, D. L. Anderson and
C. Bustamante, The bacteriophage straight phi29 portal motor can
package DNA against a large internal force, Nature, 2001, 413,
748-752.

211 D. J. Soares, F. Marc and J. N. Reeve, Conserved eukaryotic
histone-fold residues substituted into an Archaeal histone increase
DNA affinity but reduce complex flexibility, J. Bacteriol., 2003,
185, 3453-3457.

212 J. Soppa, Protein acetylation in archaea, bacteria, and eukaryotes,
Archaea, 2010, 2010, 820681.

213 J. Stavans and A. Oppenheim, DNA-protein interactions and
bacterial chromosome architecture, Phys. Biol., 2006, 3, R1-R10.

214 A. Stein, Reconstitution of chromatin from purified components,
Methods Enzymol., 1989, 170, 585-603.

215 D. Stigter, Interactions of highly charged colloidal cylinders with
applications to double-stranded DNA, Biopolymers, 1977, 16,
1435-1448.

216 R. Strick, P. L. Strissel, K. Gavrilov and R. Levi-Setti, Cation-
chromatin binding as shown by ion microscopy is essential for the
structural integrity of chromosomes, J. Cell Biol., 2001, 155, 899—
910.

217 K. Struhl, Fundamentally different logic of gene regulation in
prokaryotes and eukaryotes, Cell, 1999, 98, 1-4.

218 K. K. Swinger, K. M. Lemberg, Y. Zhang and P. A. Rice, Flexible
DNA bending in HU-DNA cocrystal structures, EMBO J., 2003,
22, 3749-3760.

219 P. B. Talbert and S. Henikoff, Histone variants — ancient wrap artists
of the epigenome, Nat. Rev. Mol. Cell Biol., 2010, 11, 264-275.

220 H. Tanaka, N. Goshima, K. Kohno, Y. Kano and F. Imamoto,
Properties of DNA-binding of HU heterotypic and homotypic
dimers from Escherichia coli, J. Biochem., 1993, 113, 568-572.

221 S. G. Taneva, I. G. Munoz, G. Franco, J. Falces, I. Arregi, A. Muga,
G. Montoya, M. A. Urbaneja and S. Banuelos, Activation of
nucleoplasmin, an oligomeric histone chaperone, challenges its
stability, Biochemistry, 2008, 47, 13897-13906.

222 A. Tapias, G. Lopez and S. Ayora, Bacillus subtilis LrpC is
a sequence-independent DNA-binding and DNA-bending protein
which bridges DNA, Nucleic Acids Res., 2000, 28, 552-559.

223 P. Thaw, S. E. Sedelnikova, T. Muranova, S. Wiese, S. Ayora,
J. C. Alonso, A. B. Brinkman, J. Akerboom, J. van der Oost and
J. B. Rafferty, Structural insight into gene transcriptional
regulation and effector binding by the Lrp/AsnC family, Nucleic
Acids Res., 2006, 34, 1439-1449.

224 F. Thoma, T. Koller and A. Klug, Involvement of histone H1 in the
organization of the nucleosome and of the salt-dependent
superstructures of chromatin, J. Cell Biol., 1979, 83, 403-427.

225 J. O. Thomas and A. A. Travers, HMGI and 2, and related
‘architectural’ DNA-binding proteins, Trends Biochem. Sci., 2001,
26, 167-174.

226 J. V. Tjeertes, K. M. Miller and S. P. Jackson, Screen for DNA-
damage-responsive histone modifications identifies H3K9Ac¢ and
H3K56Ac in human cells, EMBO J., 2009, 28, 1878-1889.

227 Y. Timsit and P. Varnai, Helical chirality: a link between local
interactions and global topology in DNA, PLoS One, 2010, 5, €9326.

228 B. A. Todd, V. A. Parsegian, A. Shirahata, T. J. Thomas and
D. C. Rau, Attractive forces between cation condensed DNA
double helices, Biophys. J., 2008, 94, 4775-4782.

229 A. A. Travers, Priming the nucleosome: a role for HMGB proteins?,
EMBO Rep., 2003, 4, 131-136.

230 A. Travers and G. Muskhelishvili, Bacterial chromatin, Curr. Opin.
Genet. Dev., 2005, 15, 507-514.

231 D. J. Tremethick, Higher-order structures of chromatin: the elusive
30 nm fiber, Cell, 2007, 128, 651-654.

232 A. E. Tupper, T. A. Owen-Hughes, D. W. Ussery, D. S. Santos,
D. J. Ferguson, J. M. Sidebotham, J. C. Hinton and
C. F. Higgins, The chromatin-associated protein H-NS alters
DNA topology in vitro, EMBO J., 1994, 13, 258-268.

