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Interhelical Spacing in Liquid Crystalline Spermine and
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ABSTRACT The structure of polyamines-DNA precipitates was studied by x-ray diffraction. Precise measurements of the
interhelix distance ay were obtained at different NaCl, polyamine, and DNA concentrations. Most of the results were obtained
using spermine and few others using spermidine. The precipitates are liquid crystalline, either hexagonal and/or cholesteric,
with an interhelical spacing that depends on the ionic concentrations and on the polyamine type. In our experimental conditions,
the spacing varies from 28.15 to 33.4 A. This variation is interpreted in terms of different ionic components that are present
inside the precipitates and that are thought to regulate the value of the cohesive energy of DNA. These results are discussed in
relation to the biological processes requiring a closeness of double helices and to the role played by polyamine analogs in

cancer therapy.

INTRODUCTION

Polyamines are ubiquitous small polycations with multiple
functions in the cell growth and differentiation (Cohen, 1998;
Tabor and Tabor, 1984). Because of their positive charges,
putrescine (2+), spermidine (3+), and spermine (4+) show
a high affinity with the acidic constituents of the cell (RNA,
DNA, ATP, acidic proteins, phospholipids, etc.). Most of the
intracellular polyamines are thought to be sequestered and
““bound’’ to these cell constituents (Rubin, 1977; Davis et al.,
1992; Watanabe et al., 1991). The pool of ‘‘free’” polyamines
would show rapid fluctuations in response to intracellular
signals (Veress et al., 2000). Actually normal cells maintain
the polyamine concentrations within narrow ranges by syn-
thesis, catabolism, and transport that are regulated by hor-
mones, growth factors, and feedback mechanisms. These
intracellular concentrations that depend on the polyamine
type, are estimated to be in the millimolar range (0.1-2 mM in
mammalian cells, ~7 mM in Neurospora crassa) (Davis etal.,
1992; Watanabe et al., 1991). Polyamine depletion as well as
overproduction can lead to cell death (Thomas and Thomas,
2001). In cancer cells, however, the level of polyamines is
significantly increased. As reported by Thomas et al. (2002),
a cyclic process of increased polyamine synthesis and cancer
cell growth appears to be sustained because high polyamine
concentrations facilitate transcription of growth-related
genes. To interfere with these cellular functions of natural
polyamines, polyamine analogs have been designed and
developed as therapeutic agents (for a review, see Thomas
etal., 2002). All these studies display the essential role played
by polyamines in the cell life, but little is known on the
mechanism used by the polyamines to control the activity of
the genome (Childs et al., 2003).
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In solution, it has been shown that polyamines stabilize the
double-stranded DNA helix (Tabor, 1962) and may induce
changes in its conformation (B—Z transition) (Behe and
Felsenfeld, 1981). Polyamines also induce the collapse of
isolated long DNA chains from dilute solutions with
formation of toroids (Gosule and Schellman, 1976; Lambert
et al., 2000; Bloomfield, 1996) showing a local hexagonal
packing of DNA (Hud and Downing, 2001). Multimolecular
aggregates form using shorter DNA fragments of higher
initial DNA concentration (Osland and Kleppe, 1977;
Damaschun et al,, 1978; Schellman and Parthasarathy,
1984). Later on, it was shown, using short DNA fragment,
146-bp long, that the aggregate is liquid crystalline, either
cholesteric or hexagonal when the precipitation is induced by
spermidine (Sikorav et al., 1994; Pelta et al., 1996a,b) or by
spermine (Pelta et al., 1996a), and the authors hypothesized
that this state, combining ordering and fluidity of condensed
DNA may be of biological interest. X-ray diffraction analyses
have been performed on these aggregates. In hexagonally
packed DNA aggregates formed with spermine, a distance of
29.1 A was found by Suwalsky et al. (1969). In aggregates
formed with spermidine, Rau and Parsegian (1992) measured
a distance of 29.75 A, and Schellman and Parthasarathy
(1984) obtained values comprised between 29.4 and 29.55 A.
Interestingly, two ranges of interhelix distances were found in
spermidine-DNA aggregates: 31.6-32.6 A in the cholesteric
phase, 29.85 + 0.05 A in the hexagonal phase (Pelta et al.,
1996a). Intermediate values were not obtained by changing
the spermidine and sodium chloride concentrations. Instead, it
was the relative amount of both phases that was modulated in
the biphasic samples. We suspect that this variety of measured
values comes either from metastability effects (Becker et al.,
1979) or from differences in experimental conditions.

In an earlier work, we determined the concentration condi-
tions required to induce the precipitation and resolubilization
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of DNA by spermine and reported these experimental data
into a phase diagram (Raspaud et al., 1998). These conditions
were also analyzed according to a model, developed by
Olvera de la Cruz et al. (1995), which is based on an
electrostatic bridging. Here, our aim is to investigate the local
structure of the dense DNA precipitates and to focus on the
DNA-DNA interactions mediated by cationic species. We
want to know whether the interhelix distances measured in the
precipitate vary with the location in the phase diagram. In the
experiments presented here, the amount of monovalent and
multivalent ions was precisely controlled, as well as the
method of preparation of the samples. A systematic analysis
was performed with spermine and a few experimental points
with spermidine. We show that the type and amount of
polyamines together with the concentration of monovalent
salt determine the structural parameters of the precipitate and
how the cohesive energy between DNA helices is related to
these distances.

MATERIAL AND METHODS
Material

Mononucleosomal DNA of ~146 bp were extracted from calf thymus ac-
cording to the method described in Strzelecka and Rill (1987). A small but not
quantified percentage of dinucleosomal DNA was also detected in poly-
acrylamide gel electrophoresis. Some experiments were done with \-DNA
(48,500 bp) (Invitrogen, Carlsbad, CA). We used spermine 4HCI and
spermidine 3HCI (Fluka, Milwaukee, MI).

