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DNA Mesophases Induced by Spermidine: Structural Properties and
Biological Implications
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ABSTRACT Conditions of formation of DNA aggregates by the addition of spermidine were determined with 146 base pair DNA
fragments as a function of spermidine and NaCI concentration. Two different phases of spermidine-DNA complexes are obtained:
a cholesterc liquid crystalline phase with a large helical pitch, with interhelix distances ranging from 31.6 to 32.6 A, and a columnar
hexagonal phase with a restricted fluidity in which DNA molecules are more closely packed (29.85 ± 0.05 A). In both phases, the
DNA molecule retains its B form. These phases are always observed in equilibrium with the dilute isotropic solution, and their phase
diagram is defined for a DNA concentration of 1 mg/mi. DNA liquid crystalline phases induced by spermidine are compared with
the DNA mesophases already described in concentrated solutions in the absence of spermidine. We propose that the liquid
crystalline character of the spermidine DNA complexes is involved in the stimulation of the functional properties of the DNA
reported in numerous experimental articles, and we discuss how the nature of the phase could regulate the degree of activity of
the molecule.

INTRODUCTION

In a cell nucleus, all of the macromolecular species taken
together occupy a substantial fraction of the fluid volume,
and the cell nucleus must be considered as a macromolec-
ular crowded medium (Minton, 1981). One may roughly
estimate that the local DNA concentration is never lower
than 50 mg/ml and can reach concentrations up to about 400
mg/ml. These crowded conditions cannot be neglected in
the understanding of the functional properties of DNA mol-
ecules. Nevertheless, up to now, the organization ofDNA in
these condensed and complex structures remains largely
unknown.

In vitro, different methods can be used to create model
systems to study the ordering of DNA molecules in this
range of concentration. Among them, two approaches may
be considered as being closely related to the mechanisms
involved in vivo.

Confinement of DNA to a very small volume

The increase in DNA concentration can be achieved by a
progressive dehydration of the solution as first shown by
Robinson (1961). Under such conditions, DNA forms mul-
tiple liquid crystalline phases, depending on the polymer
concentration. These states are now quite well understood.
The dilute DNA solution is isotropic below a concentration
that depends on the length of the DNA fragments. Then the
solution orders into a cholesteric liquid crystalline phase
(Livolant, 1986; Strzelecka et al., 1987; Rill et al., 1991;
Leforestier and Livolant, 1993) through the formation of
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double twist configurations (either precholesteric states
(Livolant, 1987) or blue phases (Leforestier and Livolant,
1994)). When the concentration increases, the cholesteric
phase transforms into a columnar hexagonal phase with a
two-dimensional order (Luzzati and Nicolaieff, 1959, 1963;
Livolant and Bouligand, 1986; Livolant et al., 1989; Livol-
ant, 1991), which turns itself into a true three-dimensional
crystal, first hexagonal and then orthorhombic. This evolu-
tion can be monitored by x-ray diffraction with 50-nm DNA
fragments, allowing the authors to measure the interhelix
distances and to calculate the DNA concentrations at which
the phase transitions occur (Durand et al., 1992).

Condensation of DNA can also be obtained by the addi-
tion of a neutral polymer such as polyethylene glycol in the
presence of monovalent salts. The two polymers are incom-
patible, and they segregate into different phases. The poly-
mer and salt-induced DNA, usually characterized by circu-
lar dichroism properties (PSI-type CD spectra) (Lerman,
1974; Maniatis et al., 1974), corresponds to liquid crystal-
line phases of DNA (Livolant, 1986; Livolant and Bouli-
gand, 1986; Evdokimov et al., 1988). The osmotic pressure
exerted on the DNA sample can be modulated by varying
the neutral polymer concentration, leading to a progressive
decrease in the interhelix spacing (Rau et al., 1984: Pod-
gornik et al., 1996) and therefore to different liquid crystal-
line phases similar to those described with the other method.

Neutralization of the DNA molecule by
polycations or basic proteins

DNA condensation can also be achieved by neutralization
of the charges along the DNA molecule as theoretically
postulated by Manning (1978) (Bloomfield et al., 1994).
Collapse or aggregation of DNA is obtained with polyca-
tionic molecules: ions (polyamines, cobalt hexamine),
polypeptides (polylysine, polyhistidine), or proteins (his-
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tones HI). These agents, which interact directly with the
DNA molecules (in contrast with neutral polymers which
are excluded from the DNA phase), induce the formation of
DNA aggregates that can be sedimented by centrifugation.
Among these different agents, we were mainly interested

in polyamines, which are organic polycations encountered
in millimolar concentrations in all cell types as well in
prokaryotes and eukaryotes. They are involved in numerous
cellular processes, including replication and protein synthe-
sis, and in the activity of numerous enzymatic systems
(Tabor and Tabor, 1984). Moreover, they are also frequently
used in vitro to stimulate a number of enzymatic activities
involving the DNA molecule. Condensation of DNA by
polyamines has been extensively investigated (for a review,
see Bloomfield, 1991). In extremely dilute solution (less
than 1 to about 10 Ag/ml), a monomolecular collapse (when
only one molecule is involved) or the formation of micro-
aggregates can occur, and polyamine-DNA complexes form
either tores (Gosule and Schellman, 1976; Chattoraj et al.,
1978; Baeza et al., 1987) or spheres (Chattoraj et al., 1978).
In dilute solutions (about 1 mg/ml), the aggregates are large
enough to sediment in a pellet (Damaschun et al., 1978).
We reported recently that a liquid crystalline ordering of

DNA can be induced by spermidine (Sikorav et al., 1994).
Two phases were obtained in equilibrium. The aim of the
present work is to investigate the precise nature of these two
phases, to determine the range of conditions under which
they are formed, and to compare these data with the clas-
sical liquid crystalline DNA phases. Finally, we will discuss
from a biological point of view the potential interest of these
DNA mesophases induced by spermidine.