233 S. Tzlil, J. T. Kindt, W. M. Gelbart and A. Ben-Shaul, Forces and
pressures in DNA packaging and release from viral capsids,
Biophys. J., 2003, 84, 1616-1627.

234 J. Ubbink and T. Odijk, Electrostatic-undulatory theory of
plectonemically supercoiled DNA, Biophys. J., 1999, 76, 2502-
2519.

235 J. P. Valleau, R. Ivkov and G. M. Torrie, Colloid stability: the forces
between charged surfaces in an electrolyte, J. Chem. Phys., 1991, 95,
520-532.

236 J. van Noort, S. Verbrugge, N. Goosen, C. Dekker and R. T. Dame,
Dual architectural roles of HU: formation of flexible hinges and rigid
filaments, Proc. Natl. Acad. Sci. U. S. A., 2004, 101, 6969-6974.

237 M. Vasilescu, D. Angelescu, H. Caldararu, M. Almgren and
A. Khan, Fluorescence study on the size and shape of sodium
dodecyl sulphate-aluminium salt micelles, Colloids Surf., A, 2004,
235, 57-64.

238 T. Vora, A. K. Hottes and S. Tavazoie, Protein occupancy landscape
of a bacterial genome, Mol. Cell, 2009, 35, 247-253.

239 T. Waldmann, M. Baack, N. Richter and C. Gruss, Structure-
specific binding of the proto-oncogene protein DEK to DNA,
Nucleic Acids Res., 2003, 31, 7003-7310.

240 R. Warrier, B. R. Linger, B. L. Golden and R. J. Kuhn, Role of
sindbis virus capsid protein region II in nucleocapsid core
assembly and encapsidation of genomic RNA, J. Virol, 2008, 82,
4461-4470. i

241 J. Widom and A. Klug, Structure of the 3000 A chromatin filament:
X-ray diffraction from oriented samples, Cell, 1985, 43, 207-213.

242 K. L. Wilson and S. C. Dawson, Evolution: functional evolution of
nuclear structure, J. Cell Biol., 2011, 195, 171-181.

243 J. T. Wong, D. C. New, J. C. Wong and V. K. Hung, Histone-like
proteins of the dinoflagellate Crypthecodinium cohnii have
homologies to bacterial DNA-binding proteins, Eukaryotic Cell,
2003, 2, 646-650.

244 H. Wong, J. M. Victor and J. Mozziconacci, An all-atom model of
the chromatin fiber containing linker histones reveals a versatile
structure tuned by the nucleosomal repeat length, PLoS One, 2007,
2, e877.

245 F. Xu, K. Zhang and M. Grunstein, Acetylation in histone H3
globular domain regulates gene expression in yeast, Cell, 2005,
121, 375-385.

246 Y. Yoshikawa, K. Yoshikawa and T. Kanbe, Formation of a giant
toroid from long duplex DNA, Langmuir, 1999, 15, 4085-4088.

247 N. A. Youngson, S. Chong and E. Whitelaw, Gene silencing is an
ancient means of producing multiple phenotypes from the same
genotype: common mechanisms and functions in epigenetic
processes can be seen throughout all life forms, BioEssays, 2010,
33, 95-99.

248 T. Y. Yu and J. Shaefer, REDOR NMR characterization of DNA
packaging in bacteriophage T4, J. Mol Biol., 2008, 382, 1031-
1042.

249 G. Zanchetta, F. Giavazza, M. Nakata, M. Buscaglia, R. Cerbinoa,
N. A. Clark and T. Bellini, Right-handed double-helix ultrashort
DNA yields chiral nematic phases with both right- and left-handed
director twist, Proc. Natl. Acad. Sci. U. S. A., 2006, 107, 17497
17502.

250 H. Zhang and J. F. Marko, Maxwell relations for single-DNA
experiments: monitoring protein binding and double-helix torque
with force-extension measurements, Phys. Rev. E: Stat., Nonlinear,
Soft Matter Phys., 2008, 77, 031916.

251 Y. B. Zhou, S. E. Gerchman, V. Ramakrishnan, A. Travers and
S. Muyldermans, Position and orientation of the globular domain
of linker histone H5 on the nucleosome, Nature, 1998, 395, 402-405.

252 N. Zuleger, M. 1. Robson and E. C. Schirmer, The nuclear envelope
as a chromatin organizer, Nucleus, 2011, 2, 339-349.

This journal is © The Royal Society of Chemistry 2012

Soft Matter, 2012, 8, 9285-9301 | 9301


http://dx.doi.org/10.1039/c2sm25789k

	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective

	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective

	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective

	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective

	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective
	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective

	Electrostatics of DNA compaction in viruses, bacteria and eukaryotes: functional insights and evolutionary perspective