The DNA samples were prepared following two distinct methods to con-
trol the valence of the initial DNA counterions. In the first method, DNA was
extensively dialyzed against 2 M NaCl and then against TE buffer (10 mM
Tris HC1, 1 mM EDTA). In this DNA salt that we denote ‘‘Na-DNA”’, all
counterions are monovalent (mostly Na™, with some Tris"). In the second
method, Na-DNA was first extensively dialyzed against a reservoir of | mM
spermine 4HCl in distilled water at 4°C. An aggregation of DNA occurs inside
the dialysis bag. Part of the sample (precipitate and supernatant) was taken off,
weighted, and mixed with an appropriate volume of a solution of spermine
concentrated in water to obtain a final 150 mM spermine concentration. DNA
was redissolved at this high spermine concentration. A unique homogeneous
phase was obtained and the DNA concentration was determined by measuring
the absorbance at 260 nm. We denote this DNA salt ‘‘spermine-DNA.”’

In the following, the DNA concentration Cpya defines the total DNA
phosphate concentration in the whole sample (precipitate plus supernatant).
We recall that a concentration of 1 mg/ml DNA corresponds to 3 mM DNA
phosphate. The spermine concentration Cgpemine COrresponds to the concen-
tration of the spermine chloride ‘‘added salt’ in the whole sample (each
spermine cation comes with 4 C1™ anions). It does not include the concen-
tration of spermine counterions associated with the spermine-DNA salt. In the
same way, the monovalent salt concentration Cn,cy does not include the Na*
counterions coming with Na-DNA samples and that neutralize the DNA
phosphate charges.

Choice and preparation of the samples

X-ray diffraction experiments were done on more than 100 samples prepared
under conditions for which an aggregation of DNA occurred in the solution.
These conditions were studied in an earlier work (Raspaud et al., 1998). Data
were collected with 146 bp Na-DNA fragments in the presence of 13 mM
monovalent salt (coming from the 10 mM TE buffer). Spermine chloride salt
(4+) was diluted in the same buffer and added to DNA to reach various final
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concentrations. A schematic representation of this phase diagram is given on
Fig. 1. For spermine concentrations below the concentration Cprecip., all
DNA fragments are soluble; a single phase exists. Above Cprecip., a fraction
of DNA fragments aggregate and precipitate. Two phases coexist: the
precipitate (dense DNA phase(s); the precipitate may be monophasic or
multiphasic) and the supernatant (dilute DNA phase). The aggregation is
suppressed above Ciegissol: all DNA fragments are soluble, and the sample is
monophasic again. In the precipitation domain, limited by the Cprecip and
Credissol thresholds, we explored lines la—1c (low DNA concentration) and
lines 2 and 3 (high DNA concentration). Lines 1 and 2 correspond to fixed
concentrations: Cpya = 0.6 mM (1b), Cpna = 3 mM (I¢), and Cpya = 90
mM (2); a few experiments were also performed at Cpya = 0.03 mM (Za).
Line 3 corresponds to a constant Cgpermine/CpNa Tatio equal to 1/6.
Samples were prepared either by diluting the spermine-DNA solution,
i.e., by crossing down the Ciegisso1 boundary or by addition of spermine to the
Na-DNA solution, i.e., by crossing up the Cprecip line. Experiments done with
spermine-DNA were first performed in the absence of any monovalent salt
and then with 50, 100, and 200 mM NaCl added. For experimental reasons,
13 mM monovalent salt was always present in Na-DNA samples. After
mixing the different components, the samples were let to stabilize at least
15 min at room temperature. The precipitate and all its supernatant (when
possible) were then introduced into the capillary 1-1.5 mm in diameter and
centrifuged during a few minutes at 100 X g to help the precipitate to fall to
the bottom of the capillary. Capillaries were then sealed. Each capillary
contains 40—150 g of DNA in a volume limited to 150-200 ul. For very low
DNA concentrations (Cpnya = 0.03 mM,; line /a), a large volume of solution
was prepared to obtain a macroscopic precipitate and only a fraction of the
supernatant was inserted into the capillary. This manipulation does not
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FIGURE 1 Schematic representation of the phase diagram obtained in

a previous study (Raspaud et al., 1988) for the precipitation of DNA
fragments by spermine. The precipitation domain, where the dense pre-
cipitate separates from the dilute supernatant, is limited by the Cprecip and
Clredissol curves. In this representation, each experimental point is defined
by the DNA concentration (Cpna phosphate) and the spermine salt con-
centration (Cgpermine)- Experimental points were located along five lines:
(1a) Cpna = 0.03 mM; (1) Cpna = 0.6 mM; (I¢) Cpna = 3 mM; (2) Cpna
=90 mM; and (3) Cpermine / CONA phosphae = 1/6, at different monovalent
salt concentrations. Two protocols were used to prepare the samples: 1),
starting from spermine-DNA solution, water was added to dilute the sample,
thus crossing the Clegissol threshold, as indicated by the top arrow; and 2),
starting from Na-DNA solutions, spermine was added to induce the
precipitation by crossing the Cprecip threshold, as indicated by the bottom
arrow. In Figs. 4-7, solid symbols refer to samples prepared from spermine-
DNA (crossing the redissolution limit) and open symbols refer to samples
prepared from Na-DNA (crossing the precipitation limit).
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modify the structure of the pellet, as explained in the Results section. A few
experiments were also performed with spermidine instead of spermine (using
Na-DNA and exploring line /a).

X-ray diffraction experiments

The x-ray experiments were performed using the synchrotron source DCI at
Laboratoire LURE (Orsay, France) on station D43. The size of the incident
beam was limited by a collimator 0.5 mm in diameter. The x-ray signals were
detected by phosphor image plates that were scanned by a Molecular
Dynamics Phosphorelmager (Sunnyvale, CA). The typical distance between
the detector and the samples was ~320 mm and the wavelength of the incident
beam ~1.45 A. The wavelength A was determined by a precalibration with
a silver behenate powder (Gilles et al., 1998). Using these configurations, the
accessible range of the transfer vector ¢ = (4 7 /A) sin 6, with 20 the scattering
angle, was between 0.05 and 0.5 A~ Because only diffraction rings were
detected for all the samples, the intensity profiles /(¢) were obtained by radial
integration. For some samples prepared along line 2, with spermine-DNA,
some thin Bragg’s spots dispersed in the rings were also observed.

