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Resumo

Na presente tese, a condensacdo-psi (“psi € a abreviacdo para a sentenga em lingua inglésa
“polymer and salt induced” - condensa¢do induzida por polimero e sal”) do DNA ¢ estudada
experimentalmente e teoreticamente em diferentes contextos. Experimentos utilizando
espectroscopia de dicroismo circular sdo realizados para elucidar a influéncia do peso molecular do
polimero flexivel na condensa¢do e decondensag¢do reentrante do DNA. O diagrama de fase
completo da transi¢do é determinado e comparado com predigdes tedricas existentes. Um acordo
quantitativo completo ¢ encontrado com relagdo a condensagdo, mas apenas um acordo qualitativo ¢
obtido com relagdo a transi¢do reversa devido as aproximagdes da teoria.

Esse problema teodrico € revisitado nesta tese e um modelo tedrico menos restritivo &
desenvolvido ao longo das linhas originais da teoria das interacdes de deple¢do propostas por
Asakura e Oosawa. A decondensagdo reentrante ¢ encontrada em um amplo espectro de
concentragdes do sal e a dependéncia da concentrag@o critica do polimero flexivel (PEGgi) com
relagdo ao seu peso molecular para ambas as transi¢des esta em acordo qualitativo com os dados
experimentais.

E também discutido ao longo desta tese, o sinergismo experimentalmente observado entre as
interagdes de deplecdo e a complexdo de proteinas basicas com o DNA na condensagdo dessa
macromolécula. Experimentos de eletroforese em gel de agarose e espalhamento dinamico de luz
sdo realizados para esclarecer esse sinergismo e propoér um modelo microscopico para a formagao e
estabilidade do nucledide em células procarioticas.

Por fim, ¢ investigada experimentalmente e teoreticamente a influéncia da topologia do DNA na
condensacdo-psi. Os valores do PEG.i sdo experimentalmente determinadas para a forma super-
helicoidal e a forma linear correspondente. Tanto os resultados experimentais quanto as estimativas
numéricas indicam uma influéncia bastante limitada das super-hélices na condensacdo do DNA.
Simulagdes de Monte Carlo sdo realizadas para determinar as possiveis modificacdes
conformacionais do DNA com super-hélices induzidas pelo confinamento dessa molécula no
interior do condensado. Uma redug¢@o no didmetro das super-hélices é encontrada como sendo mais
provavel do que uma significante redu¢do da quantidade de super-hélices (medida pelo “writhe”)
devido as pequenas variagdes de energia livre relativas envolvidas no primeiro caso.



Abstract

In the present thesis, the DNA psi-condensation is studied both experimental and theoretically in
several different contexts. Experiments using circular dichroism spectroscopy were performed in
order to elucidate the influence of the flexible polymer's molecular weight on the DNA condensation
and reentrant decondensation. The whole phase diagram was determined and compared with
theoretical predictions. A full quantitative agreement is found for the condensation transitions; as far
the reentrant decondensation transition is concerned, the model does not predict the entire phase
diagram due to its assumptions.

This theoretical problem is revisited in this thesis and a less restrictive model is developed along
the lines of the original Asakura-Oosawa model for depletion interactions. The DNA reentrant
decondensation is found within a wide range of salt concentration and the critical PEG (poly
ethyleneglicol) concentrations (PEG.i) dependence on the PEG’s degree of polymerization is in
qualitative agreement with the experimental data.

We also discuss in this thesis, the synergism found between molecular crowding and the
“histone-like” protein binding to DNA molecules in condensing DNA. An agarose gel electrophoresis
assay and dynamic light scattering experiments were performed in order to elucidate this synergism
and to propose a microscopic model for the formation and stability of the prokaryotic nucleoid.

At last, we investigate both theoretical and experimentally the influence of the DNA topology
on the DNA psi-condensation, namely we investigate the role of super-coiling on the polymer
induced DNA condensation and compare the PEG..; critical concentrations for the super-coiled DNA
as well as for the linearized form. Both experiments and analytical estimatives show that super-
coiling has a limited role on the phase separation which accounts for the DNA condensation. Monte
Carlo simulations were also done on this system to investigate to what extend the super-coiled
conformation is deformed and we found that a decrease in the plectonemic diameter is most likely to
occur in order to fit the super-coiled DNA inside the condensed phase rather than a significant super-
helical unwinding.
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Introduction

Among the different kinds of mixtures which may be either found in nature or synthesized,
there are two major groups: the homogeneous mixtures (solutions) and the heterogeneous mixtures
(dispersions and suspensions). The essential physical difference between these two groups is the
size of the dissolved particles. Solutions usually have dissolved particles whose sizes are of the
order of Angstroms (1A=10"" m) whereas in dispersion, particles are nanometer to micrometer
sized (1nm =107 m and 1um =10 m).

Figure 1- Characteristic length scales of colloidal systems (1nm <d<1 pum): “Colloidal domain” and some biophysical interesting system: a) Illustration
of the electronic structure of the water molecule; b) Illustration of the quaternary structure of the hemoglobin molecule. ¢) Illustration of an eukaryotic
plasmatic membrane; d) Electron micrography of the plasmid pUC18; e) Electron micrography of a T4 phage glued to the cell's membrane; f) Electron
microscopy of red cells of the human blood.(From “Cellular and Molecular Biology”, Lodish,H ez a/ .5* Edition - Artmed Press ).

The physical behavior of colloidal dispersions is a direct result of this very basic feature. Due
to its sizes, the dispersed particles strongly interact with each other and with external fields in such a
way that it is possible to separate them from the dispersant medium by centrifugation or to measure
the particles sizes by light scattering which is not strictly possible for solutions (e.g., a dilute
solution of sodium chloride (NaCl) dissolved in water (H,O)) [1].

Bearing these considerations in mind, the boundaries of the present thesis may be delimited:
the study of dispersions of neutral and charged polymers. The phase behavior of these systems is
nowadays studied intensively both theoretical and experimentally for technological applications,
recent advances in biophysics and medical treatments claim the understanding of those colloidal
dispersions [2 and references therein].

The cornerstone of the colloid science was the development of the DLVO theory for
lyophobic colloids [3] which was worked out in details by Deryaguin and Landau (Russia) and
Verwey and Overbeek (The Netherlands). The starting point of the DLVO theory is to consider the
thermodynamical equilibrium of a colloidal dispersion as a result of the competition between
repulsive screened electrostatic interactions and attractive van der Walls interactions among the
particles. The former being long-ranged, with a characteristic length given by the Debye length - x”
which depends on the medium ionic strength- and the later being short-ranged (~ ) being r the
distance between the particle’s centers. Despite the huge amount of work which has been done on
colloidal systems and the recent advances in the field, the DLVO theory is still invoked to explain a
great number of experimental facts since its publication in fotum [4].



Another theoretical advance in colloidal systems happened in 1954. Whereas the DLVO theory
deals with particles which act on each other on distance, Asakura and Oosawa hypothesized that
volume restrictions imposed by some dispersed components on others might give rise to an
attractive local potential. In their famous letter “On Interactions between two bodies immersed
in a solution of macromolecules”, they pointed out explicitly how this could happen and
emphasized the possible implications of these interactions (nowadays called depletion interactions)
on the phase behavior of colloidal dispersions including some of biological relevance [5].

Depletion interactions
If D=d,
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®

If D<d,

D D
—_— ————————
D [
[

Figure 2- Illustration of the solute depletion from within the inner space
between the two parallel surfaces when the distance D between the surfaces is
smaller than the diameter d of the solutes molecules. Once the solute can not
enter the space between the plates, the unbalanced osmotic pressure pushes the
two plates toward each other.

Ever since this breakthrough, depletion interactions have been invoked to explain a number of
experimental facts, and systems which at first glance are uncorrelated such as the crystallization of
proteins in vitro [6] and the formation and stability of the prokaryotic nucleoid in vivo [7] have been
understood on the same theoretical grounds.

When the solutes are modeled as hard spheres (see figure 2) the depletion potential is a
discontinuous rather than a smooth function of the distance (D) between the interacting surfaces
(which were chosen for the sake of clarity as plates) immersed in the dispersion (see figure 3). On
the other hand, if the solute molecules are for instance, thin rod-like macromolecules of length / or
polymer coils of radius of gyration R,, the depletion potential is a continuous functions of the
distance D due to the partitioning of the macromolecules between the plates and the bulk of the
solution (see figure 3).
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Figure 3 — Illustration of the depletion interactions expressed in terms of the
induce pressure Piq (normalized by the solution osmotic pressure Prux for the
case of hard spheres of diameter d, thin rod-like macromolecules of length / and
for polymer coils of radius of gyration R, as a function of the distance D
between the plates.

In the figure 4 we illustrate the depletion (exclusion) of the polymer coils from within the
space between the surfaces of two plates and from within the space between the surfaces of two
spheres. The center of mass of the polymer molecule can not approach the center of the sphere
infinitely. Thus there is a depletion layer around each sphere and its radius is nearly Rpe, =R¢+R,
where Rp, is the radius of the depletion zone, R, is the radius of the hard spheres and R, is the
polymer’s radius of gyration. When the two hard spheres approach each other and the depletion
zones do overlap the polymer molecule is excluded from that space and exert a pressure equals to
the solution osmotic pressure and which tends to push the spheres toward each other (see figure 4).

Monomers depletion

R

Figure 4- Illustrative picture of polymers coils depleted from within the
space between the plates and the spheres surfaces when the depletion
layers (represented by dashed circles) do overlap or when R, is of the
order of magnitude of the distance (D) between the plates.
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Although we have restricted ourselves to the “mechanical effects” of the induced depletion
interactions, it has been recognized that these interactions are ubiquitous in the context of
physiological processes: the rate of kinetic reactions strongly depends on molecular crowding and so
on depletion interactions; the proteins folding and protein stability in vitro, the actin polymerization
and the formation and stability of the nucleoid in prokaryotic organisms to name a few, do claim the
presence of depletion interactions to be rationalized.

The main content of the present thesis deals with depletion interactions and its implications on
systems of biological relevance emphasizing its importance in some different contexts as well as
comparing its significance with the significance of others interactions which ultimately form the
scaffold of the current understanding of colloidal systems. More precisely, in the following chapters
the phase behavior of mixtures of the poly-electrolyte DNA (Deoxyribonucleic Acid) and neutral -
flexible polymers will be discussed in several contexts. In what follows, a brief summary of the
thesis content is presented along with the main ideas of each paper which form the text’s body. The
main purpose of the summary is to allow the reader who has had no previous contact with DNA
condensation to gain some insight on the subject without the need of going deep into the subtleties
of this wild and rich branch of polymer physics.

12



Paper 1

Summary

The content of the first paper is concerned with the so-called polymer and salt induced DNA
condensation or psi-condensation (or yet y-condensation) for the special case in which the depletant
is a flexible polymer (poly ethyleneglycol or PEG) of low molecular weight (2-8k). The DNA w-
condensation was discovered by Lerman in 1971[8] and since then, this experimental finding has
opened up the doors for an accurate study of the DNA in the liquid-crystalline state: on one hand, it
has allowed the experimentalist to accurately measure the intermolecular forces between DNA
segments as a function of its distances via X-ray diffraction measurements [9] and thus improve our
basic knowledge concerning the statistical-mechanics of tightly confined poly-electrolytes [10,11];
on the other hand, the DNA y-condensation has stimulated a great deal of theoretical efforts towards
the understanding of the underlying physical interactions which govern the phase behavior of
flexible/semi-flexible and charged polymers mixtures.

In 1972, Jordan and co-workers performed a series of experiments using circular dichroism
spectroscopy (CD) to study the phase behavior of concentrated DNA solutions and discovered an
anomalous optical activity at some solutions physicochemical conditions, namely above some
critical concentrations of PEG and sodium chloride (NaCl)[12]. Notwithstanding the limitations of
the experimental technique (which in general does not allow one to relate ab initio the spectrum and
the corresponding molecular structure), it was suggested by those authors that the y-spectra might
be the result of the interaction of the circularly polarized light with a molecular aggregate whose
supra molecular chirality would be responsible for the anomalous selective absorption of one of the
polarized light states.

Figure 5- Fluorescence micrography image of a DNA aggregate
whose y-spectrum is shown in reference 13. The PEG concentration
is 150mg/ml and the NaCl concentrations is 0.2M.The
magnification is shown on the top of each picture. The DNA was
stained with DAPI.
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A question which arises quite naturally from what was said may be formulated in the following
terms: what are the flexible polymer critical concentrations needed to induce phase separation (i.e.,
to induce the DNA condensation) as a function of the salt concentration? Since we know that the
DNA molecules have a high charge density (one elementary charge each 1.7A) we should expect the
critical PEG's concentrations (PEG.:) to strongly depend on the salt concentration. If so, can we
measure this quantity (PEG. as a function of the NaCl concentration)?

In the paper 1[13], we present a suitable experimental strategy which enabled us to answer this
question i.e., we present the whole phase diagram for the y-condensation experimentally determined
using circular dichroism spectroscopy, including the phase boundaries for the condensation transition
as well as for the reentrant decondensation transition.

In our experiments, we chose the dispersion’s optical activity as the order parameter to locate the
onset of the DNA condensation: once the dispersion exhibits an anomalous optical activity or -
spectrum (in comparison with the DNA dispersion optical activity), we assign to those
physicochemical conditions the presence of condensed DNA. Upon increasing the PEG’s
concentration beyond the PEG.i, we observed the loss of y-spectrum and likewise we assign to
those physicochemical conditions the dissolution of the condensed DNA. It is worthwhile to mention
at this point that the reentrant decondensation transition had already been observed for DNA mono
molecular condensation [14] and also predicted on pure theoretical grounds by Grosberg et al [15]
and de Vries[16].

In this way, we were able to measure the PEG. concentrations for both condensation and
reentrant decondensation transitions as a function of the medium ionic strength. The experimental
results are presented in perspective along with previously obtained experimental data for similar
systems and are also compared with the prediction of a theoretical model which estimates the
location of the phase boundary for the y-condensation. The model is in quantitative agreement with
the experimental data concerning the condensation transition; as far as the reentrant decondensation
is concerned, the model does not predict the entire phase boundary due to its premise [16]. This
theoretical problem is readdressed in the manuscript included in this thesis [17].

14



Paper 2

Summary

It is known from cytology that the genome of the prokaryotic organism (4rchaea and Bacteria)
is not enclosed within a membrane such as the one which may be found in the eukaryotic cells (the
nuclear membrane which segregates the cells DNA from the cytoplasm) and it is in direct contact
with the cytosol [18]. The lack of a confining membrane however, does not prevent the bacterial
chromosome to fill only a fraction (= 25%) of the entire cell’s volume [19]. A question which arises
quite naturally from this experimental finding may be formulated as follow: what interactions do not
allow the DNA segments to get as far as possible from each other and thus occupy the entire
cytosol? In other words, why is the bacterial cytosol a poor solvent for the DNA molecule?

Figure 6 — The bacterial nucleoid (bright spots) of the bacteria B. subtilis
obtained by means of fluorescence and phase contrast microscopy (bar = 8
um). Robinow,C and Kellenberg,E. Microbiologiacal Reviews.1994 (58):211-
232.

The seminal experiments performed by Murphy and Zimmerman [20] have given us some clues
to answer this question and so enlighten the formation and stability of the nucleoid structure. These
authors carefully analyzed the effects of the cell's cytosol components on DNA fragments extracted
from phages. The cytosol components were separated according to its affinity for the DNA in to two
different fractions: the DNA-binding fraction (mainly composed of cationic proteins) and the DNA-
non binding fraction. Experiments performed in vifro made clear that neither the DNA-binding
fraction nor the DNA-non binding fraction were able to condense the DNA alone, even at much
higher nominal concentrations than the ones inside the cell. However, the two cytosol fractions were
able to readily precipitate the condensed DNA by means of centrifugation. The synergism between
crowding and electrostatic interactions on the bacterial nucleoid in vivo was stated for the first time.
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In the paper 2[21], we discuss the results obtained by those authors as well as the underlying
physical mechanism responsible for such synergism along the lines of the de Vries' theory for
polymer-induced DNA condensation [16]. Additionally, we performed light scattering and agarose
gel electrophoresis experiments (a similar assay performed by Murphy and Zimmerman) in order to
generalize their conclusions.

In our experiments, we used the positively charged protein sso7d (which mimics the cytosol
protein DNA-binding fraction) extracted from the Archaebacteria Sulfolobus solfataricus and the
neutral polymer PEG (which mimics the DNA-non binding fraction). At physiological conditions
i.e., pH=7.0 and [NaCl] =0.15M, we found that none of these components separately were able to
condense the plasmid pUCI8 alone but here again, together the protein sso7d and the PEG
efficiently were able to do it.

Resting upon assumptions concerning the phase separation in a mixture of semi-flexible poly-
electrolyte and neutral polymers [16], we were able to build a sharp picture for the mechanism
behind the observed synergism and state in a very general way that the DNA molecules complexed
with cationic proteins (the sso7d protein in our experiments) are much more susceptible to y-
condensation than the naked DNA molecule due to its lower charge density and higher effective
diameter (see figure 7). These are the molecular bases of our experimental findings and as our
experiments suggest [21], this is a very general mechanism for DNA compaction inside prokaryotic
cells [19, 20].

Figure 7 — Representation of the DNA/PEG/protein colloid mixture and the most important interactions among them. The
screening of the electrostatic repulsion among the DNA segments due to the positively charged proteins bound and the
enhancement of the depletion interactions due to the thicker DNA/protein complexes efficiently cooperate to promote the DNA
condensation.
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Paper 3

Summary

In the middle of 60s, Vinograd and co-workers [22] opened a totally new chapter in the study of
the DNA conformation. These authors inferred from sedimentation measurements that the DNA
extracted from the polyomavirus could exist in two different conformations: one much more
compact than the other. Electron micrographies made clear that the compact form was a circularly
closed DNA molecule whose axis was coiled upon itself (the super-coiled DNA) and the less
compact conformation was a circularly opened DNA molecule without super-coiling (see figure 8).
They also discovered that the compact form could turn in to the less compact one once a single break
was introduced along one of the DNA strands by specific enzymes: the single break released the
twist stored in the DNA molecule reducing the level of super-coiling to zero (nicked DNA).

Figure 8- Illustration of a linear DNA molecule, the super-coiled form obtained from the linear one by twisting one DNA's end keeping the
other fixed (a). A single break in one of the DNA strands releases the twist and allow the conversion of the super-coiled (circularly closed) form

in to the circularly open form (nicked DNA).
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Such compact DNA conformation or super-coiled DNA turned out to be very common in nature:
we find super-coiling in the bacterial and viral genome as well as in the mitochondrial and
chloroplast DNA [23]. Over the years, intense experimental research has shown that super-coiling is
of fundamental importance for some biological functions: a little decrease in the level of super-
coiling may forbid the correct duplication and partitioning of the bacterial genome among the
daughter cells [24].

In the DNA wy-condensation context, only a few studies have focused on the influence of the
DNA topology on the phase separation and to some extend, it has been implicitly assumed that the
super-coiled DNA conformation does not influence the process at all i.e., linear and super-coiled
DNA have the same behavior in a crowded environment.

In the paper 3 [25], we experimentally compare the y-condensation of both linear and super-
coiled forms of the plasmid pUC18 by means of agarose gel electrophoresis. We analyze the DNA
content in the supernatant of PEG/pUCI18 and PEG/linearized pUC18 dispersions and estimate the
critical PEG concentrations (PEG.i) needed to induce the condensation of both forms. The
experimental results suggest that super-coiling indeed exert almost no influence on the PEG
thresholds, although a slightly higher PEG..i: concentration is needed to induce the condensation of
the super-coiled pUC18.

Numerical estimates were performed in order to explain this experimental finding. To do that, the
free energy of super-coiled DNA dispersed (free) in solution and inside the condensates was
estimated along the lines of de Vries theory for polymer-induced DNA condensation [16]. In this
theory, the location of phase boundary for the DNA condensation is estimated calculating both the
insertion free energy of a linear DNA molecule ( fi.e ) per unit of length in a solution containing
the flexible polymer and the insertion free energy of the condensed DNA ( fiuscons ) again per unit of
length in the same solution. To estimate the PEG.: concentrations as a function of the monovalent
salt concentration, the following equality is imposed: fiice = finscond-

The insertion free energy of the linear DNA in a polymer solution is calculated multiplying the
solution osmotic pressure times the volume of a DNA segment immersed in the solution [16]. In
order to compare the insertion free energy of both linear and super-coiled DNA, we must take into
account that the correlation length of the polymers solution is usually smaller than the diameter of
the plectonemic conformation [26] which is the case of our experimental system, and SO fiu e
should be linear with respect to the contour length of both linear and super-coiled DNA (see figure
9) i.e, the chemical potential of these two conformations should be roughly the same at identical
solution conditions.

Pt % Figure 9 — Illustration of the ideal plectonemic conformation (the double helix) and a polymer coil (“coil-like”
continuous curve) along with the length scales relevant to estimate fis. 0f the super-coiled DNA. Since
", 5 the radius R of the plectonemic conformation is typically larger than the solution correlation length ( R, ,¢),
we should not expect any difference in the insertion work of the free super-coiled DNA relatively to the free
) linearized form.
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On the other hand, the insertion free energy of the condensed super-coiled DNA fi cone may be
estimated in a first approximation, assuming that the strength of the interaction among the DNA
super-coils inside the condensate is nearly equal to the one among the linear DNA molecules or, in
other words, that the super-coil may be approximated by to parallel DNA linear molecules whose
distance equals the plectonemic diameter. If this is the case, our numerical estimates show that the
free energy associated with the mechanical conformational changes necessary to pack the DNA
super-coils inside the condensate is only a small fraction of the total packing free energy which is
dominate by the electrostatic repulsion among the DNA segments and by the tight confinement of a
semi-flexible polymer inside a tiny volume.

Here again we consider that the insertion osmotic work is the same for both super-coiled and
linear DNA, and we also neglect any amount of flexible polymer which may remains inside the
condensed phase. If there were big difference in the packing free energies of both DNA
conformations, we would had certainly seen a shift in the experimentally determined phase boundary
for the pUCI18 plasmid in comparison with its linearized form. Since this is not the case, we should
not expect any significant super-helical unwinding but only a small perturbation in the super-helix
radius, which may be the source of the slightly higher PEG. concentrations for the super-coiled
DNA.

In order to portrait a sharper physical picture of the conformation of the super-coiled DNA
inside the condensate, Monte Carlo simulations were performed. Actually, one might ask how the
super-coiled DNA does look like inside the condensed phase (in comparison with the ideal
plectonemic conformation). Is it possible that upon confinement the DNA unwinds significantly or
further more, in order to fit the DNA inside the tiny condensate volume the plectonemic diameter
decreases? Our numerical estimates have already given us some clues. To answer these questions
with more accuracy, the super-coiled DNA was modeled at a coarse grained level as a circularly
closed string with beads (the “bead-string” model for polymers) and the effects of the environment
on the DNA molecule were modeled by a nematic field which tends to align the plectonemic axis
along the nematic director n. The topological restrictions are imposed by the relation [26]:

Lk=Wr+Tw (1)

In the equation (1), Lk represents the DNA link number which measures the number of helical
turns in a circular DNA molecule, Wr represents the writhe which measures the number of cross-
overs of the DNA super-coiled axis upon itself and Tw represents the twist which measures the
excess (or deficit) of helical turns relative to the relaxed conformation (see figurel0). The
Hamiltonian of the system is written as:

H [r1, 12, T3, 18] = Y ke Z( | (et = 1) | 16 )2 + % Ky Z (arcos( | (tae - ta) | ))? + 27% k, (ALK -Wr)?/N +
Y Usie( | (tart = 1) | ) + AN [14, 12, T3,....1] )

The first term in the Hamilton's function H [ry, 3, r3,...r~] accounts for the stretching energy
between two consecutive monomers (represented by spheres in the “bead-spring” model) located by
the vectors r,; the second term accounts for the bending energy, since the DNA is an intrinsic semi-
flexible molecule and the vectors t, are vectors connecting the center of two consecutive spheres; the
third term represents the twisting energy and is written as a function of the linking number and the
writhe; the fourth term accounts for the electrostatic interaction between the spheres in the Debye-
Hiickel approximation.
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The last term represents the interaction between the DNA segments and the nematic field as
well as the interaction induced between two DNA segments which belong to the same molecule by
the depletion of a segment which belongs to the surrounding molecules. The meaning of each
constant in the Hamiltonian and the details of the simulation may be found in reference 25.

The results of the Monte Carlo simulations showed that we should not expect for a strong
unwind (conversion of the writhe in twist) of the DNA molecule in typical cases but rather a decrease
in the plectonemic diameter [25] in agreement with earlier experimental findings [27].

Figure 10 — Illustration of DNA conformations using a “tube model”. The open circular DNA without any twist (relaxed conformation) is represented in
(a). The circularly closed DNA with twist (Lk=-4 and Tw = -4) is shown in figure (b). Conversion of part of the twist in writhe (Wr = -4 and Tw = 0) (c)
and (Wr = -3 and Tw = -1) (d).The angle y represents the super helix winding angle.
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Manuscript
Summary

The experimental results presented in paper 1 [13] may be understood once we consider the
depletion interactions between the poly-electrolyte segments (DNA segments) and the flexible
polymer (PEQG): the flexible polymer’s configuration entropy decreases upon confinement among the
DNA segments; therefore the local polymer’s concentration should be lower among the poly-
electrolyte segments than in the bulk of the solution. The difference in the polymer’s local
concentration induces an effective attractive interaction among the DNA segments due to the
unbalanced osmotic pressure [5] (see the introduction) which ultimately leads to the DNA
condensation.

The observed dependence of the PEG.:: upon its degree of polymerization (V) is thus a natural
consequence of the polymer confinement: relatively large polymer coils have their configuration
space much more reduced than the small ones or in other words, larger polymer coils have many
more degrees of freedom “frozen out” in order to fit among the DNA segments than the smaller
ones, which in turn, can move in to and out from the DNA molecule without a high entropy cost.

The statistics of confined flexible polymer chains may be described by the Edwards equation, a
diffusion-like equation which governs the probability distribution function G(r, r,, N) for the end-to-
end distance of a polymer chain [28]:

- /6 V2 G(r,r,,N) +V(r)G(r,rs,N) IKsT= - 0y G(r,r,,N) 3)

In the equation 3 the symbol V? represents the conventional Laplace operator which acts on the
chain endpoint coordinate r whereas r, locates the other chain endpoint. The chain is composed of N
monomers and the distance between two consecutive monomers is represented by / (Kuhn segment).
The symbol Oy represents the partial derivative of G(r, r,, N) with respect to N; V(r) represents the
potential energy of a monomer at the position ». The Boltzmann constant is represented by Kzand T
represents the absolute temperature. Once we know the probability distribution function G(r,r,,N) for
a chain under certain physical conditions, the thermodynamics of the system may be determined i.e.,
we may calculate the thermodynamics quantities of interest such as the chemical potential or the
osmotic pressure of the polymer chain in such a way that we can fully describe the interactions
between the chain and the confining DNA segments. In the manuscript [17] we solved the Edwards
equation analytically assuming that the polymer chain is confined within “a cylindrical cell” and
evaluated G(r, r,, N) explicitly.

The second interaction which must be considered in describing the phase behavior of neutral
polymer mixtures is concerned with the interaction among these macromolecules which may be
relevant even at small concentrations (volume fraction around 1%) for polymers of high molecular
weight [29]. Therefore we must include in our description the interactions among the flexible
polymer chains and also take into account possible deviations from the scaling predictions when the
scaling regime (N— ) is not attained. These interactions have been shown to be important and to
modify even qualitatively the phase behavior of flexible/semi-flexible polymer mixtures [30].