Conductivity measurements

The conductivity of the spermine salt at high concentration (>1 mM) was
measured using a Coulter Delsa 440 instrument (Beckman, Fullerton, CA).
This instrument is more generally used to measure the electrophoretic
mobility but is also convenient to determine the conductivity of ionic solu-
tions. Three milliliters of each spermine solution was sufficient. The instru-
ment was previously calibrated using some standard saline solutions. For the
samples of low spermine salt concentration (<10 mM), we preferred to use
a more classical conductivity meter (CyberScan CON 100; Eutech Instru-
ments, Singapore).

RESULTS
Conductivity measurements

Before the structural measurements, the conductivity of the
spermine chloride salt without DNA was determined for
spermine concentrations ranging from 0.01 mM to 100 mM
in distilled water, 200 mM NaCl, and 10 mM TE solution. To
display the molar conductivity A, of the spermine salt, the
contribution of the residual salt, NaCl, and TE was simply
subtracted from the conductivity data. Data, which are also
divided by z = 4, are plotted in Fig. 2 as a function of k (the
inverse of the Debye screening length). This length takes into
account the contribution of the different salts to the elec-
trostatic screening. It may be written as:

Kil(A) =435X [Z(Z + 1)Cspermine(M)

ey
+ 2Cmonovulem salt (M)] 71/27

with z = 4, the spermine valence. In Fig. 2 the molar
conductivity is found to decrease with k. However two
different variations are observed at low and high « values. At
low k values or equivalently at low spermine salt concentra-
tion, a steep linear decrease is observed. By extrapolation to
zero concentration, the limiting molar conductivity of the
spermine salt is found equal to A?n =154 X z in Siemens cm?
mol ™', Subtracting then the known contribution of the z
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FIGURE 2 Molar conductivity of the spermine salt reduced by its valence

z = 4) as a function of the inverse of the Debye screening length k.
Measurements were done at 20-25°C. Spermine salt (with no DNA) was
diluted in: distilled water (@),10 mM TE buffer (O), and 200 mM NaCl (m).
The contribution of the monovalent salts has been subtracted to display the
molar conductivity of the spermine salt only. The straight line represents the
variation predicted by the Debye-Hiickel-Onsager theory in its limiting form
when ions are fully dissociated.

chloride anions (Lide, 1999), we can extract the limiting ionic
conductivity of spermine** 77.6 X z, a value close to the
tabulated data 73.5 for the monovalent cation [NH,] " (Lide,
1999). To understand this first variation, the properties of the
ionic atmosphere around each ions must be taken into
account. These properties are known to be responsible for
the molar conductivity decrease that is commonly observed
for completely dissociated electrolytes. This effect, called
relaxation and electrophoretic effect, is described by the
Debye-Hiickel-Onsager theory. The theory predicts for the
asymmetric spermine chloride salt the following limiting
molar conductivity:

Ap = A (1 —2.8k) — 1841k, 2)

where k is expressed in A" unit. The theoretical prediction,
which is reported in Fig. 2, is in very good agreement with the
experimental data in the left-handed side of the curve. Hence
this first linear decrease is due to interionic attractive inter-
actions and indicates that spermine is fully ionized at low
concentration. In other words, the co-ions, i.e., the chloride
anions, tend to surround the spermine cations or to create an
“‘ionic atmosphere’’ around them.

In the right side of the curve, the molar conductivity still
decreases when k increases but with a low slope. In fact
for strong electrolytes, deviation from the Debye-Hiickel-
Onsager prediction in its limiting form and even flattening of
the molar conductivity are commonly reported at large salt
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concentrations. These deviations and flattening may be attrib-
uted to an effect of ion size that cannot be neglected for large k
values. In our case, a deviation without flattening is observed.
This behavior—different from those reported for the classical
fully dissociated electrolytes—suggests that some ion pairing
could be formed in addition to the traditional ‘‘ionic atmo-
sphere’’ and could be responsible for the continuous decrease
of the molar conductivity.

X-ray diffraction experiments

X-ray diffraction experiments were done with 146-bp DNA
fragments in the precipitation domain limited by Cpyecip, and
Credissol» (lines 1a—c, 2, and 3) as detailed in the Material and
Methods section. A typical intensity profile /(g) is presented
in Fig. 3. Similar spectra were already reported (Pelta et al.,
19964a) and interpreted as a hexagonal packing—schematized
in Fig. 3. The first peak comes from the lateral hexagonal
arrangement of the DNA fragments. If one considers the large
three-dimensional unit cell described in Durand et al. (1992),
the lateral interaxial spacing ay can be deduced from the
position of this first peak g9 by the relation g,,9 = Q7 / ag)
X (2/y/3) leading to a typical spacing of the order of 29 A. The
second, less pronounced, peak does not come from the lateral
hexagonal lattice but from a longitudinal order between
neighboring DNA fragments. Such an order was already
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FIGURE 3 Typical diffraction spectrum of the dense DNA precipitate.
The diffracted intensity profile has been obtained by radial integration. The
first intense peak is due to the lateral hexagonal arrangement of the DNA
chains in the plane perpendicular to the double-helix axis. The interaxial
spacing ay between two neighboring DNA (insert) is determined from this
peak position g9 via the equation ag = (27 / q110) X (2/4/3). The second
peak (¢;11) comes from a longitudinal order between the double helices. This
profile was obtained from a spermine-DNA sample diluted in a 6 mM
spermine salt solution.
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quantified for highly concentrated DNA without polyamines
(Durand et al., 1992). As detailed in this reference, this peak is
related to the helix pitch P. Its value may be extracted from the
following expression:

G 24110[4+(\/361H/P)2]1/2. 3)

For all spectra exhibiting this peak, the helix pitch was
found equal to P = 34.9 + 0.1 A. This corresponds to ~10 bp
per helical turn. Although the helix pitch doesn’t depend on
the different concentrations, slight changes in the interhelices
distances ay with the salt concentrations were observed.

Other diffraction spectra (not shown) of some samples
were also attributed to a cholesteric structure. In these spectra,
there exists a single peak g*. According to Durand et al.
(1992), the interhelical spacing a,, is related in this case to the
peak position ¢* by the equation a,,, = 1.117 X 27 [ ¢*.