In our model, the deviations from the scaling regime are explicitly considered by empirical
corrections in the scaling exponents in order to generalize our conclusions about the phase behavior
of such mixtures whatever the relevant length scales which characterize the neutral polymer
solution.
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The third relevant interaction is the interaction among the DNA segments. This interaction is
accounted by a truncated expansion of the osmotic pressure of rigid cylinders in terms of its
numerical segment density [30] and DNA poly-electrolyte nature is introduced along the lines of
Odijk's theory for excluded volume in poly-electrolyte solutions [31]. We assume that each DNA
segment is a rigid cylinder within the scale of its persistence length (50 nm). The electrostatic
repulsion among them is accounted by an effective radius which depends on the salt concentration
and in a first approximation may be written as the DNA bare radius (=1,2 nm) plus the electrostatic
relevant length scale: the Debye length k' which is a function of the medium ionic strength.

In order to draw some general conclusion about the phase behavior of such dispersion, we
impose the equality of the osmotic pressure and chemical potential of the polymer coils inside the
volume occupied by the DNA molecule and in the bulk of the solution. The numerical analysis is
carried out for some typical values the PEG’s degree of polymerization (N) and the values of all
other parameters are taken from known experimental measurements.

The results show that above a flexible polymer critical concentration (PEG.:), the segment
density inside the DNA molecule “jumps” from its characteristic value obtained at disperse solution
to a higher one, thus defining the onset of the DNA condensation: the depletion interactions
overcome the repulsion interaction among the DNA segments. Here we notice that the small PEGs
coils are less efficient to induce the DNA condensation than the large ones, since these molecules
are hardly partitioned between the two phases or in other words, they can enter the condensed phase
without any high hindrance in contrast with what happens with the PEGs coils of higher molecular
weight. This conclusion has been confirmed by experiments with PEGs of different molecular
weights [13].

A peculiarity of neutral polymer solutions must be pointed out here in order to highlight some
results obtained from the numerical calculations. The structure of the neutral polymer solution
strongly depends on its concentration: in the dilute regime, when the molecules are far from each
other and hardly interact, the relevant length scale for the solution's thermodynamics is the radius of
gyration of the polymer coils which scales with the number of monomers as R, ~ N°°. For higher
concentrations, the coils start to overlap and the characteristic solution length scale is the correlation
length & which scales with the polymer volume fraction o as & ~ o ** and is independent on N once
the scaling regime is reached [32]. Therefore, the cross-over from the dilute to semi dilute regime
involves a change in the strength of the interactions between the flexible polymer and the DNA
segments in a way that the intensity of the depletion potential starts do decrease above a certain
PEG’s concentration know as overlap concentration (¢*) and leads to the dissolution of the
condensed phase. The dissolution of the condensed DNA is also found in our theory: above a certain
PEG.:: concentration, the segment density inside the condensate “jumps” back to its dispersed value
which defines the onset of the DNA reentrant decondensation. This fact is also in agreement with the
experiments. A more detailed discussion may be found in the accompanied manuscript bellow.
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Introducao

Entre os diversos tipos de misturas que encontramos naturalmente ou que produzimos existem
dois grandes grupos: as misturas homogéneas (solugdes) e as misturas heterogéneas (dispersoes e
suspensdes). A diferenga fisica essencial entre esses tipos de misturas reside no tamanho das
particulas dissolvidas. No caso das solugdes, as particulas possuem dimensdes da ordem de
Angstroms (1 4 =10"" m) enquanto que nas misturas heterogéneas (dispersdes) as particulas
dispersas tem usualmente dimensdes caracteristicas da ordem de alguns nandmetros ( 1 nm = 10? m)
até alguns micrometros ( 1um =10 m). Misturas cujas particulas possuem dimensdes caracteristicas
variando nesse intervalo sdo definidas como dispersdes coloidais e as particulas dispersas
denominadas coloides [1].

Figura 1 - Dimensdes caracteristicas dos sistemas coloidais(1nm < d <1 um). Localizagdo da “regido coloidal” em sistemas de interesse fisico e
bioldgico: a) representagdo dos orbitais moleculares da molécula de agua; b) representagdo da estrutura quaternaria da molécula de hemoglobina; ¢)
representa¢do da membrana plasmatica de uma célula eucaridtica; d) eletromicrogafria do plasmideo pUC 18; e) eletromicrografia do fago T4 ligado a
parede celular bacteriana. f) eletromicrografia de hemécias (eritrocitos). Ilustragdes retiradas do livro “Biologia Celular e Molecular” Lodish,H ef al .5*
Edigdo -Editora Artmed.

O comportamento fisico das dispersdes coloidais ¢ um reflexo direto dessa caracteristica mais
elementar. Devido as suas dimensdes, as particulas coloidais interagem fortemente entre si bem
como com campos externos. Dessa forma, ¢ possivel, e.g., separar seus componentes mediante
campos de forca externos (a acdo da gravidade, ultra-centrifugacdo) ou determinar as dimensdes das
particulas dispersas mediante espalhamento de luz, o que ndo ¢ estritamente possivel para as
solucdes (tomemos como exemplo mais simples uma solugdo de cloreto de sodio) [1].

Uma vez feitas essas consideracgdes iniciais, delimitaremos o escopo da presente tese: - o estudo
de dispersdes coloidais constituidas de polimeros neutros e polimeros eletricamente carregados
(polieletrolitos). O comportamento de fase de dispersdes coloidais assim constituidas ¢ atualmente
um dos mais proeminentes campos de pesquisa teorica e experimental em fisico-quimica com
desdobramentos técnicos e cientificos muito amplos: o entendimento dos mecanismos envolvidos na
complexacdo/condensagdo entre macromoléculas bioldgicas nas células vivas e a conseqiiente
regulacdo dos processos fisioldgicos celulares [2 e ref.citadas], o desenvolvimento de tecnologias
para purificacdo e reutilizagdo de aguas, o melhoramento da qualidade dos produtos da industria
alimenticia e o desenvolvimento de mecanismo de “entrega” de farmacos a 6rgaos especificos para o
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tratamento de doencas constituem algumas aplicagdes do conhecimento adquirido a partir do estudo
dos coldides.

Um marco para o desenvolvimento e sintese teorica desse campo de interse¢@o, por exceléncia,
entre a fisica e a quimica, ¢ sem duvida a teoria DLVO [3], desenvolvida independente por
Deryaguin e Landau na Russia e Werwey e Overbeek na Holanda. De acordo com as premissas
dessa teoria, a estabilidade das dispersdes coloidais ¢ determinada pelo balango entre as interagdes
eletrostaticas (descritas pela equagdo de Poisson-Boltzmann) e as interagdes de van der Walls: o
comportamento de fase das dispersdes coloidais resulta da competi¢do entre as interagdes
eletrostaticas repulsivas de longo alcance (que numa primeira aproximagdo podem ser calculadas
pelo modelo de Debye-Huckel para solugdes eletroliticas) e as interagdes atrativas de curto alcance
de van der Walls. Ndo obstante as inumeras restricdes impostas a validade da teoria DLVO por
experimentos precisos e teorias mais refinadas, seus fundamentos ainda sdo invocados como base
para a interpretagdo do comportamento de fase dos coldides desde a sua publicacdo in totum [4].

Paralelamente a esse desenvolvimento tedrico no qual fung¢des continuas descrevem interagdes a
distancia entre particulas carregadas, Asakura e Oosawa hipotetizaram que restricoes espaciais
locais impostas por determinadas macromoléculas dispersas as demais, em virtude de seu volume
finito, poderiam influenciar significativamente o comportamento de fase dessas misturas, em
particular, daquelas misturas de importancia bioldgica [5]. Na sua célebre nota “On interactions
between two bodies immersed in a solution of macromolecules”, esses autores explicitamente
indicaram que uma vez que solutos ndo possuam acesso a determinadas regides da solucdo, um
potencial atrativo local é estabelecido.
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Figura 2 - Ilustragdo da deplegdo do soluto (esferas) da regido entre
as superficies planas quando da existéncia de impedimentos
espaciais (i.e., quando a separagdo entre as placas ¢ menor que o
diametro das moléculas do soluto, D < d) e da conseqiiente pressao
osmotica exercida pelo soluto sobre a superficie externa das placas.
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O potencial atrativo inicialmente proposto € conhecido atualmente como potencial de deplegao
e as interagdes dele decorrentes como interagdes de deplecio. A literatura cientifica sobre esse topico
tem crescido enormemente desde entdo e as interagdes de deplecdo tem sido invocadas para explicar
uma variedade de fendomenos tanto in vitro como in vivo: fendmenos diversos e aparentemente nao
relacionados, como a formag@o de cristais de proteinas em solugdo [6] e a formagdo e manutengdo da
estrutura do nucledide em organismos procariotos, tem sido entendidas ao longo dessa mesma linha
tedrica [7].
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Figure 3 — Ilustragdo das interagdes de depleg@o expressa em termos da pressdo
osmotica induzida (normalizada pela pressdo osmotica da solugdo Py para o
caso de esferas rigidas de didmetro d, cilindros de comprimento / ¢ moléculas
poliméricas de raio de giro R;em fungao da distancia D entre as placas..

No caso do soluto ser modelado como esferas rigidas, o potencial de deplecdo varia
descontinuamente [5]; potenciais um pouco mais complexos aparecem quando o soluto ¢ um
polimero: nesse ultimo caso, as dimensdes do polimero distribuem-se em torno de um valor médio
(raio de giro do polimero - R,) sendo que o potencial varia continuamente em fun¢do da distancia
entre as placas. O particionamento do polimero entre a solugdo e o espago entre as superficies
interagentes impede as descontinuidades nas interagdes.
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Figura 4 - Deplec@o das moléculas do polimero da regido entre as superficies planas quando D
< R, e da regido entre as duas superficies esféricas. As moléculas do polimero sido apresentadas
por curvas continuas (conformagdo “coil-like”) e os circulos hachurados em volta das esferas
representam as camadas de deplecdo (“depletion layers™).
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O conteudo substancial dessa tese trata das interacdes deple¢do que ocorrem em sistemas
bioldgicos cujas implicagdes sdo tdo significativas quanto as implicagdes de interagdes outras
(eletrostaticas, forcas de dispersdo et cetera) em diferentes situagdes experimentais-modelos, bem
como dos elementos tedricos desenvolvidos (analiticos e computacionais) para um melhor
entendimento das implicagdes das intera¢des de deplecdo. O que segue € um resumo sucinto de cada
artigo da tese (no total de quatro) nos quais as idéias e resultados centrais estdo sumarizados.

A partir da leitura desses sumarios, deve ficar clara a intersec¢@o e a coesdo entre o conteido dos
artigos, substancia ultima dessa tese.
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Artigo 1

Sumario

Com a descoberta da condensacdo-psi (condensacdo induzida por polimero e sal ou
condensag¢do- ) por Lerman do acido desoxirribonucléico (DNA) [8] o estudo do DNA no estado
liquido-cristalino inicia-se: por um lado os condensados de DNA tém sua estrutura como alvo de
estudo em virtude da possibilidade de medirem-se as interagdes inter-moleculares responsaveis pela
morfologia, dimensdes e estabilidade. Em particular, a possibilidade de medir-se com acuracia forgas
entre segmentos de DNA em funcdo de suas distdncias via difracdo de raios-X [9], promove
desdobramentos experimentais que forcam a teoria a desenvolver-se no sentido de sistematiza-los
[10,11] com o desenvolvimento do formalismo mecanico-estatistico para polieletrdlitos semi-
flexiveis no estado de agrega¢ao liquido-cristalino.

As interagdes responsaveis pela da separacdo de fase na mistura polimero flexivel/poli-eletrdlito
semi-flexivel, por outro lado, constituem um assunto de investigacdo paralelo: nessa vertente sdo
inquiridas as causas da transi¢do soluc¢ao isotrépico/cristal liquido.

Em 1972, Jordan et al [12] realizaram experimentos de espectroscopia de dicroismo circular
(EDC) em solugdes concentradas de DNA extraidos dos fagos T4 e T7 e constatou-se pela primeira
vez a atividade dtica anomala apresentadas por agregados de DNA formados em certas condigdes
fisico-quimicas da solug@o (acima de certas concentragdes criticas de poli (etilenoglicol) (PEG) e
cloreto de sodio (NaCl) ). Ndo obstante as limitagdes técnicas, foi sugerido que a estrutura terciaria
ou supramolecular dos agregados fosse responsavel pela absor¢do seletiva de um dos estados de
polarizacdo da luz circularmente polarizada incidente sobre a amostra (dicroismo circular).

Figura 5 - Fotografia obtida por microscopia de fluorescéncia de
agregados de DNA linear (extraido de timo de bezerro). A concentra¢do
do DNA ¢ estimada em 40 uM (em pares de base) e as concentragdes do
PEG e [NaCl] s@o respectivamente 150 mg/ml e 0.2 M. As ampliagdes
estio dadas na parte superior de cada fotografia. O marcador
fluorescente usado foi o DAPIL.
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Uma questdo que se naturalmente coloca €, pois: quais as concentragdes criticas do polimero
flexivel e do sal monovalente necessarias para induzir a formagao de tais agregados? Uma vez que o
DNA ¢ um polimero carregado (uma carga elementar a cada 1.7 A) deve-se esperar que a repulsio
entre seus segmentos dependa fortemente da forca idnica da solug¢do e da quantidade de polimero
depletado (nimero de moléculas com seu espaco configuracional reduzido devido ao confinamento
pelos segmentos do polieletrélito) i.e., das forgas de depleg¢do que tendem a aproximar os segmentos.

No artigo 1 desta tese, as concentragdes criticas do polimero neutro PEG necessarias para induzir
a transi¢do-y em fun¢do da concentragcdo molar do NaCl (cloreto de sodio) sdo estimadas utilizando-
se a espectroscopia de dicroismo circular. O parametro de ordem escolhido para localizar a transi¢ao
¢ a atividade otica da solucdo: variam-se as condigdes fisico-quimicas da solucdo (concentragdo de
PEG (% em massa) e de [NaCl]) e quando do aparecimento de espectros de absor¢cdo do tipo-y
(espectro-y) t€ém-se a concentracdo critica do polimero flexivel (PEG.) em fungdo da concentracio
molar do sal monovalente NaCl. Faz-se necessario também notar que (e este € um ponto que sera
alvo de um estudo mais detalhado no capitulo 4) para concentragdes acima do PEGe:, 0 espectro-y
desaparece e a solugdo volta a ser oticamente isotropica, em outras palavras, os agregados de DNA
ressolubilizam. As concentragdes criticas para a transi¢do reversa (descondensacdo) também foram
estimadas e o diagrama de fase completo da transi¢do construido [13]. A ressolubilizacdo dos
condensados de DNA ¢ um fenomeno que foi inicialmente observado em transigdes
monomoleculares de DNA [14] e previsto por Grosberg ef al [15] e de Vries [16] e estd intimamente
relacionado com os comprimentos de escala relevantes para descrever o comportamento de solucdes
semi diluidas de polimero neutro em funcdo de sua concentragao.

Os resultados experimentais obtidos s@o comparados com as previsdes teoricas do modelo
proposto por de Vries [16] para descrever a condensagdo de polieletrdlitos semi flexiveis induzidas
por polimero neutro e acordos parciais sdo verificadas: ndo obstante o sucesso da descri¢do
quantitativa da condensag@o-y, o modelo descreve apenas qualitativamente a transicdo reversa. Os
achados empiricos, no entanto, sdo suficientes para motivar um estudo tedrico mais detalhado do
comportamento de fase dessas misturas ¢ uma descricdo mais detalhadas das interagdes existentes,
especialmente entre o polimero flexivel e a molécula de DNA. Tal estudo ¢ desenvolvido no
manuscrito da presente tese [17].
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Artigo 2
Sumario

Sabe-se a partir de estudos citologicos, que o nucledide dos organismos procariotos (Archaea e
Bacteria) ndo ¢ envolvido por membrana nuclear (a carioteca, presente nos organismos eucariotos e
que separa o genoma do citoplasma celular) estando o cromossomo em contato direto com o
protoplasma [18]; ndo obstante a auséncia de membrana, o nucledide bacteriano e.g., ocupa apenas
uma fra¢do do volume celular total (= 25%), portanto ndo o preenchendo totalmente [19]. A pergunta
que se coloca naturalmente é, pois: que for¢as confinam o genoma bacteriano, impedindo que os
segmentos de DNA se afastem o maximo possivel? Em outras palavras, por que o protoplasma
procarioto ndo ¢ um bom solvente para o DNA?

Figura 6 — Fotografia da bacteira B. Subtilis obtida pela combinagdo de
microscopia com contraste de fase e microscopia de fluorescéncia (barra =
8 um). Robinow,C e Kellenberg,E. Microbiologiacal Reviews.1994
(58):211-232.

Os experimentos seminais realizados por Murphy e Zimmerman [20] forneceram alguns indicios
sobre a formagdo e a estabilidade do nucledide bacteriano. Esses autores analisaram cuidadosamente
os efeitos das fracdes protoplasmaticas protéicas ligantes e ndo ligantes (a0 cromossomo) sobre a
sedimenta¢do do DNA in vitro. Seus resultados mostraram que nem a fragdo ndo ligante (mesmo em
concentragdes nominais 10 vezes maiores que as protoplasmadticas) tampouco a fragdo ligante eram
capazes per si de induzir a formagdo de agregados de DNA. No entanto, conjuntamente, as proteinas
ligantes e ndo ligantes o faziam. Numa série de outros experimentos, nos quais a fragdo protéica ndo-
ligante foi substituida pelo polimero PEG, resultados semelhantes foram obtidos: o sinergismo entre
proteinas cationicas (ligantes, portanto) e coldides neutros na condensacdo do DNA in vitro.
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No artigo 2, discutem-se os resultados obtidos por aqueles autores bem como as bases
moleculares que suportam tais resultados ao longo das linhas do modelo proposto por de Vries para
condensa¢do de DNA induzida por polimero flexivel [15]. Experimentos de espalhamento dindmico
de luz e estudos de sedimentacdo junto a analise do sobrenadante por meio de eletroforese em gel de
agarose s3o realizados nas solugdes contendo o plasmideo pUC 18 e a proteina catidnica sso7d (que
se liga ao DNA) para ilustrar a generalidade dos resultados de Murphy e Zimmermann. O poli
(etilenoglicol) € utilizado para mimetizar a fragdo protoplasmatica ndo ligante [21].

A partir das estimativas obtidas experimentalmente para a concentragao critica do PEG em fungio
da concentragdo da proteina (em condi¢des fisioldgicas i.e., pH=7.0 e concentra¢do molar de NaCl
préxima a 150 mM ) o digrama de fase da transi¢do € construido.

Uma imagem bastante simples ¢ entdo proposta para dar suporte aos achados experimentais ¢ a
conclusdo ¢ assentada com bastante generalidade: para a formagdo e manutencdo do nucledide
procarioto, o sinergismo entre a blindagem eletrostitica produzida pela ligacdo das proteinas
cationicas ao DNA e as interagdes de deplecdo induzidas pelos componentes neutros presentes no
protoplasma (ou mesmo com carga negativa, 0 que apenas incrementaria o efeito de deplecdo) é
indispensavel. Em outras palavras, segmentos de DNA de diametro efetivo maior e densidade de
carga mais baixa que segmentos de DNA ndo complexados sdo muito mais susceptiveis a
condensagdo-\y que esses ultimos.

Figura 7 - Representa¢do do coléide DNA/PEG/proteina e das interagdes dominantes que induzem a transi¢ao-y
(nesse caso, os segmentos de DNA estdo complexados a proteinas catidnicas). Os segmentos de DNA sdo
representados pelos segmentos cilindricos e as proteinas por esferas com carga positiva. As moléculas do polimero
flexivel sdo representadas pelas curvas continuas (conformagao “coil-like”).
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Artigo 3
Sumario

Na década de 60, Vinograd et al abriram um novo capitulo no estudo da conformagdo da
molécula de DNA. Esses pesquisadores inferiram, a partir de estudos de sedimenta¢do do genoma
viral (polioma virus), que o DNA poder-se-ia apresentar numa conformagdo circular fechada
formando super-hélices[22]. Tal conformagdo, mais compacta que a forma linear correspondente,
revelou-se mais comum e geral do que se pensava, sendo que, numa certa medida, o genoma
procariotico (Archaea e Bacteria), o genoma viral, o genoma mitocondrial e cloroplastico
apresentam-se na forma circular fechada com implicacdes bioldgicas importante: para citar um
exemplo, uma reducdo minima na quantidade de super-hélices implica, por exemplo, na ndo
equiiparticdo do DNA entre as células bacterianas durante a divisdo celular [23, 24].

No contexto da condensagao-y do DNA, poucos estudos tém enfocado a influéncia da topologia
do DNA e, até certa medida, assume-se implicitamente que a conformacdo dessa macromolécula
(linear, circular aberta ou fechada) ndo perturba o processo de separacdo de fases que ocorre entre o
polimero neutro e o polimero semiflexivel.

No artigo 3 desta tese [25], a condensacdo-y do DNA na forma circular fechada (plasmideo pUC
18) e na forma linear correspondente (pUC 18 linearizado) sdo comparadas, valendo-se do
fenomeno experimentalmente observado de que a forma condensada do DNA ¢ prontamente
sedimentada sob centrifuga¢do, e o sobrenadante analisado por eletroforese em gel de agarose para
quantificar a condensagdo. O que fica claro a partir desse estudo experimental é que o DNA com
super-hélices influencia minimante a concentragdo critica do poli (etilenoglicol), ndo obstante a
observagdo de que o PEG. para a forma circular fechada ¢ sistematicamente maior do que 0 PEG:i
para o DNA linear correspondente.

Estimativas numéricas s@o feitas comparando as energias livres do DNA na forma dispersa em
solug¢do e na forma condensada. Para tal fim, a energia livre do DNA super-helicoidal disperso em
solug¢do e na forma condensada sdo comparadas ao longo das linhas da teoria para condensagao de
polieletrélitos induzida por polimeros neutros[16]. Nessa teoria, a localizagdo da curva de equi-
librio de fases ¢ obtida igualando-se a energia livre de inser¢do do DNA /inear livre em solugdo
(fins,iv) @ energia livre de inser¢do do DNA na forma condensada (finscons) €m uma solugdo contendo o
polimero flexivel para uma dada for¢a idnica. A concentracdo critica do polimero flexivel PEG.y €
obtida resolvendo-se a equagao fis i = fins cond-

A energia livre de inser¢do do DNA linear em uma solugdo de polimero neutro ¢ calculada
multiplicando-se a pressdao osmdtica da solugdo pelo volume da molécula de DNA inserida. A fim de
se estimar a energia livre de inser¢do do DNA com super-hélices, devemos levar em consideragdo
que as propriedades termodindmicas da solu¢do de PEG dependem do comprimento caracteristico
das interagdes dessas moléculas. Comparando-se o didmetro das super-hélices com o comprimento
de correlagdo da solugdo de PEG, conclui-se que o primeiro é bem maior que este ultimo sendo a
energia livre de insercdo do DNA super-helicoildal proporcional ao comprimento de contorno da
molécula e dessa forma, as energias livres de inser¢do do DNA linear € DNA com super-hélices
devem ser aproximadamente iguais em idénticas condi¢des da solugdo.

Por outro lado, a energia livre de inser¢do do DNA com super-hélices na forma condensada na
solugdo do polimero flexivel pode ser estimada, numa primeira aproximacao, assumindo-se que a
intensidade das interagdes entre as super-hélices ¢ aproximadamente igual a do DNA linear ou em
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outras palavras, pode-se assumir que o DNA super-helicoidal comporta-se como duas moléculas de
DNA linear aproximadamente paralelas e separadas pelo didmetro das super-hélices. Dentro dessas
aproximagdes , nossas estimativas numéricas mostram que a variagdo da energia mecanica associada
as deformacdes das super-hélices em virtude do confinamente representam apenas uma pequena
fragdo da energia total de interacdo que é dominada pela forte repulsdo eletrostatica entre os
segmentos das moléculas de DNA e pela energia livre de confinamento dessa molécula no interior
do condensado.

A fim de construir uma imagem fisica mais precisa da conformagdo das moléculas de DNA
circular fechado (DNA com super-hélices) no interior do condensado, simulagcdes de Monte Carlo
foram também realizadas. Com efeito, pode-se especular sobre possiveis alteracdes na conformagao
do DNA em virtude da forte interacdo com as demais moléculas no interior do condensado.
Eventualmente, poderiamos imaginar o seguinte cendrio: a molécula de DNA no interior do
condensado tende a se alinhar numa determinada dire¢do (a direcdo do vetor diretor n associado ao
campo nemadtico que mimetiza as interagdes inter-moleculares) e dependendo da intensidade do
campo, parte do “writhe” converter-se-ia em “twist” preservando o “linking number” em virtude da
igualdade [26] :

Lk = Wr +Tw,

Figura 8 — Ilustracdo das conformagdes circular aberta (a) e circular fechada (b) da molécula de DNA por meio de um tubo elastico (curva em
vermelho). Na figura b, uma das extremidades da molécula de DNA foi torcida mantendo a outra extremidade fixa, seguida pela ligagdo das
extremidades (a tor¢do da curva preta que representa o eixo da molécula de DNA ilustra a deformag8o introduzida). Dizemos entdo que a molécula
apresenta “ twist” (Tw) ou estresse torcional (Lk =-4 e Tw =-4 ).Na figura (c) parte to twist foi convertido em wrhite, ou seja, o eixo da super hélice
forma uma hélice em volta de si ( o wrhite pode ser entendido geometricamente dessa forma). No caso (¢) Lk =-4 eWr ~-4. Na figura (d) o excesso do
linking number Lk” ¢é particionado entre as duas formas: “twist e wrhite”. Nesse caso, temos aproximadamente o seguinte particionamente: Tw ~-1 and
Wr= -3. (d).O angulo v representa o angulo de curvatura local da molécula de DNA com relago ao eixo da super hélice.

Nas simulagdes, o modelo do “colocar de contas” é utilizado para representar a molécula de DNA
circular fechada e a fun¢@o Hamiltoniana do sistema possui a seguinte forma:

H[ri, 12, T3, 0N] = Y ki ZC| (an - 1a) | 1o )2 + %2 s Z (arccos( | (bu - ta)
+ 2 Uele( | (rn+1 = rn) | ) +AN [I‘], l‘z, 1‘3,...1‘N]

)? + 212 k, (ALk -Wr))/N

Nesse modelo, N esferas sdo unidas por potencias harmonicos (primeiro termo do Hamiltoniano)
e suas coordenadas dadas pelos vetores [ry, Ia, Is,...rn]. Os vetores t, sdo vetores unitdrios que
ligam o centro de duas esferas consecutivas e o mecanismo de persisténcia € introduzido por um
potencial harmoénico angular (segundo termo do Hamiltoniano); o terceiro termo representa a
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contribui¢do da energia torcional da molécula e o quarto termo o potencia eletrostatico (U, -
potencial de Coulomb blindado na aproximagao de Debye-Huckel) entre as esferas. As interagcdes
entre moléculas distintas sdo incluidas em AN [ri, r2, rs...rn] no qual se consideram
simultaneamente a orientagdo preferencial ao longo do diretor n e as interacdes de deplecdo (curto
alcance) ao nivel de dois segmento. Os detalhes da simulacdo podem ser encontrados no artigo
3[25]. As simula¢des de Monte Carlo revelam que o cendrio anteriormente descrito ¢ bastante
improvavel e que apenas uma reducdo sensivel no didmetro do DNA pode ser constatada, em acordo
com os achados experimentais de Torbet e Dicapua[27].

Figura 9 - Ilustragdo do processo de introdugéo de torgdo e conseqiiente formagdo de super- hélices numa molécula de DNA linear. A
curva continua superior representa a molécula de DNA linear (sem tor¢@o adicional). A gravura da esquerda é uma eletromicrografia
do DNA com super-hélices (pUC18) e a gravura da direita ¢ uma eletromicrografia da forma circular relaxada do DNA (que pode ser
obtida ligando-se as extremidades do DNA linear sem introduzir tor¢do ou pela quebra de uma ligagdo covalente (ligagdo
fosfodiéster) ao longo de uma das fitas da molécula de DNA).
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Os resultados experimentais apresentados no capitulo 1[13] encontram uma explica¢do natural
quando as interagdes de deplecdo entre o polimero flexivel (PEG) e o polieletrdlito semi flexivel
(DNA) sao invocadas [17]: em virtude da reducdo do espaco configuracional, o polimero neutro ¢
depletado da regido entre os segmentos do polimero semi flexivel. Localmente, entdo, a concentragdo
do PEG entre os segmentos do DNA ¢ reduzida com relagdo a concentragdo do “bulk” da solugdo.
Essa diferenca de concentragdes implica numa diferenga de pressdes osmoticas que forga a
aproximagdo entre os segmentos de DNA: quando a diferenga de pressdes osmoticas ultrapassa um
valor critico, superando a repulsdo entre segmentos distintos da cadeia de DNA, a molécula de DNA
compacta-se e passa a forma condensada.