Variation of interhelix distances

Experiments were performed for three DNA concentrations
CDNA = 06, CDNA =3 mM, and CDNA = 90 mM. Mea-
surement recorded for Cpya = 0.6 and Cpna = 3 mM are
presented together using the same symbols because no dif-
ference between these two DNA concentrations was detected.

Samples prepared at low DNA concentration

A first series of experiments was performed in the low DNA
concentration range (Cpna = 0.6 and 3 mM) using spermine-
DNA, by crossing the Ciegisssoi boOundary upon dilution.
Samples of different Cypermine cOncentrations were prepared
without monovalent salt. Another series of experiments was
carried out starting from Na-DNA (Cpna = 0.03, 0.6, and
3 mM). Spermine was added to the Na-DNA solution, and
aggregation occurred while crossing the Cpyecip threshold.
Experiments were performed with short DNA fragments and
also with A-DNA chains. The x-ray diffraction results are
found independent on the method of preparation and on the
DNA length (see Fig. 4). The two sets of data are also plotted
as a function of the Debye screening length k' in the insert
of Fig. 4. For 30 = k' (A) >10 or for Cpermine (MM) = 10,
the local spacing is found nearly constant, equal to ay =
28.15 + 0.10 A in the absence of monovalent salt and to
28.25 = 0.10 A in the presence of 13 mM monovalent ions.
For lower k' values or larger spermine concentrations, the
double helices are progressively moved apart when the
length « ' diminishes or when the concentration Cspermine
approaches the Ciegisso1 limit. It can be noted that the k!
length corresponds to the scale length of electrostatic
interactions in the supernatant because most of the spermine
salt stand in the supernatant, because of the low DNA
amount. The two axes in the insert of Fig. 4 represent,
therefore, the two lengths characteristic of the two coexisting
phases ay and k.
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FIGURE 4 Interhelix spacings measured in samples prepared with short
DNA fragments (146 pb; O,®). Some additional experiments were done
with A-DNA (). Experiments were done in the low DNA concentration
range (Cpna = 0.03 mM, 0.6 mM, and 3 mM). Spacings ay are presented in
a semilogarithmic plot as a function of the spermine salt concentration and as
a function of the Debye screening length k' in the insert. Solid and open
symbols refer to samples prepared from spermine-DNA and from Na-DNA,
respectively.

The two sets of data measured for low DNA concentration
have been replotted using linear axes (Fig. 5 a). This graph
displays the existence of a linear increase of ay with Cgpermine
for spermine salt concentrations larger than 10 mM. A fit of
the two sets in that range gives:

an(A) = 28.15 + 11.46 X Cpermine(M). )

Experiments performed at high DNA concentration

Experiments were also performed at high DNA concentra-
tions (Cpna = 90 mM). Samples were prepared using the two
methods described above. Results are presented in Fig. 5 b.
Using Na-DNA, we observe that the spacing first decreases
from 29.5 to 28.7 A when the spermine concentration
increases from 15 to 30 mM and further increases for Cgpermine
> 30 mM. Using spermine-DNA, data were collected only
for Cypermine = 40 mM for experimental reasons (it was not
possible to prepare stock solutions of spermine-DNA—in
150 mM spermine—of high enough DNA concentration to
reach by dilution Cpya = 90 mM and Cgyermine < 40 mM).
Values increase progressively with the spermine concentra-
tion. For both Na-DNA and spermine-DNA, above 40 mM
spermine, the interaxial spacing increases linearly with
Cspermine and distances are comparable to the distances
measured in the low DNA concentration range (Fig. 5 a and
straight line in Fig. 5 b). Therefore, in this range, the DNA
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FIGURE 5 Variation of the interhelix spacing ay as a function of the
spermine salt concentration for two DNA concentration ranges. Solid and
open symbols refer to samples prepared from spermine-DNA and from Na-
DNA, respectively. (a) In the low DNA concentration range (Cpna = 0.03
mM, 0.6 mM, and 3 mM; lines /a—c in Fig. 1), experimental points have
been fitted by a linear relationship for spermine concentrations >10 mM. (b)
In the high DNA concentration range (Cpna = 90 mM; line 2 in Fig. 1), data
are compared to the linear fit given in panel a.

concentration has no significant effect on the local distances
for these spermine-DNA samples.

For low spermine concentrations, the interhelix spacing
varies differently at low and high DNA concentrations. As
shown above, for low DNA concentrations, DNA spacing
remains constant up to 10 mM spermine. In contrast, for high
DNA concentration (Cpna = 90 mM), and using Na-DNA,
DNA spacing decreases sharply from 29.3 to 28.7 A when
the spermine concentrations is raised from 17 to 30 mM. A
plausible explanation of this difference would be that the
monovalent counterions coming with Na-DNA cannot be
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neglected anymore at high DNA concentration. To replace
all the monovalent counterions that neutralize the DNA
phosphate charges, the spermine concentration should be
equal to 90 / z = 22.5 mM. The minimal spacing is observed
at 30 mM spermine, which is close to this expected value.
The progressive decrease of spacing demonstrates that added
multivalent cations progressively replace the monovalent
counterions.

Effect of DNA concentration at a low constant
spermine/DNA concentrations ratio

Using Na-DNA samples, the ratio Cgpermine/Cphosphate Was
kept constant for DNA concentrations increasing from 90 to
270 mM phosphate. A weak ratio Cspermine/Cphosphate = 1/6
was chosen (Fig. 1, line 3). This ratio is lower than the
electroneutrality condition (Cspermine/Cphosphate = 1/z2 = 1/4)
to keep a fraction of monovalent Na ions in the precipitate.
For Cphosphaie = 90 mM, the spermine concentration becomes
equal to 90 / 6 = 15 mM (corresponding to the smallest
spermine concentration in Fig. 5). The results measured at
different Cphosphate are plotted in Fig. 6. For Cyermine < 35
mM, a hexagonal packing was observed and the interaxial
distance increases linearly with the spermine concentration.
The data may be fitted by ay (A) =28.6 + 38.6 X Cspermine
(M). The precipitate of the sample Cypermine = 35 mM is
biphasic (hexagonal and cholesteric). The large error bar of
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50 100 150 200 250 300