A dependéncia observada dos valores criticos de concentracdo do polimero flexivel (PEG)
necessarias para induzir a condensagdo-y em funcdo do seu grau de polimerizacdo (N) pode ser
entendida em termos estatisticos simples: para um dado volume fisico, tanto maior o niimero de
microestados “congelados” da cadeia quanto maior o seu grau de polimerizagao (N), ou seja, maior a
variagdo de entropia envolvida no processo de inser¢do de uma molécula de PEG na fase condensada
(com relagdo ao “bulk” da solugdo). As propriedades mecanico-estatisticas desse processo podem ser
quantificadas rigorosamente utilizando-se a equa¢do de Edwards para a distribuicdo de probabilidade
G(r,r,,N) da distancia “end-to-end” de cadeia polimérica [28]:

- A6 N2 G(r,r,,N) +V(r)G(r,r,,N) /KsT= - 0 y G(r,1,,N)

Partindo-se da fun¢do G(r,r,,N) pode-se especificar completamente sua termodindmica e
consequentemente descrever as interagdes entre o PEG e o DNA ( ou qualquer outro polimero
flexivel confinado) determinando-se por exemplo, o potencial quimico e a pressdo osmotica do
polimero confinado.

O segundo ponto importante a ser observado quando tratamos de solugdes de polimeros neutros
diz respeito a interacdo entre essas macromoléculas que € significativa mesmo em concentragdes
relativamente baixas (da ordem 1%) para polimeros de alto peso molecular [29]. Dessa forma, incluir
os desvios do comportamento ideal na expansdo do virial para as propriedades termodindmicas da
solugdo ¢ essencial e podem modificar até mesmo qualitativamente o comportamento de fase de tais
misturas [30]. Quando o regime assimptdtico de alto peso molecular ¢ atingido (N—x®) o
comportamento universal ¢ bem descrito pela teoria de scaling. Para pesos moleculares baixos,
entretanto, a teoria de Flory-Huggins para solugdes poliméricas estd em melhor acordo com os
resultados experimentais. Essas corregdes sdo importantes especialmente em concentragdes
moderadas (regime semi-diluido).

O terceiro aspecto a ser considerado inclui a interagdo entre os segmentos da cadeia de DNA,
assumindo-os como segmentos rigidos dentro da escala de seu comprimento de persisténcia (50 nm).
Pode-se incluir, numa primeira aproximacao, a repulsdo eletrostatica como um aumento efetivo no
diametro desses segmentos (2.4 nm) dependente da forga idnica da solucdo: quanto mais baixa a forca
i0nica maior o comprimento caracteristico das interagdes eletrostaticas e, portanto, maior o volume
excluido por um dado segmento aos demais [31].
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O comportamento de fase pode ser determinado a partir das condigdes de equilibrio termodinadmico:
a) igualdade dos potenciais quimicos de todas as espécies em ambas as fases e b) igualdade das
pressdes osmoticas em ambas as fases. Podem-se estimar, dessa forma, condi¢des em que a mistura ¢
instavel e, portanto, o sistema separa-se em duas fases, uma rica em polimero flexivel e outra rica em
segmentos do polieletroélito.

Uma caracteristica particular das solucdes de polimeros neutros diz respeito a estrutura da
solug¢do (os comprimentos de escala importantes para a termodindmica da solug@o) para regimes de
concentragdo diversos. No regime diluido, o comprimento de correlagdo caracteristico da solugdo € o
raio de giragio do polimero (R, ~ N*° ). A medida que a concentragio aumenta (e, portanto a
interag@o entre as moléculas) o comprimento de correlagdo passa a independer de N (para valores de
N>>1) sendo fun¢do apenas da concentragdo (§ ~ o ~*) [32]. Em concentragdes suficientemente
elevadas, as forgas de deplecdo sdo superadas pelas forgas que tendem a afastar os segmentos
(volume excluido, repulsdo eletrostatica e pressao exercida pelo PEG no interior da fase condensada)
e o condensado redissolve-se, fendmeno observado experimentalmente. Para polimeros de baixo peso
molecular que podem adentrar a fase condensada sem grande custo entrdpico, os valores criticos da
concentra¢do do PEG sdo relativamente maiores que para PEG de maior peso molecular para induzir
a condensa¢do e menores para induzir a descondensacdo. Ademais, para moléculas suficientemente
pequenas do polimero flexivel a condensacdo do DNA nao ocorre de maneira alguma, visto ndo haver
particionamento do polimero entre as fases. Todas essas conclusdes encontram suporte experimental
[13].
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y-Condensation of DNA (ragments of about 4 kbp was induced by polyiethylene glycol) (PEG), with degrees
of polymerization ranging from 45 to 182, and univalent salt (NaCl). Using circular dichroism spectroscopy,
we were able to accurately determine the critical amount of PEG needed o induce condensation, as a function
of the NaCl concentrution. A significant dependence on the PEG degree of polymenzation was found. Phase
houndaries determined for the multimokecular condensation were very similar to those observed previously
for the monomolecular collapse, with two asymptlotic regimes at low and high salt concentritions, We analyze
our data using a theoretical model that propery takes into account both the polyelectrolyle nature of the
DNA and the liquid erystallinity of the condensed phuse. The model assumes that all PEG is excluded from
the condensates and shows reentrant decondensation only at low salt. We also systematically study reentrunt
decondensation and find a very strong dependence on PEG molecular weight. At low PEG molecular weight,
decondensation occurs at relatively low concentrutions of PEG, and over a wide range of salt concentrations.
This suggests that in the reentrunt decondensation the flexible polymers used ure not completely excluded

from the condensed phase.

Introduction

DN A undergoes a transition from a disperse isotropic solution
to a liguid-crystalline phase by the addition of flexible polymer
and simple salt. The condensed phase, discovered three decades
ago,' has been called y-DNA.2

Monomaolecular collapse and multimolecular condensation®™*
are induced by the same physicochemical conditions. For long
DN A molecules, in very dilute solutions (=] mg/ml), mono-
molecular collapse dominates,” whereas, for shorter DNA
maolecules and at higher concentrations, multimolecular con-
densation predominates,

Multimolecular y-condensation has been ohserved for a broad
range of DNA conmtour lengths (10°—10* bp). with DNA
concentrations <=1 mg/mL." Multimolecular DN A condensates
have been shown to present an anomalous intense differential
absorption of circularly polarized light*#'* The anomalous
circular dichroism (CD) spectra are attributed to the supramo-
lecular chiral organization? in the condensed phase, the DNA
maolecules are tightly packed in planes which are twisted,
forming a superhelical structure that preserves a positional
ordering similar 1o a cholesteric phase.* The CD spectrum is
indeed similar to that observed for the highly concentrated DNA
cholesteric liquid-crystalline form.”

Multimolecular DNA condensation is very similar to mono-
malecular DN A condensation: for instance, both multimolecular
condensed and monomolecular collapsed DINA can. under some
conditions, be resolubilized (reentrant decondensation) by further

* Corresponding author. Phone: 550172212240, Fax: 550172212247,
E-mail: joao @ihilee unesphr,

" Universidode Estadual Paulista,

 Wageningen University.

10,1021 4p0527103 CCC: $30.25

addition of neutral polymer.” Also, for very dilute solutions of
highly polymerized DNA, both multimolecular condensation and
monomaolecular collapse were observed to be strongly dependent
on the concentrations of poly{ethylene glycol) (PEG) and salt.*#

Phase boundary diagrams, that correlate critical PEG and salt
concentrations to induce i-DNA, in dilute DN A solutions, were
previously obtained for T4 DNA by Vasileviskaya et al.’ and
calf thymus and A4 phage DNA by Frisch and Fesciyan® For
T4 DNA collapse, it was observed that these diagrams were
dependent on the PEG degree of polymerization.” Experimental
data on reentrant decollapse for highly polymerized DNA are,
however, limited to a very restricted range of concentrations
and degrees of polymerization of PEG.?

Frisch and Fesciyan® and Vasylevskaya et al.” also present
theoretical models, based on Flory—Huggins polymer theory.
However, such theories neglect the liquid-crystalline nature of
w-DNA amd do not explicitly include the strong and salt-
dependent electrostatic repulsion between neighboring DNA
strands in if-condensates.

Recently.* " Castelnovo et al. have emphasized the role of
correlations between depletion agents in determining the phase
boundary for condensation. Under the simplifying assumption
that all depletion agent is excluded from DNA condensates, one
of us'' proposed a model for condensation that explicitly takes
into account the polyelectrolyte nature of the DMNA as well as
the liquid-crystalline nature of the condensates. The model
quantitatively describes the salt dependence of the eritical
concentration of depletion agent as measured for the monomo-
lecular transition.™* The model should also be appropriate to
describe the multimolecular condensation, but for this case, no
systematic experiments have vet been performed on the sall
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dependence of the critical concentration for both condensation
and reentrant decondensation.

Therefore, in the present work, we report experimental phase
diagrams (flexible polymer vs salt concentrations) for multi-
molecular -DNA condensation and compare them with the
previously proposed model."! The transition is induced by poly-
(ethylene glycol) (PEG) of four different degrees of polymer-
ization and sodium chloride. We use micromolar concentrations
of DNA fragments, about 4 kbp, conditions for which multi-
molecular condensation predominates. The critical PEG and salt
concentrations, both for condensation and reentrant deconden-
sation, are found to sensitively depend on the degree of
polymerization of PEG. Whereas the previous model” is
consistent with the data for condensation, it cannot fully explain
the decondensation transition. Possible reasons for this are
discussed.

Muterials and Methods

Highly polymerized calf thymus DNA. purchased from
Pharmacia was dissolved in 100 mM NaCl at 4 °C overnight.
Deproteinization of the DNA was done repeatedly with phenol,
phenol—chloroform, and chloroform extraction followed by a
series of dialysis against a solution of 100 mM NaCL This stock
solution was sonicated, with a Virsonic model 475 ( Virtis Co.,
New York) cell disruption sonifier. The sonication procedure
was the following: 10 mL of DNA solution in a centrifuge tube
was sonicated with a tip immersed 3 cm. applying pulses of 30
s at 0 °C followed by interruptions of 30 s at the same
temperature. The total sonication times were 5 min. The average
fragment length was determined by agarose gel electrophoresis
and was about 4 £ (1.5 kbp. The DNA concentrations were
determined spectrophotometrically using an extinction coef-
ficient of £y = 6600M ' cm~'. The ratio Azqfd 15 was found
o be equal to 1,88,

The flexible polymers—poly(ethylene glycol) (PEG) with
molecular weights (MWs) of 2000, 3350, 6000, and 8000 and
with degrees of polymerization (DPs) of 45, 76, 136, and 182,
respectively—were purchased from Sigma and were used
without further purification.

In our experiments, we first dissolve the PEG in a solution
of a given NaCl concentration and then slowly add the DNA.
The DNA final concentration was estimated (o be equal o 40
mM (in hase pairs), around 0.0265 mg/mL. Samples were gently
agitated for 20 min and then left to equilibrate for 2 b All
solutions were prepared with doubly distilled and deionized
water with an electrical conductivity of 0.6 mS.

The phase transition from a disperse solution to the condensed
y-phase was monitored by circular dichroism spectroscopy
using a Jasco J710 spectropolarimeter. The critical concentration
of the flexible polymer, we, was defined as the minimum
concentration necessary to produce 10 -like spectra. The baseline
(PEG and sall solution) was subtracled from all spectra.

Results

DNA Condensation. Figure | shows the CD spectra of a 40
mMI DN A solution in 0.2 M NaCl 1 which different amounts
{wiw %) of PEG 2000 were added. At 19% PEG. the CD specira
show a positive band centered at 275 nm and a negative band
at 240 nm, characteristic of a disperse solution of the B
conformation of DNA. Increasing the PEG concentration to 20%
resulted in a 10 times more intense and nonconservative
spectrum, with a broad negative band displaced 10 270 nm and
a slightly positive hand above 300 nm. This spectrum is
characteristic for {-DNA.1? Further addition of PEG to 22%
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Figure L CD specira for condensation and reentrant decondensation
of B-DNAin 0.2 M NaCl induced by PEG 2000, The spectra numbered
1= 5 correspond to the following concentrations of PEG: 19% (1), 206
(2}, 21% (3), 22% (4), and 23% (5).

leads to the reduction of negative band intensity, and the
spectrum returns to that of the usual B conformation, indicating
a process of reentrant decondensation; see below.

With the sample preparation as described here. after 2 h of
equilibration, the condensed phase is reasonably stable, judging
from the stahility of the CD spectra over several hours, and the
CD spectra are well reproducible. We have found this experi-
mental approach © be very suitable to obtain a phase diagram
for the transition of dispersed DNA o 3-DNA as a function of
the concentrations of salt and flexible polymer.

The phase boundaries for condensation are shown in Figure
2a for PEG with four different molecular weights: 2000, 3350,
6000, and 8000. The critical PEG, wg. and salt (NaCl)
concentrations refer to the minimal concentrations that induce
the spectral change from the B conformation to the nonconser-
vative i characteristic CD spectrum. In Figure 2b, the phase
boundaries obtained for collapse of T4% and condensation of
calf thymus DNA ® induced by PEG with DPs of 200 and 160,
respectively, are displayed with our data for PEG with a DP of
182 The wo versus [NaCl] plots exhibit a similar dependence
on salt as observed for the monomolecular collapse or multi-
molecular condensation with high and low molecular weight
DNA. Despite the different experimental approaches and the
PEGs used o obtain the plots of Figure 2b, the comparison of
these data suggests weak dependence on the DNA molecular
weight in the transition to the i -phase, in very good agreement
with the theoretical model.!!

The plots in Figure 2 indicate that. at a given flexible polymer
concentration, the eritical sall concentrations needed for con-
densation increase with a decrease of the PEG molecular weight.
Or, at a fixed sall concentration. the amount of PEG needed to
induce condensalion increases with o decrease of the PEG
maolecular weight. In agreement with previous data, we also find
two distinct regimes: a low salt and a high salt regime. Al low
salt, DNA condensation strongly depends on the PEG concen-
ration, whereas, at high salt. it does not.

DNA Decomndensation. As shown in Figure |, increasing the
flexible polymer concentration beyond that needed to condensate
the DNA leads to decondensation of the DNA (at least for the
systems that we study here). Reentrant decondensation has also
been observed for the monomolecular DNA collapse.” These
authors observed reemrant behavior for PEG 20000 (DP = 454)
but not for PEG 8200 (DP = 186). Unfortunately. they did not
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Figure 2. (a) Criticl PEG comcentration, wye, &5 @ function of the
monovilent sult concéntration [NaCl] for different degrees of polyi-
erization of the fexible polviner: PEG 2000 (circles), PEG 3350
(diamonds ), PEG 6000 {triangles ), and PEG BN (squares ). The curves
dre fits to the theoretical model discussed in the ext. For clarity, only
the fits for PEG 2000 and PEG 8000 are shown, (b) Critical PEG
CONCENIrttion, wee, s & function of the monovalent sali concentration
[NaCl] for T4 DNA” with DP = 200 PEG (closed circles), calf thymus
DNA®* with DP = 160 PEG (closed squares), and sonicated calf thymus
DNA fragments of 4 kbp with DP = 182 PEG (open (riangles, this
work

perform a systematic study of reentrant decollapse as a function
of the salt concentration and PEG molecular weight.

While we have observed that all the PEGs thal we have used
cause decondensation at some polymer concentrations, we have
investigated the salt dependence of the decondensation ransition
only for the lower and higher DP values. Phase boundaries for
the condensation and decondensation transition for the two PEG
molecular weights, as a function of the salt concentration, are
shown in Figure 3. For both PEG molar weights, the hatched
region indicates the condensed phase. Outside of this region,
the DNA solution does not present 40-DNA spectra and most
probably is a disperse solution.

For most of the decondensation experiments, the concentra-
tion of PEG was increased until decondensation was observed.
We have also done a few experiments in which we increased
the salt concentration at a fixed concentration of PEG. The two
procedures gave identical results for the decondensation phase
boundaries, suggesting that thermodynamic equilibrivm has
indeed been attained.

For the high PEG molecular weight, PEG 8000 (DP = 182),
we find that reentrant decondensation only occurs at rather high
PEG concentrations. We cannot fully explain why Vasilevskaya
et al. do not find reentrant decondensation for PEG 80X,
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Figure 3. Critical PEG concentration, w.,,. as a function of the
mamnovalent salt concentration [WaCl] for condensation (open symbals
and reentrant decondensation (closed symbols) of B-DNA in wo
different degnees of poly merizution of the Mexible polymer: PEG XM
(cireles) and PEG BOMD (squares),

Possibly, reentrant decondensation is much more sensitive to
the DNA size and concentration than condensation.

For PEG 2000 (DP = 45), reentrant decondensation can ocour
al much lower concentrations. For this molecular weight, the
region of PEG concentrations where condensates are formed is
already rather narmow. This result suggests that there might be
a minimum degree of polymerization for the flexible polymer
o induce y-condensation for low molecular weight DNA. The
existence of 2 minimum molecular weight of flexible polymers
to achieve DN A condensation was first proposed on theoretical
grounds.'? Kleideter et al.'* found that even PEG with a molar
weight of 900 can still condense DNA. However. we did not
observe condensation for PEG 900 at the same sall concentration
of their experiments for PEG changing from 10 to 25% in 40
uM DNA (data not shown). Kleideter et al. used DN A fragments
of about the same size (3.3 kbp) but at a concentration that was
mare than 10 times higher than the one we are using here; hence,
maost likely, under these conditions, the DNA concentration also
starts playing an important role.

Condensation Theory. We first briefly review our previous
theory.'! To estimate the location of the phase boundary, the
Work fins e to insert a free DNA chain in a solution containing
PEG and salt (per unit length of DNA) is compared with the
WOIK [ cond L0 Insert the same DNA but in the condensed form
(again per unit length of DNA). Critical PEG and sah
concentrations are estimated by equating these two free energies:

-f;!I:iJII.'E E-f;ﬂ‘id\-‘\.ﬂﬂ (1)
The work fi. e of inserting free DNA in a solution of inert
flexible polymers (per unit length of DNA: polymer weight
fraction, w) is estimated from polymer scaling theory:

s tree = 1w + sy (2)

The expression involves two numerical constants, w0 and g,
that depend on the properties of the flexible polymer but not
on its concentration.

The work fin o of inserting DNA in the condensed state
has two contributions: that of assembling, or packing. the
condensate and the osmotic work of inserting the assembled
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TABLE 1: Numerical Constants Used in the Interpolation
Formula for the PEG Osmaotic Pressure

d ir [
PEG 20K} 404 [N E] .67
PEG 3350 i (.57 (44
PEG 6000 4.12 (28 0.59
PEG RN} 296 095 36

condensate into the solution of flexible polymers:

: el

-ﬁll’i.ﬂlllil =-r;"n|:l + -Tnd- (-H
The packing free energy, fruu. is the free energy (per unit length)
of transferring DNA from a dilute solution into a liquid-
crystalline phase. This term is calculated using the self-consistent
field model of Odijk. ' which takes into account the electrostatic
repulsion between neighboring DNA molecules in a hexagonal
ammay as well as the loss of configurational entropy due to
confinement, The second contribution is the osmotic work of
inserting the condensate, where IT is the osmotic pressure and
d is the centler-to-center distance of neighboring parallel DNA
molecules in the condensate.

We obtined the best fits to the experimental phase diagrams
for the four different PEGs by using a unique value for g, of
102 kyTinm. The pe; values used in these fits were 8.0, 6.5, 5.2,
and 4.1 kg¥/nm for PEG 2000, 3350, 6000, and 8000,
respectively. The fits for PEG 2000 and PEG 8000 are shown,
Ingether with the experimental data, in Figure 2, In calculating
the phase boundaries, the osmotic pressure at each PEG
concentration and molecular weight was estimated using the
interpolation formula published previously. '

log(IT(Pa)) = a + B 100w}

where w is again the polymer weight fraction. Values for the
numerical constants a, b, and ¢ are listed in Table 1. A plot of
the value of g as a function of the degree of polymerization of
the flexible polymer is shown in Figure 4. Polymer scaling
theary suggests gy ~ N ! while g should be roughly indepen-
dent of the degree of polymerization, N, of the PEG. Indeed,
the experiments show a decreasing value of gy, but we cannot
lest the scaling predictions here, in view of the rather low values
amd limited range of the molecular weights,

The parameters g and g obtined in best fitting the
theoretical curves (o the experimental data allow us to estimate
the force resisting insertion of the DNA inte a PEG solution.
This force equals the work fiy, jne of inserting free DNA into a
PEG solution (per unit length of DNA ). There has been quite
some interest in this force, in view of recent experiments on
virus capsids ejecting their DN A into PEG solutions. ! Recently,
this foroe was calculated.? and expressions similar to that of de
Vries!! were derived. except for an added term representing the
contribution of surface tension at high concentrations of flexible
polymer. From our data, we find a force of around 20 pN, for
a PEG solution with an osmotic pressure of 10 atm. This force
is somewhat higher than the values measured.'?

Reentrant decollapse was also found. for some parameter
values, in the previously proposed model.'! However, the region
of reentrant decollapse in this model is restricted to a namow
zone of salt concentrations, close to the salt concentration below
which the eritical PEG concentration for condensation starts to
increase rapidly (from approximately 0.1 0.3 M). The physical
picture suggested in that model' is thal, at low sall, higher
pressures (and hence higher PEG concentrations ) are needed to
stabilize the condensates. These correspond to smaller values

4+ 4

T T T T T T T T
41 =) d0 00 120 140 180 150 200
PEG degree of polymerization

Figure 4. o vs PEG DP g values obtained from the best fitting of
the condensation phise diggrams.

of the correlation length.” £, of the semidilute flexible polymer
solution (for values for PEG, see ref 18). Below some ionic
strength. the correlation lengths. £, are smaller than the lattice
spacings. d. of the condensates. and the flexible polymer enters
and redisolves the condensate,

The model of de Vries assumes full exclusion of PEG from
the condensates. From the work of Parsegian etal " it is known
that this is indeed reasonable at somewhat higher PEG molecular
weights. However, the PEG molecular weights used here are
rather low, and the comresponding polymer coils are rather small.
For this case, it is no longer clear that all PEG will be excluded
from the condensates. This might explain the discrepancy
between the experimental phase boundaries for decondensation
at low PEG molecular weight found here and the model of de
Vries.

It might be possible to address the salt dependence of the
decondensation transition using the approach proposed re-
cently," which is more general and does not assume full
exclusion of depletion agent from the condensates. This,
however, would imply a neglect of the liguid-crystalline nature
of the condensates. To do better, one first would need to address
the theoretical problem of small flexible polymer coils confined
inside liquid-crystalline DN A.

Concluding Remarks

Multimolecular condensation of short DNA molecules by
PEG is very similar to the monomolecular collapse of long.
single DNA molecules induced by PEG. Condensation, but
especially decondensation, is rather sensitive o the PEG
molecular weight. Assuming full exclusion of PEG from the
condensates leads to an adequate theoretical description of the
condensation phase boundaries (eritical PEG concentration
versus salt concentration) but not of the decondensation phase
boundaries, It seems that under conditions of decondensation it
is imperative (o take into account the fact that the depletion
agent may also enter the condens ates.
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Many prokacvotic nuclecid proteins bend DNA and form extended helical protein-DNA
fibera rather than condensed structures. On the other hand, it is known that such proteins
(such as bacterinl HLUT) strongly promote DNA condensation by macromolecular crowd-
ing. Using theoretical arguments, we show that this synergy is a simple consequence
of the larger dinmeter and lower net charge density of the protein-DNA flaments &
compared to naked DNA, amd herce, shonld be quite general. To illustrate this gen-
erality, we mwme light-scattering to show that the TkDa bhasic archasal nuclecid protein
Sso07d from Sulfolobus selfeiaricus (known to sharply bend DNA) likewise does not sig-
nificantly conderse DNA by itself. However, the resulting protein-DNA fibers are again
highly susceptible to crowding-induced condensation. Clearly, if DNA-bending mucleoid
proteins fail to condense DINA in dilite solution, this does not mesn that they do not
contribute to DNA condensation in the context of the crowded living cell.

Keywardz: DNA condensation; DN A-protein interactions; macmomolecular crowding.
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1. Introduction

The effect of nucleoid proteins on the global pene expression in prokaryotic cells
is now well established! but their role in nucleoid compaction is less clear. For
example, many of the most abundant prokaryotic nuclecid proteins introduce bends
in DN A, When complexed with DNA at appreciable coverage, helical protein-DNA
filaments are formed that are typically extended rather than condensed. This has
been shown. for example, for bacterial HU from E. coli using AFM and single-
molecule force measurements®? and for archaeal SacTd from Sulfolobus acidolaricus
nsing small angle X-ray scattering.?

On the other hand, Murphy and Zimmerman® find that E. ecoli HU strongly pro-
motes crowding induced DNA condensation (induced by adding fexdible polymers
or non-binding proteins such as serum albumin or bacterial cytoplasmic proteins).
This effect & especially strong at the high HU concentrations for which it has been
sugpested? - that HU should counteract DNA compaction.

Why are extended belical HU-DNA flaments so much more susceptible to
crowding induced condensation? Here we wish to explain the molecular basis for
thiz somewhat nonexpected synergy in terms of a simple theory that we previously
developed for polymer-induced condensation of semiflexible polyelectrolytes 5 We
also briefly comment on the relation between this phenomenon and the formation
and stability of prokaryotic nucleoids.

To complement the previous results on E. eeli HU. and to illustrate the gener-
ality of the phenomenon, we ako study crowding-induced comndensation of extended
protein-DNA filaments for another well characterized DN A bending mucleoid pro-
tein: archaeal SzoTd from Swlfolobus selfetaricus. This protein, amnd the nearcly
identical SacTd from Sulfolobus ecidoloricus have been shown to noo-specifically
introduce sharp bends into double stranded DNA. At higher concentrations, they
fully cover DNA at about one protein per 4bp, and form extended helical filaments_?

2. Materials and Methods
2.1. Prolein erpression and purification

The protein SsoTd was overexpressed in E. coli (DE3)pLy=S. harboring the plasmid
pPET-3h/ss07d, described before.” Pelleted cells from 1.5 L culture were suspended
in 15 ml of suspension buffer: 30mM NaHPO-HCL, 500mM NaCl, pH 6.5. Cells
were lysed using a French press (3 times at 1000 psi) and centrifuged for 50 min
at 12,000 g, 4°C. To remove the majority of £ coli proteins. the supernatant was
heated to 80°C for 40 min, centrifuged for 2 hours at 45,000 g at 4°C, and fltered
using a (0,45 pm pore size yringe filter. After a concentration step, we exchanged
buffer wsing deposable PD ) columns, to buffer A: 30mM Na.HPO,-HCL, pH 6.5
The suspension was loaded onto a MonoeS colmnn, equilibrated with boffer A, and
eluted with a linear NaCl gradient (0...0.6M). Sso7d eluted at acownd (.35 M
No other bands were detected on SDS-PAGE for fractions in the peak center, but
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some minor contaminations of around 15kDa were detected for the fractions further
awiay from the peak center. These fractions were pooled and concentrated, applied
to a Superdex Th colunn, and eluted with buffer A, after which SDS-PAGE showed
only a single band corresponding to Ssa7d. Purified protein was exchanged to stor-
age buffer (20mM Tris-Hel pH 7.7. 1mM EDTA, 20% glycerol, 200mM NH,CIL,
20 ppm NaNgz, 200 ppm Fmercaptoethanol) using PD10 columns, concentrated to
about 3 mg/ml and stored at —4°C. Protein concentrations were determined by [TV
spectrophotometry using? a0 = 1.1 mL/ (mgem).