T T I T T

R
o

cholesteric

W
w
T
1

w
N
T
1

w
(=}
|

hexagonal

interaxial spacing (Angstrom)
w
T

N
©
T
1

0 10 20 30 40 50
spermine salt concentration (mM)

28

FIGURE 6 Interaxial spacing ay between short DNA fragments as
a function of the spermine salt concentration (line 3 in Fig. 1). Samples
were prepared by mixing the Na-DNA solution with the spermine salt
solution, both being in 10 mM TE. For these samples, the ratio between the
spermine salt concentration and the total DNA phosphate concentration,
scaled on the upper x axis, is set to the constant value 1/6. The dashed line
indicates the discontinuous transition between the hexagonal and the
cholesteric phase.
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the last sample (45 mM), which is purely cholesteric, is due
to the weak recorded signal. Isotropic precipitates were also
found close to this line for a higher DNA concentration
(Cpona = 350 mM; Cspennine = 65 mM).

Effects of monovalent salts

Experiments using spermine-DNA were also performed in
the presence of different amounts of monovalent salts: 50 and
100 mM NacCl for Cpya = 0.6 and Cpna = 3 mM; 200 mM
NaCl for Cpya = 3 mM.

No effect of the DNA concentration has been detected, as
shown in Fig. 7. At least for 50 and 100 mM, the variation of
ay with the spermine concentration is qualitatively identical
to the variation observed in the absence of NaCl, except that
the value of the constant spacing observed at small spermine
concentration (large screening length) increases with the ad-
dition of NaCl. One gets ay (+0.10 10\) =28.45 A for 50 mM,
28.75 A for 100 mM, and 29.40 A for 200 mM NaCl. With
a further increase of the spermine concentration, the interaxial
spacing increases progressively and seems to follow the evo-
lution of the data collected in the absence of NaCl, within the
error bars. We see that the distance (28.25 A) found for 13 mM
monovalent ions, using Na-DNA, fits well in this series.

Other measurements were done with Na-A DNA for several
monovalent salt concentrations. The interaxial distance ay
(+0.10 A) is equal to 28.25 A (1 mM spermine salt, 10 mM
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FIGURE 7 Semilogarithmic representation of the interaxial spacing ay as
a function of the spermine salt concentration in the low DNA concentration
range (lines /b and /¢ in Fig. 1). Experiments were performed with short
fragments, except the four points that correspond to long A-DNA molecules,
as indicated in the figure. The dilution of the spermine-DNA sample was
performed in distilled water (@), 50 mM NaCl (A ), 100 mM NaCl (V¥), and
200 mM NaCl (m). At each salt concentration, the constant spacing is
indicated by a horizontal line. The curve corresponds to Eq. 4. The dilution
of the four Na-A DNA samples was performed in 10 mM TE (O), 10 mM
TE + 40 mM NaCl (A), 10 mM TE + 90 mM NaCl (V), and 10 mM TE +
190 mM NaCl (0).
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TE), 28.65 A (1 mM spermine salt, 10 mM TE + 40 mM
NaCl), 28.95 A (2 mM spermine salt, 10 mM TE + 90 mM
NaCl), and 29.30 A (15 mM spermine salt, 10 mM TE +
190 mM NaCl). All these values are to be found in Table 1 and
also shown in Fig. 7 for comparison with short DNA frag-
ments. The values are quite comparable with short and long
molecules. Thus, we see that the DNA length has no effect
here.

Effects of polyamine valence

A few experiments were performed using spermidine and
Na-A DNA in the low DNA concentration range. Spacings
were measured for monovalent salts concentrations ranging
from 2 to 200 mM. Results are shown in Table 1. DNA in the
precipitate forms a hexagonal lattice below 50 mM with ay
values equal to 29.65 (2 mM) and 29.90 A (13 mM). The
precipitate becomes biphasic (cholesteric and hexagonal) at
50 mM NaCl (with ay = 30.45 A and a,,, = 31.75 A) and fully
cholesteric at 100 mM NaCl (a,, = 33.40 A). Such a
coexistence of the two liquid crystalline phases was already
reported (Pelta et al., 1996b).

Metastability

The above experiments highlight the influence of the ionic
environment on the DNA spacing in the precipitate. To go
further, three samples were prepared according to a different
method. Once the structural parameters of the precipitate in
equilibrium with all its supernatant were determined, the
supernatant was removed and replaced by solutions of dif-
ferent salt concentrations, directly into the capillaries. After
one week of incubation without any vortexing or stirring, the
expected change in the parameters was not detected. We may
wonder whether the pellet is trapped in a metastable state as
already suggested by Becker et al. (1979) or whether the
spacing variations observed above describe different meta-
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stable states. However, as shown in the low DNA concentra-
tion range, the precipitates formed from Na-DNA and from
spermine-DNA solutions, and from long and short chains,
have exactly the same structural parameters. They present an
identical variation of the distances with the ionic environ-
ment. This superimposition is rather in favor of reversible
states. For that reason, we assume that the thermodynamic
equilibrium has been reached in our experiments. We can
imagine that the absence of spacing variation when the su-
pernatant is replaced is simply due to: 1), the high local DNA
density that limits the ions diffusion and exchange inside the
precipitate once it is formed, and 2), the limited surface of
contact between the precipitate and the supernatant in the
capillary.

DISCUSSION

These measurements display unambiguously a variation of
the interhelix spacing in the different parts of the precipitation
domain. In the following, we will try to relate the interhelix
distances in the precipitate to the location of the precipitation
domain in the phase diagram. These two parameters
(interhelical distances and thresholds of precipitation and of
redissolution) are connected in the sense that for a classical
phase separation described by a coexistence curve, the local
concentration of the dense phase (the precipitate) is related to
the cohesive energy of the chain whereas at the thresholds,
this cohesive energy per chain becomes equal to the energy of
the dissolved chain.

Spermine-DNA samples

Approach of the redissolution threshold: increase of the
interhelical spacing

We observe an increase of interhelical spacing for concentra-
tions of spermine chloride salt approaching the redissolution

TABLE 1 Characteristic polyamines concentrations (Cprecip, Cmax) and interhelical spacings (a4) measured on A-DNA at different

monovalent salt concentrations

Spermine Spermidine Cobalthexamine
Monovalent salt (M) Cprecip (MM)  Ciax M) ag (A)  E/ AT Cprecip (MM)  Crpaxe MM ay (A)  E /KT ag A E/kT
2 0.1* 5% 29.65 0.051
0.0415%
10 28.30%  0.085%
13 0.007 28 2825  0.085 0.35 8 29.90 0.049
50 0.08 3.3% 28.65  0.060 2.5% 15% 30.45 0.027
31.757
100 0.45 6.5% 28.95  0.040 9 27 33.409 0.014
200 25 225 2930  0.036

The relative cohesive energy per nucleotide E / kT was calculated from these concentration values according to Eq. 5 from Nguyen et al. (2000). Additional
data came from references below. Cy,ax corresponds to the polyamine concentration required to induce the maximum precipitation of the DNA chains.

*Extrapolated or interpolated data.
TFrom Baumann et al. (2000).

*From Rau and Parsegian (1992) using long DNA extracted from chicken blood.
SEstimated from the electrophoretic mobility measurements (Raspaud et al., 1999).

ICholesteric phase.
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threshold. This increase suggests that more and more
spermine and chloride ions are present inside the precipitate.
This effect is observed for all DNA concentrations. The
origin of such an increase is not understood yet but two
hypotheses may be formulated: 1), this variation could be
related to the overcharging effect predicted when chains
redissolve (Nguyen et al., 2000), although this variation is not
taken into consideration in this theory. Recently a reorgani-
zation of ions and an overcharging effect in excess of multi-
valent salt have been observed using molecular dynamics
simulations (Lee et al., 2004); and 2), it could be due to a
simple polyamine effect. From the conductivity experiments
with no DNA, we have seen that the decrease in the molar
conductivity is firstly due to interionic attractive interactions
for which the chloride co-ions tend to surround the spermine
cations. In addition, some of them could be dehydrated and
associated to the cations. As analyzed by Solis and Olvera de
Ia Cruz (2000) (see also Solis, 2002), the interionic attractions
could change the ionic distribution along DNA when the
redissolution threshold is approached. Both hypotheses could
lead to an increase of the distances. To discriminate between
these two effects, it would be informative to know how the
distances vary with the spermine concentration in these two
cases.

The expected phase diagram

The phase diagram of the ‘‘spermine-DNA’’ salt is not
known. To estimate the extension of the precipitation domain,
we may use the structural parameters measured here together
with the results of a previous experimental work done with
another negatively charged polymer (Olvera de la Cruz et al.,
1995). This work was done in the absence of monovalent
counterions but in the presence of multivalent cations. The
authors found a precipitation domain delimited by two lines:
a horizontal line illustrating the polymer redissolution in
excess of multivalent salt and a vertical line located at high
polymer concentration. Inspired from their results, we
propose in Fig. 8, a schematic phase diagram for the
spermine-DNA fragments. We must locate this vertical line
at a DNA concentration that cannot exceed the local
concentration inside the precipitate. For the DNA hexagonal
lattice, the local DNA concentration can be calculated from
the interaxial spacing values according to the following
relation Cgifoaslphaw(M) = 1128/a}. A typical spacing ay =
28.5 A leads to a concentration of 1.4 M. This value is chosen
as the threshold value in Fig. 8. With regard to the horizontal
line, the spermine redissolution concentration Cegjsso) Was not
measured precisely in the absence of monovalent salt. We
observed that fragments are solubilized at 150 mM spermine
and Ciegissor = 105 = 10 mM in 10 mM TE buffer. A
compromise value of the order of 120 mM has been
considered in Fig. 8. For long DNA chains, this value is
rather close to 180 mM as found by Saminathan et al. (1999).
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FIGURE 8 Comparison of the experimental phase diagram determined
for Na-DNA fragments in 10 mM TE buffer (open symbols) with the
expected phase diagram for spermine-DNA fragments (dotted line) (double
logarithmic plot).

Interestingly one may compare this spermine concentration
Cedissol 0 the local spermine concentration Cls‘l’fea;lnme in the
precipitate, both being roughly independent of the total DNA
concentration. Assuming Cl‘;ﬁﬂmne = Cg}fjgphate /z (ie., elec-
troneutrality and no additional spermine chloride in the
precipitate), the ratio between the two concentrations
(Credissol /Cls‘;ﬁ}nme) is found of the order of 1/3. In other
words, if the volume of the precipitate is neglected compared
to the total volume, the spermine concentration in the su-
pernatant required to redissolve the chains must be ~1/3 times
less than the local spermine concentration in the precipitate.
Surprisingly a ratio of the order of 1/4—1/3 was also observed
for the flexible poly(styrene-sulfonate) chains precipitated
and redissolved by the trivalent lanthanum chloride salt (cf.
Fig. 2 a in Olvera de la Cruz et al., 1995). Indeed, this
estimated ratio doesn’t take into account the fact that some
additional chloride anions and spermine cations could be
present in the precipitate as mentioned in the previous para-
graph. This effect would increase the local spermine concen-

. local . i local
tration C spermine OF decrease the ratio (Credissol/C Spermine).

Na-DNA samples and monovalent salt effect

In Fig. 8, we also report the phase diagram of the ‘*“‘Na-DNA”’
salt measured in a previous work (Raspaud et al., 1998). The
comparison of the two diagrams highlights the predominant
role of the monovalent cations in the DNA precipitation
conditions and how these conditions result from a competition
of condensation between mono and multivalent cations onto
DNA. This effect has been recently studied by Burak et al.
(2003). The presence of the initial monovalent counterions
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clearly reduces the domain in which DNA precipitation
occurs. This shrinkage is manifest in the range of high DNA
concentration whereas for the ‘‘spermine-DNA’’ salt, we
suspect that DNA may precipitate at extremely low value of
spermine salt concentration and independently of the DNA
concentration.