2.2. DNA purification

Plasmid plIC18 (2686 bp) was isolated from E. coli wsing Qiagen Kits according
to the instructions of the mamifacturer, amd linearized using EcoRI1.

2.3. Light scattering

Light-scattering was measured at 25°C using a Malvern NanoS, operating at a
vavelength of 633nm and a scattering anpgle of 173°. The effective hydrodynamic
radius reported is the peak position of the monomodal distribntion fit s reported
by the Malvern DTS software, version 5.0, Absolute scattering intensities were
calculated using toluene as a standard. For all of the experiments. concentrated
stock DNA was diluted in 10mM Tris-HCl buffer, pH 7.0, 150mM NaCl. The
final DN A concentration in the experiments was 12 pg/ml, as determined wsing [TV
spectrophotometry. Protein concentrations ranged from 0 to 1 protein per DNA
basepair.

2.4. Condensation assay

The condensation assay that was wsed is similar to that of Murphy and
Zimmerman.® Protein-DN A complexes are squilibrated with fexible polymer solu-
tions (final DNA concentration and buffer conditions as in the light-scattering
experiment), centrifuged at 13000 g for 1 howur and the supernatant is analyzed using
agarose gel-electrophoresis. Condensation is observed as a decreased, and ultimatehy
vanishing intensity for the DNA bands in the agarose gels.

3. Results and Discussion

To demonstrate that Sso7d indeed does not condense DNA in free solution at phys-
iological onic strength, as was shown previously for the pearly identical SacTd
wsing small angle X-ray scattering, we have performed static and dynamic light-
seattering measurements on complexes with 2686 bp long pUCLS DNA, linearized
with EcoRl. The effective hydrodynamic radins and scattered intensity as a fhune-
tion of protein /DNA molar ratio are shown in Fig. 1. The static seattering closely
follows the extent of binding since free proteins harvdly contribute to the scattering.
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Fig. 3. Condensation assay. Estimated concentration of polymer (PEG 20 kg/mol) at whidh
DMNA concentration in the supernatant (after centrifuging for 1 howr at 1300 g} starts decreasing
[open symbols), resp. concentration of polymer bevond which no DNA is detected anvmaore in the
supernatant (closed symbaols) using agarose gol electrophoresis.

critical conentration of PEQ. the concentration of DNA-SsoTd complexes in the
supernatant (after centrifugation) starts decreasing; after a second eritical concen-
tration of PE(), no more DNA-Ss0Td complexes are detected.

Figure 3 shows our estimates for the two critical PEQ concentrations as a func-
tion of the protein/DNA ratic. Condensation of EcoR1 linearized pUC1S without
Ss07d occurs in a rather narrow window around 8% (w/v) of PEO. Increasing the
Ss07d/DNA ratio, the ammonunt of PEQ needed for condensation decreases rapidly.
At bow protein concentrations, the transition regime is rather broad, but beyond
saturation, the tramsition becomes very sharp again and oceunrs at around 3% of
PEO.

Previously, we have developed simple analytical estimates for the (jonic strength-
dependent) amount of flexible polymer needed to condense semiflexible polyelec-
trolyvtes such as DNA and F-actin filaments” These estimates, which assume all
polymer is excluded from the condensates, can also be applied to the protein-DNA
filaments that we study here. The idea & to compare the free energies {or chemical
potentials) of inserting semiflexible polyelectrolytes in solutions of fAexible poly-
mers in resp. the free and condensed form. hsertion of free (Le. uncondensed or
extended ) semiflexible polyelectrolytes can be dealt with using polymer scaling the-
ory. Per unit length of semiflexible polymer:

fhm.rnﬂ.- E#I“""#‘.’"’”""i'\- {]-l]

where w is the polymer weight concentration { %w/v), and py and po are nomerical
prefactors that depend on the radius a of the semiflexible polyelectrolyte. When
imserting, & condensate, one has to first push away the Hexible polymers {osmotic
work) to create space for the condensate and then to assemble the condensate inside
this space (packing energy):

.ﬁ.lm,q.llll.d = ff.lilll Al .ﬁmn:h: {2]
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The packing energy is dominated by the electrostatic repulsion between neigh-
boring semiflexible polyelectrolytes in liguid-crystalline condensates, and possibly
enhanced by thermal undulations ®* It can be estimated using theoretical equa-
tions of state for liquid erystalline semiflexible polyelectrolytes, " or computed from
experimentally determined osmotic pressures of polyelectrolyte liquid erystals.® To
estimate the amonnt of polymer needed to condense semillexdble polvelectroly tes,
we use the fact that the chemical potentials, or insertion free energies, should be
equal at the transition point:

.ﬂu:i_.fnﬂ'.- = .ﬂuu ,,t\um] - I:'H\.I

To change the eritical concentration of depletion apent needed for condensation
{without changing the deplerion agent itself) requires changing either the insertion
energy for free semiflexible polyelectrolytes, or the insertion free energy of condensed
semiflexible polyelectrolytes. The former is especially sensitive to the radins a of
the semiflexible polyelectrolyte, the latter especially to the polyelectrolyte linear
charpe density v.

This is illustrated in Table | where we campare typical condensation thresholds
for resp. naked DNA, SsoTd-coated DNA (saturated filaments), and F-actin fila-
ments. The Sso7d protein is basic with an estimated charpe at pH 7 of +4--- 4+ 6
{extrapolated from Ref. 10). This means that the net electrostatic repulsion between
saturated Sso07d-DN A flaments will certainly be less than that between naked DNA,
but it is not clear by exactly how omch.

Comparing with naked DNA and F-actin, it is clear that the increased effective
polvelectrolyte radivs induced by protein binding cannot fully explain the decrease
of the condensation treshold. Therefore, it is very likely that in the present case,
the decreased effective charpge of the protein-DNA filaments also plays a significant
role in reducing the condensation treshold.

Althouph we here assume fHexible polymers as the depletion agent. the conclu-
sions may be expected to hold more generally: thick protein-DNA flaments with a
low net charpe density are much more susceptible to depletion condensation, be it
by flexible polymers, or by cytoplasmic, non-DNA binding proteins.

What i the role of this synergy in the formation and stabilization of nuceloids in
profaryotic cells? Odijk has convincingly shown!? that for the supercoiled genomic
DNA of bacteria, confined by the bacterial cell wall, depletion interactions of the
DNA with non-binding proteins are sufficiently strong to drive a phase separation
into a nucleoid pliase rich in DNA (but not as concentrated as DNA condensates

Table 1. Critical polymer concentrations mesded to
conmndense semillexible polvelectrolvtes at nas = (L1565 M.

Palyvélectralyte a () v [emm) e (W)
DNA 1.k I:_R[!E 4) 17 8
Saoid-coated DNA 2.5 (Ref. 4} 34
F-actin (Ref. 11} A h25 3

47



Synergy of Nucleaid Protems and Crowding 265

obtained from dilute solutions) and a cytoplasm phase rich in non-binding, plobular
proteins. Our results sugpest that the effect of muclecid proteins could be inchuled
in such a theory (to lowest order) by allowing for a somewhat larger thickness and
a lower charge density of the DNAL

In any case, it is clear that if some particular nucleoid protein-DNA flament i
extended and for rigid in dilute solution, this clearly does not mean that the protein
does not contribute to DNA compaction in the crowded environment of the living
cell.
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Flexible polymer-induced DNA condensation: Deviations from the scaling
regime for flexible polymer solutions.

José Esio Bessa Ramos Jr.
Physics Departament - Universidade Estadual Paulista -UNESP- Rua Cristovao Colombo 2365
CEP -15054000 — Jardim Nazareth - Campus de Sao José do Rio Preto — Sdo Paulo - Brazil

Abstract

We address the theoretical problem of polymer-induced DNA condensation taking
explicitly the polymeric nature of the depleting agent into account by solving the Edward’s
equation analytically. We also extend our model for flexible polymer solutions of low
molecular weight for which the mean field Flory’s theory seems to agree better with the
experimental data than the scaling theory predictions. Our aim is to highlight the role of
polymers molecular weight on the onset of the DNA condensation and reentrant
decondensation. Some numerical results and comparisons with experimental data are
presented as well.
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Introduction

Under certain physical-chemical conditions, DNA molecules may aggregate or condense
without precipitating out of the solution. A specific case is the one in which a flexible
polymer is added to a DNA solution at a given ionic strength [1]: if the DNA solution is
dilute and the DNA molecules are long enough (~10° base pairs), a mono-molecular collapse
will occur[2]; on the other hand, if the solution is concentrated and the DNA molecules are
shorter (~10° base pairs) multi-molecular collapse or aggregation most likely will take
place[3,4].In both cases, depletion interactions between the polyelectrolyte segments and the
flexible polymer coils are the general physical mechanism underlying the DNA
condensation/aggregation: the flexible chains are depleted from the surroundings of the DNA
segments and as soon as the depletions layers do overlap an attractive potential between the
DNA segments arises[5].

The psi-condensation (polymer and salt-induced or wy-condensation as is known the
aforementioned DNA-flexible polymer phase separation) has been studied intensively both
theoretical and experientially since the DNA condensate itself is important as a simplified
model for the DNA organization in virus and prokaryotic living cells and moreover, the
intricate interactions taking place in solution may improve our basic knowledge about semi-
flexible (charged)/flexible chains interactions and its phase behavior. However, in some
specific conditions under which y-condensation is observed experimentally there is until
now a lack of formal consistency for the physical causes invoked to explain the phenomenon
has not being incorporated within the theoretical framework namely, depletion of the flexible
polymer molecules from the space in between the interacting segments, particularly for short
flexible polymer chains (polymers of low molecular weight) at high enough concentrations
(semi-dilute regime).

Some theoretical works published so far explicitly account for the liquid-crystalline
nature of the DNA condensates (which is experimentally known) and for the strong
electrostatic repulsion among them as well,[6] describing the phase diagram (i.e., the amount
of flexible polymer needed to induce the y-condensation as a function of the solution ionic
strength) accurately under the assumption that the flexible polymer is totally excluded from
the DNA condensate, which is true if the flexible polymer is large enough (see discussion).
Other theoretical works do account for an imperfect phase separation between the
polyelectrolyte and the depleting agent neglecting both the liquid-crystalline state of the
DNA molecules and the polymer's reduced configuration space inside the condensed phase
and so the partitioning of the flexible polymer coils between the condensate and the solution
[7, 8] which is regarded as the physical source of the attractive interaction among the
polyelectrolyte segments [5]. Moreover, no attempts to account for deviations from the
scaling predictions for the thermodynamic properties of flexible polymer solutions have been
done so far. Since the predicted universal behavior is bounded by large degree of
polymerization, it would be worthwhile to consider the general case of any polymer
molecular weight.

The purpose of the present paper is therefore two fold: first to account explicitly for the
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polymeric nature of the depleting agent and in doing so, treat more realistically the DNA-
flexible polymer interaction which drives the phase separation; and second to account for the
deviations from the scaling regime when the flexible polymer chains are small enough and
the mean field theory for polymer solutions (Flory-Huygens theory) is expected to be
fulfilled.

In the next section, we will describe the system to be studied and discuss the analytical
approximations used to that; next using some tools from polymer physics and the principles
of equilibrium thermodynamics we will show some numerical results. In doing so, we are
presenting a more general theory for the phase separation between polyelectrolytes and
flexible polymers which does not suffer from the restrictions of the previous ones and may
have some practical applications as well.

Theory

1-Defining the system

The definition of the system to be studied is given below and its most important
components described along with the approximations involved (see figure 1):

A semi-flexible polymer chain carrying a net electrical charge, i.e. a polyelectrolyte
(DNA in the specific case of this work) which is assumed to be a completely rigid cylinder at
the length scale of its persistence length (L,=50 nm assumed to be constant on the entire salt
concentration range) is dissolved in a water-salt solution (monovalent salt) along with a
flexible polymer molecules. Each polymer chain has N monomers with an excluded volume
I per segment. Deviations from the thermodynamic scaling regime (strictly valid for N—oo)
are accounted by empirical corrections in the scaling exponents. The solvent’s quality for the
flexible polymer is assumed to be good (and so the excluded volume effects are fully present)
and its concentration regime is assumed to be dilute or semi-dilute.

The most relevant interactions in the system described above are assumed to be:

1) The DNA-DNA excluded volume interaction enhanced by the strong electrostatic
repulsion which is included along the lines of Odijk's theory for excluded volume between
polyelectrolytes [9]. In this theory, the effective DNA-DNA excluded volume per segment is
decomposed in an intrinsic component (independent of the medium composition) and in an
electrostatic component depending on the ionic strength; 2) The DNA-flexible polymer
interaction which explicitly accounts for the polymeric nature of the depleting agent. A “cell
model” (see figure 2) is used to describe the confinement of the flexible chain among the
DNA segments and the Edward's equation is used to estimate the confinement energy of the
polymer coils within a cylindrical cell [10](note that here we are following closely the
pioneering work of Asakura and Oosawa about depletion interactions). The thermodynamic
quantities of interest (such as osmotic pressure and chemical potential) are evaluated
explicitly (see figure 2); 3) the flexible polymer interactions which are important especially
in the semi-dilute regime and which has shown to influence the phase behavior of colloidal
mixtures [7].
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Figure 1-Picture describing the main components of the DNA-flexible polymer solution. The DNA segments are represented
by the cylinders and are connected by the dotted lines. The flexible chains are represented by small coils. The dashed
rectangle delimits the region occupied by the DNA molecule and is in contact with a flexible polymer reservoir.

2- Analytical approximations.

In order to describe the interaction between the DNA and the flexible polymer, we will
use a “cell model” description. Figure 2 depicts the parameters involved in this approach. We
consider a cell which totally encloses one DNA Kuhn segment and the flexible-polymer
chain and analyze locally the DNA-flexible polymer interaction.