Closure of the phase diagram in the concentrated range

Parallel to the shrinkage of the precipitation domain, the
spacing values increase with the DNA concentration and the
precipitated phase transits from a hexagonal to a cholesteric
structure (Fig. 7). At the extreme DNA concentration of
350 mM (or ~120 g/1) and 65 mM spermine, large isotropic
aggregates have been detected (data not shown). We have
verified that these isotropic aggregates are not present in the
initial DNA solution and thus that the added spermine cations
are truly responsible for their formation. For larger DNA
concentrations, the isotropic-anisotropic Onsager transition
of the Na-DNA samples without polyamines is approached,
yielding to extremely difficult experimental manipulations.
For that reason, no quantitative analysis has been done above
350 mM DNA phosphate. However the observation of
isotropic aggregates strongly suggests that the phase diagram
closure occurs at a nearby DNA concentration. It seems
reasonable to think that the ‘‘neck’’ shape extension of the
phase diagram predicted by Nguyen and Shklovskii (2001)
does not exist in our system.

This increase of the spacing values in the high Na-DNA
concentration range is most probably due to the presence of
the monovalent cations. As previously suggested in Raspaud
et al. (1998) in that range, they participate in the screening of
the electrostatic interactions when they are replaced by the
spermine ions along DNA but some of them remain
condensed along DNA and are still present in the precipitate.
This effect is clearly illustrated in Fig. 5 b. The presence of
Na™ along the precipitated chains enlarges the interhelical
spacing. When the spermine concentration increases, these
initial monovalent counterions are progressively replaced by
the spermine ions lowering then the interaxial distances.
Once most of these monovalent cations are displaced, the
variation in spacing is comparable to the variation observed
in the absence of monovalent cations. It is not excluded that
during the sodium displacement, some chloride anions could
accompany the spermine ions into the precipitate as discussed
previously. The presence of these anions could explain why
in Fig. 5 b, the minimal distance is observed at a spermine
concentration larger than the concentration required to
neutralize all the phosphate charges.

Lower boundary of the phase diagram in the DNA
dilute range

In the dilute range, we do not observe any effect of the DNA
concentration and of the DNA length on the interhelical
spacing. The spacing only depends on the spermine chloride
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concentration and on the presence of monovalent salt. At low
values of the spermine concentration, in the range where the
spacing is found independent of the spermine concentration,
the increase of spacing with the amount of monovalent salt
reflects again the presence of monovalent ions inside the
precipitate. The monovalent salt effect is also observed with
spermidine (3™) but the interaxial distances are found larger.
Interestingly the precipitation boundary of the phase diagram
in the DNA dilute range also strongly depends on the kind of
polyamine and on the amount of monovalent salt. Compared
to the spermine case, higher spermidine amount is required
to induce the DNA precipitation. This effect is not simply
due to the valence that differs for the two polyamines
because cobalthexamine (3+) ions are able to precipitate
DNA at concentrations comparable not to the spermidine but
to the spermine (4+) concentrations. There is another
parameter that must be taken into account: the ions
specificity. This specificity is also reflected in the value of
the interhelical distances. For the DNA precipitated by
cobalthexamine ions, the interaxial spacing is found of the
order of 28.3 A as determined by Rau and Parsegian (1992)
in the absence of applied osmotic stress. This distance is
quite comparable to the distance that we measure not for the
spermidine but for the spermine case. This comparison
suggests that large interhelical spacings are measured when
high concentrations of the multivalent ions are required to
precipitate DNA. If a cohesive energy may be extracted from
the phase diagram boundary, one may guess in a simple
vision that larger interhelical spacing corresponds to lower
cohesive energy between DNA molecules.

To evaluate the value of the cohesive energy, we can use
the model of Nguyen et al. (2000). For the spermine case, the
authors have already estimated that a cohesive energy of the
order of 0.07 £T per nucleotide (kT being the thermal energy)
is sufficient to reproduce the phase diagram boundaries
measured at low monovalent salt concentration. The onset of
DNA condensation and redissolution was found by equating
the DNA chemical potentials in the precipitated and in the
dissolved states. The chemical potential of a long DNA
condensed chain u. was set equal to u, = —E X (L / b) with
L / b the number of nucleotides per chain and E the cohesive
energy per nucleotide. For the other part, by treating the long
DNA chain dissolved in the bulk as a cylindrical capacitor,
its chemical potential was written as g = —1/2Qc¢ V with
Q.r the effective or net charge of the chain and V the voltage
difference applied to the capacitor, both Q. and V being
related (Nguyen et al., 2000). In this approach, the effective
DNA charge Q. is negative at low spermine salt, nil at the
spermine concentration C,, and becomes positive at larger
spermine salt concentration. The overcharging effect ex-
plains the chain redissolution. Expressing Q.¢r and V in terms
of polyamine concentration and screening length k', the
authors obtained an explicit equation for the cohesive energy
at the onset of precipitation Cprecip (see Eq. 17 in Nguyen
et al., 2000):
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E/KT = (1/42€)[In° (Co/Cprecip)] /(1 + 1/ka),  (5)

with & the Manning parameter equal to 4.2 and a the double-
helix radius equal to 10 A. To estimate the E value, only the
concentration C, must be known because the onset of precip-
itation Cpyecip Was already measured for long chains of DNA
in the range of low DNA concentrations (Raspaud et al.,
1998). In a first attempt, the concentration Cy may be as-
signed to C,,.x the polyamine concentration required to in-
duce the maximum precipitation of the DNA chains (Fig. 8 in
Raspaud et al., 1999). Based on this assumption, and using
the experimental values Cprecip and Crax, We have estimated
the cohesive energies per nucleotide relative to k7. These
values for the two kinds of polyamines are given in Table 1.
The corresponding interhelical spacings, also reported in
Table 1, were measured on the A-DNA samples in the low
polyamine concentration range, where the spacing remains
constant. Each couple (ay, E) is determined for a given
concentration of monovalent salt. Two values reported in the
literature are also given in this table: 1), the cohesive energy
estimated by Rau and Parsegian (1992) for the cobalthex-
amine ions from their osmotic stress experiments and using
the interhelical spacing ay; = 28.3 A measured in the absence
of stress; and 2), the work done during a change in DNA
extension when DNA is collapsed by spermidine in a low-salt
buffer (Baumann et al., 2000). In Fig. 9, these cohesive
energy values are plotted as a function of the interhelical
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FIGURE 9 Cohesive energy E per nucleotide, relative to the thermal
energy kT, as a function of the interaxial spacing when DNA is condensed by
spermine (@) or by spermidine ([J) at different monovalent salt
concentrations. The cohesive energy was estimated according to Eq. 5.
The energies determined by Baumann et al. (2000) for spermidine (A), and
by Rau and Parsegian (1992) for cobalthexamine (V) are also plotted for
comparison. The continuous curves are just guides for eyes whereas the
dashed line illustrates the structural transition from a hexagonal to
a cholesteric phase. All the data plotted here are given in Table 1.
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spacings. All the data (including the two bibliographical data)
follow the same decreasing curve. This indicates that all the
ions specificities mentioned earlier disappear in such a repre-
sentation. Interestingly, the transition that we observe be-
tween the cholesteric and the hexagonal phases looks like the
transition observed by Rau and Parsegian (1992) in their
osmotic stress experiments, both occurring at similar spacing
values.

Although the estimated cohesive energies are in good
agreement with others already published, these estimations
should be used carefully for two main reasons: 1), the model
that we use applies in principle only to low monovalent salt
concentrations because the authors consider the case for
which only multivalent ions are condensed onto DNA.
Therefore, corrections due to the presence of monovalent ions
inside the precipitate must be added to quantify precisely the
cohesive energy in our range of high concentration of
monovalent salt; and 2), the estimated energy depends on
the concentration Cy. This concentration has been set equal to
the spermine salt concentration for which a maximum
precipitation was observed. This assumption is generally
verified in colloid science and has been precisely verified for
our material only at low concentration of monovalent salt
(Raspaud et al., 1999). It is not excluded that this assumption
may not be appropriate anymore at high concentrations of
monovalent salt. Altogether these two reasons should induce
large deviations between this estimated energy and the
effective energy. However, we do not observe such a large
deviation. It rather suggests a compensation effect, which
could be present in the equation that we used for instance by
the scaling in Cy / Cprecip-

Finally to proceed further, the curve displayed in Fig. 9
could serve in turn to evaluate the cohesive energy from
the spacing distances, that were measured everywhere in the
phase diagram. For instance, the progressive increase of the
distances, which is measured when spermine concentration
approaches the redissolution threshold, reflects a progressive
decrease of the cohesive energy. More precisely, a spacing
increase from 28.15 to 29.2 A means, according to Fig. 9,
a cohesive energy reduced by half; for the 150-bp fragments,
their energy would decrease from 25 to 12 £T. It indicates that
a variation of @y as small as 1 A must be taken into account in
the energetic statement. This effect must be incorporated in
the future models to understand why DNA is redissolved by
an excess of polyamines and to predict the correct boundaries
of the phase diagram. Such a variation of the local distances
near the redissolution limit could be observed for other
polyelectrolytes precipitated by other multivalent cations.

The results, that we present here on natural polyamines,
could be also important for the development of polyamine
analogs as therapeutic agents. Polyamines are known to have
preferential binding (Ruiz-Chica et al., 2001) or preferential
spatial orientations in the DNA environment and they may
also act as hydrators of DNA (van Dam et al., 2002). Their
polycationic shape with discrete charges may also change the

Biophysical Journal 88(1) 392-403



402

binding properties (Lyubartsev and Nordenskiold, 1997). A
modification of their chemical structures leads to a change of
their binding properties. It changes the interhelical spacing
between precipitated DNA (Schellman and Parthasarathy,
1984) as well as the precipitation conditions (Smirnov et al.,
1988). In other words these analogs modify the DNA-DNA
interaction and the cohesive energy of DNA. It could be
informative to measure the spacing, to extract the corre-
sponding cohesive energy when DNA chains are precipitated
by different polyamine analogs and in parallel to determine
their efficiency to inhibit the growth of cancer cells. Because
polyamines are involved in many cellular processes, a simple
correlation between the two effects may be not so evident.
However we believe that differences in some of these pro-
cesses should be observed and correlated to a change in
the cohesive energy because DNA-DNA interactions are
involved in many reactions. A beautiful example of modula-
tions of these interactions has been reported by Srivenugopal
et al. (1987) using a series of polyamine analogs, and con-
necting aggregation and enzymatic studies.

In a few cases, it was demonstrated that the aggregation of
DNA by polyamines stimulates reactions involving DNA
with or without coupled enzymatic reactions. The rate of
cyclization of A-DNA (through the annealing of its cohesive
ends) varies over more than six orders of magnitude as a
function of spermidine concentration. This variation is strictly
correlated with the conformation of the chain. The higher rates
are obtained when the chain is collapsed in a dense globular
shape, for spermidine concentrations ranging from 1 to
80 mM, in the presence of 13 mM monovalent salt (Jary and
Sikorav, 1999). From our measurements with spermidine, we
know that under conditions of higher efficiency, distances are
close t0 29.9 A (0.05 kT per nucleotide). Maybe even higher
efficiencies would have been obtained using spermine instead
of spermidine. It was shown also that the same critical con-
centration of spermidine induces aggregation and catenation
of DNA rings by topoisomerases (Krasnow and Cozzarelli,
1982). A similar effect with coupling between coaggregation
and homologous pairing of single strands with duplex DNA
involving the protein RecA, in the presence of spermidine
(Gonda and Radding, 1986). Baeza et al. (1987) and Tsumoto
etal. (2003) also followed the transcriptional activity of DNA,
under polyamine aggregation.

An optimal distance is probably required between two
DNA helices for a given reaction to occur. Under aggregating
conditions, the interplay between polyamines and other ionic
species are able to bring two DNA molecules to this optimal
distance range, thus facilitating the reaction. The efficiency of
the reactions may also depend on the orientation between the
two DNA helices. We may hypothesize that parallel
alignment would be favored in recombination experiments,
whereas a twist between parallel helices may be more
favorable for topoisomerase activity or strand crossing
reactions. Over the range of favorable cohesive energies,
the hexagonal phase would be the best candidate in the first
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case, and the cholesteric phase in the second one. Finally, this
analysis was restricted to DNA-DNA interactions. It could
be relevant to extend it to more complex systems involving
DNA, proteins, and RNA.
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