The following simplifying assumptions have been used to solve the Edward's equation
(as discussed above): 1) The cell has a cylindrical symmetry and is infinity along the z-axis
and 2) additionally, we assume that the monomers are not adsorbed at the DNA surface
(“reflecting walls”). Our aim is to solve the Edward's equation:

. fDNA
1 radiusia)

Crll radins{R)

-

Figure 2- Schematic picture of a “cell” which encloses one DNA segment and the flexible chain. The central axis of the
DNA segment (the DNA radius is represented by a) coincides with the z-axis and the flexible chain is represent by the
continuous curve (coil-like conformation) around the DNA central segment. The cell has its radius represented by R where
the axes of the neighboring segments are located (not represented for the sake of clarity).
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Pi/6 = 2G(rro,N) + V(r)G(r,r.,N) /KsT= Ox G(1,r0,N) (1)

In the equation 1, the Laplacian operator =, acts on the Green’s function G which
represents the probability density distribution function for the chain endpoints r and r,; the
chain has N monomers and O represents the partial derivative of G with respect to N. The
potential energy of a monomer at a position r is represented by V(r).The absolute
temperature is represented by 7 and Kjp represents the Boltzmann’s constant. The Kuhn
segment is represented by /.

Equation 1 may be solved by the method of separation of variables and the spatial
solution written as bilinear series. Here we limit the discussion to the solution of that
equation with the boundary conditions which must be satisfied by the physical problem:
G(r,r,, N) must vanish at the surface of the DNA central segment (» =a) and at the border of
the cell (»=R) we must have an extrema or an inflexion point for the local monomers
concentration. We also neglect any dependency on the angular coordinate and end effects of
the DNA segments (cylindrical symmetry).Thus the solution (un-normalized) may be written
as:

G(r,royN) = (AJo(Kr,)+BNo(K7,)(AJo(Kr)+ BNW(K7)) exp(-K’P/N)  (2)

and the following equations must be satisfied (boundary conditions):

AJy(Ka)+BN,(Ka)=0 3)

Or (AJo(Kr)+BNy(K7r))=0 at r=R (4)

Equations number 3 and 4 must be solved simultaneously for the ratio 4/B (4 and B are
the integration constants required by the solution of an ordinary differential equation of
second order) and K is the separation constant. Therefore the following equality must be
satisfied:

Jo(Ka)Ni(K R) - No(Ka)J1(K R)=0 (5)
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In the equations above, J, and N, are the non modified Bessel's functions of first and
second kind respectively and zero order, and J; and N, are the non modified Bessel's
equations of first and second kind respectively and first order [11]. The constant K has to be
evaluated numerically from equation 5. Within a certain limited range of values for R, we
may approximate K (nm ) as a functions of (R-2a)" (nm ™).

0,45 —

K(1/nm)

0,15 —

0 T T T T
0 01 02 03 04 05

* 1/(R-2a)

Figure 2- K(nm ) (the solution of equation 5) as a function of 1/(R-2a) (nm ') within a limited range of R

values.

The partition function is given by [10]:

7 = [ Gr,royN) 4 dr dr, = exp(-K2/N) (6)

being the integrals performed over the spatial coordinates whose limits of integration are a
and R (r and r, specifying the position of both ends of the confined chain ). Thus, we are just
selecting those chain conformations (among all conformations available to the chain in the
bulk of the solution) whose the end-to-end vector satisfies the boundary conditions (equation
5).

Since the free energy of the system is given by:

AF=-K;TIhZ (7)

being Z is the partition function of the system, the free energy of confinement (i.e., the
interaction between the DNA and the flexible polymer is given by):
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AF=-KsTInZ = ¢ KsTR? | (R-2a)> (8)

being R, the radius of gyration of the flexible polymer and c a constant estimated from the
slope of the figure 2(c =1.2). Once we know the free energy of confinement, we can get the
chemical potential and the osmotic pressure contributions due to confinement taking the
derivative AF with respect to the number of molecules and the cells volume respectively:

Weon= > KgTR, | (R-2a)? 9)
and

Moo= @ ¢ KsTR, | N I (R-2a)’ (10)

being @ the polymer volume fraction confined between the DNA segments.
2.2- The interaction between the flexible polymer chains.
Here we will assume that the concentration of the flexible polymer may be diluted or
semi-diluted and use the following interpolating equation to describe the osmotic pressure in
the entire concentration range:

o= KsT &/ (N 1}) + KsT a @ (11)

where @ is the volume fraction of the polymer in solution, & is the number of monomers per
chain and /® is the volume of one monomer; a and b are coefficients determined from the
experimental measurement of the osmotic pressure ( for polymers of high enough molecular
weight we can use the scaling predictions). The first term in the equation 11 represents the
ideal term (van't Hoff term) and the second term contains the interaction between the
polymers chains.

The chemical potential is determined from the osmotic pressure and is written as:

eow= Mo+ KsT'In @ + a b KsTN [ @ "' /(b-1) (12)

being Lo is the chemical potential of the polymer in the pure state, the second term is the ideal
chemical potential and the last term is the excess of chemical potential i.e., the change in free
energy per polymer molecule due to the change of the solution volume from “infinity” to a
finite value keeping the total number of polymers molecules constant [12].

2.3 — The interaction between the DNA segments.

Now we need describe the interaction between the DNA molecules and its contribution to the
pressure inside the condensate. A rigorous equation of state for liquid crystalline DNA has
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been formulated by Odijk [13]. However here we will adopt a simpler approach which
allows an estimation of the pressure inside the condensate due do the DNA segments
interactions. It is written as the first term of a virial expansion in terms of the numerical DNA
segment density [7]:

HDNA = KBTﬂCZDNA/2 (13)

where cpvs 1s the numerical concentration of DNA Kuhn segments of length L;= 100 nm and
radius apa.=1.2nm . The parameter f is the excluded volume from one DNA segment by
another and is equal to 7 L apar/2.

In agreement with X-ray diffraction measurements we will assume that the arrangement
of the DNA segments inside the condensate is hexagonal and so the numerical concentration
of DNA Kuhn segments is given by cov = 1.15x10%/R* being R the inter axial DNA distance.
The exact arrangement of the neighboring DNA segments must not be so important for
macroscopic quantities otherwise local properties such as the monomer concentration profile
along the cell’s radial coordinate. Since we are interested in the former, this is not a so strong
assumption which indeed is confirmed a posteriori.

The salt dependence is included along the lines of the Odijk's theory [9] for the excluded
volume interactions between polyelectrolyte: we may assume an effective DNA radius as a
function of the ionic strength thus accounting for the electrostatic contribution to the
excluded volume among the DNA segments (neglecting any dependence of its persistence
length on the ionic strength):

Qe = Apare T (1) (14)

In equation 14 ay,. represents the DNA radius (~ 1.2 nm) and x’ is the Debye length
which may be approximated at room temperature (298 K) by 0.3/n,” being n, the monovalent
salt concentration in molar units.
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3- Results and discussion

As already mentioned the flexible polymer confinement among the DNA segments is the
source of the effective attraction which ultimately leads to the phase separation: due to the
loss of entropy the flexible polymer is partitioned between the two phases (see figure 1) and
the unbalanced osmotic pressure push the polyelectrolyte segments together. Figure 3 shows
the change in the free energy (the entropy change, essentially) of the flexible polymer as a
function of the DNA inter axial distance for different degrees of polymerization (or different
radii of gyration) for a polymer typically used in experiments, poly (ethylene oxide) or PEO
or yet poly (ethylene glycol) or PEG.It is clear that small polymer coils may enter the
condensate without a high free energy cost rather then the large ones or in other worlds the

HF uniis)

Confinement free energy(k
&
|
¥

—— PEQ 2KDa
PEO 6KDa
PEO BKDa
21 ]
4] ] 10 15 20

Linear confinement size(R-2a) nm

Figure 3- Confinement free energy (K57 units) as a function of the cell’s confinement dimensions R
-2a (nm) for PEO 2k, 6k and 8k ( Rg=1.5, 2.7 and 3.8 nm) . The values of R, were taken from

reference 15.

partition coefficient decreases with the increase of polymers molecular weight. Therefore the
assumption of total exclusion of PEO coils from the condensates is justifiable on theoretical
grounds and is in agreement with the de Vries theory for polymer-induced DNA
condensation [6]. The present theory however aims at the opposite case in which the polymer
coils are small enough to enter the condensed phase and thus contribute to the osmotic
balance.

Therefore, in order to describe the phase equilibrium (or to locate the free energy minima
of our system) we need to impose the equality of 1) the chemical potential p of all species in
both phases (in the figure 1 these phases are represented by “in” and “out”) and 2) the
equality of the osmotic pressure I, in both phases [14]. Thus, the following equations must
be satisfied:
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uins = lvl()ut (1 5)

1_[ins = Hout (16)

The equations number 9 and 12 give us the equality of the chemical potential (both inside
(ins) and outside (out) the globule) and the equations number 11 and 13 give us the equality
of the osmotic pressures represented by equations number 16 and 17 respectively:

In @, +ab N D, /(b-1)=In D+ ab N I @, /Ab-1)+ ? R/(R-2a)* (17)

®()ut/(N lk3) + KBTa ®0utb = cDim/(N lk3) + a @im‘b + ﬁcznm/z (18)

Next, we will discuss some numerical calculations for specific values of the microscopic
parameters of the flexible polymer PEO: N (number of monomer per flexible chain), /’
(excluded volume per segment), R, (radius of gyration of the flexible polymer) [15], a.
( DNA effective radius) and for specific values of the empirical parameter a and b which are
known to deviate from the scaling predictions ( a = KT/’ and b=9/4) for low enough
molecular weight. Here we use the measurements of the osmotic pressure (web site) [16] to
estimate these coefficients. Table 1 shows the values used in our numerical calculations and
from them we may conclude that for PEO 2k the Flory’s theory for polymer solution (which
predicts an exponent 2 for the semi-dilute regime) is in better agreement with the
experimental data in the concentration range 10-30% (volume fraction %) than the scaling
predictions, the latter being attained for PEO 8k. These corrections may be relevant to draw
even qualitative conclusions at such concentrations since we expect that the interactions
among the flexible polymers coils increases with its molecular weight.

PEO a b Ry(nm) N lk(nm)
2k 16+0.8 2.05+0.05 1.5 45 0.4
8k 18.5+0.5 2.23+0.03 3.8 182 0.4

Table 1- Coefficients obtained from the osmotic pressure measurements of PEO 2k
and 8k in the concentration range 10-30% and the respective microscopic
parameters.

The polymer volume fraction in the outer phase (®out) is imposed and the polymer
volume fraction in the inner phase (@;,) and the distance between the DNA strands (R) are
dependent variables. Figure 3 shows the dependence of the DNA segment concentration
(cown4) as a function of the flexible-polymer volume fraction for PEO.

It is clear that the DNA segment density “inside the cell” changes discontinuously (or
“jumps”) from its coil density (nearly zero) to a higher value at some PEO concentration
which we identify as the onset of the DNA condensation: the depletion interactions between
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DNA segments and the PEO coils overcome the DNA-DNA repulsive interactions and the
molecule collapse. The critical amounts of PEO depend on the coil sizes as expected: the
range scale of depletion interactions depends on the sizes of the depleted solutes i.e., the
polymer critical amounts decrease as R, increases (see fig 3). In particular, we have also
found that for very small PEO coils (R,< 1 nm) there is no condensation at all i.e., the small
coils may enter the condensate mostly without any hindrance and so there is no polymer
partitioning between the condensed phase and the solution. Both facts have been verified
experimentally [3].

Increasing the PEO concentration leads to a monotonic increase in the DNA numerical
segment density. However at some higher PEO concentrations the DNA segment density
returns to its coil density. This may be explained as follow: in the semi-dilute the interaction
among PEO coils becomes more and more important (in contrast with the dilute regime in
which each coil is to some extend isolated from the others); above a certain concentration
(®* or overlap concentration) the important length scale for the DNA-polymer interaction is
not the polymer radius of gyration (R,) but rather the correlation length (§) of the PEO
solution which decreases as its polymer volume fraction increases (§ ~ @ **) [17]. The
decrease in & leads to a decrease in the depletion potential and at some higher PEO volume
fraction, the repulsive DNA-DNA interactions may overcome the polymer-induced
attraction: the DNA condensate returns to its disperse form.

The reverse transition is known as reentrant decondensation and has been experientially
observed as well [2, 3]. Note that the PEO critical amounts for reentrant decondensation also
depend on the coils size: small PEO coils within the condensate contribute to the osmotic
balance favoring the resolubilization in contrast with the large ones which are somewhat
excluded from the condensed phase. These aspects are also in agreement with the
experimental findings [3].

EDNAX D/
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Figure 4- DNA numerical segment concentration cpna (n7°) as a function of the PEO concentration (in weight % - w/w%)
for N = 45 (PEO 2k represented by squares) and N=182 (PEO 8k represented by circles).The ionic strength is fixed at 0.3M
of a monovalent salt (e.g, NaCl). Around 5% and 2% of PEO 2k and 8k the DNA coil collapse (DNA condensation) which
resembles a first-order transition and its density increases with the PEO concentration. At around 8 % and 12% of PEO 2k
and 8k respectively the DNA condensate returns to its disperse state in solution (DNA reentrant decondensation)
discontinuously which also resembles a first-order transition.

4-Concluding remarks

Throughout this work, we have tried to show how to overcome inherent limitations of
previous theories of polymer-induced DNA condensation, specially concerning the polymeric
nature of the depleting agent which has been explicitly accounted by this work and
deviations from the scaling regime which is hardly attained in the actual experiments and
may lead us to overestimate the interaction among small flexible polymer coils. The
partitioning of the polymer among the polyelectrolyte segments and the bulk of the solution
as well as the measured interaction among PEO coils (the osmotic pressure measurements)
are accounted explicitly to highlight the role of the PEO molecular weight in the phase
behavior of the DNA/PEO mixtures. It is also clear that the DNA electrostatic interactions
are underestimated since we use the simplest way to account for that. A detailed treatment of
the DNA-DNA has been given by Odijk [13] and is shown to correctly describe the strong
salt dependence of the critical amounts of flexible polymers by de Vries [6].Since our goal
here is just to point out the role of deviations from the scaling predictions in the DNA-
flexible polymer condensation rather than draw a precise phase diagram, equation 13 seems a
reasonable choice as a first approximation.
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