MATERIALS AND METHODS

Materials

DNA fragments (500 A) were prepared as described by Sikorav et al.
(1994) by selective digestion of calf thymus chromatin with micrococcal
nuclease (Strzelecka and Rill, 1987). The ratio OD26JOD280 was 1.85,
indicating a protein-free preparation. To assess the polydispersity of the
fragments, a sample was 5'-end-labeled with T4 DNA kinase using
932P-ATP. The length of the fragments was determined by electrophoresis
on polyacrylamide gels. Quantification of the radioactive bands was carried
out on a Phosphorelmager (Molecular Dynamics). The sample contains
50% of 146 (±7) base pair fragments. In view of the polydispersity of the
sample, part of the DNA was further fractionated according to the method
described by Lerman et al. (1976): successive aliquots of absolute ethanol
were added to the TE solution (10 mM Tris, 1 mM EDTA, pH 7.6)
containing S mg/ml DNA and 0.3 M ammonium acetate. DNA molecules
were sequentially precipitated according to their length, from longer to
shorter fragments. We did not notice any differences in the results between
the two samples, except small variations of the amount of DNA precipi-
tated in the pellet.

Spermidine (3 HCI; Fluka) was prepared as a stock solution at a
concentration of 100 mg/ml (392 mM) in 10 mM TE buffer (pH 7.6).

Aggregation of DNA

Stock DNA solutions (25 mg/ml or more) were prepared in TE buffer (10
mM Tris, 1mM EDTA, pH 7.6) containing NaCl (40 mM or 250 mM) and

extensively dialyzed at 4°C against the same solution. An aliquot of the
DNA solution was diluted with the same buffer, and spermidine was added
to reach the final concentrations of 1 mg/ml DNA and 1 to 180 mM
spermidine. The NaCl concentration was adjusted to values ranging from
4 to 200 mM. A second set of experiments was performed under the same
conditions plus 10 mM MgCl2. After vortexing, the samples were left at
room temperature for 15 min and centrifuged for 7 min at 11,300 x g. The
amount of DNA remaining in the supematant (soluble fraction) was de-
termined by measuring the absorbance at 260 nm, after dilution in TE
added with NaCl to keep the concentration of monovalent cations constant.
The errors in the measurements were estimated to be less than 5%, except
for a few experimental points corresponding to high spermidine concen-
trations, for which a larger dispersion of the measurements was observed.
All experiments were performed at room temperature.

Polarizing microscopy

The DNA pellet was recovered and deposited between slide and coverslip
(previously cleaned with ethanol and rinsed in distilled water). The cov-
erslip was sealed with DPX, a neutral solution of polystyrene and plasti-
cizers in xylene (Fluka) to prevent dehydration of the preparation. Textures
were allowed to stabilize for a few minutes to a few hours. Observations
were made in a polarizing Optiphot Nikon microscope. In some cases, a A
plate was inserted between crossed polars to analyze the orientations of the
DNA molecule in particular domains.

X-ray diffraction experiments
The pellets were introduced into quartz capillaries 1 mm in diameter previ-
ously filled with the supematant. In some cases, a slight orientation of DNA
fragments parallel to the axis of the capillary was obtained during the intro-
duction of the specimen. A few samples were centrifuged (400 to 900 X g for
3 to 30 min) to obtain a better orientation of DNA helices.

The x-ray scattering experiments were carried out using the synchrotron
radiation source DCI of LURE (Orsay, France) on station D43. A single
bent Si monochromator (11 1 reflection) was used to select the wavelength
1.27 A and to focus the beam. The size of the beam was limited by a
collimator with a circular aperture 0.5 mm in diameter. The detection
system consists of phosphor image plates, which are scanned in two
dimensions on the Molecular Dynamics Phosphorlmager 400E with a pixel
size of (0.172 X 0.172) AMm2. The parasitic scattering arising from the
capillary and the air is separately measured and then subtracted from the
patterns. In the case of isotropic diagrams, the scattering intensity was
integrated along circles and reported as a function of the magnitude of the
scattering vector s = 2 sin 0/A.

Temperature experiments
The effects of temperature on the supramolecular organization of the
condensed aggregates was investigated on a biphasic sample (DNA 1
mg/ml, spermidine 30 mM, NaCl 25 mM). For polarizing microscopy,
preparations were sealed carefully with DPX and settled in a Mettler stage.
The temperature was varied at a rate of 1 or 2°C/min from 20 to 65°C for
a few cycles, and the experiment was repeated with different samples.
Cycles of temperature were also performed in sealed Eppendorf tubes as
detailed in the Results.

Dilution experiments
For dilution experiments, DNA was dissolved in TE buffer at a concen-
tration of 5 or 27 mg/ml and dialyzed extensively against NaCl 250 mM,
NaCl 250 mM + MgCl2 10 mM, or MgCl2 125 mM.
Aliquots (13 ,lI) of the DNA solution were mixed with a given volume of
the spermidine stock solution to obtain the desired spermidine/DNA ratio
(1, 5, or 10) and deposited in a cupel. Precise volumes of distilled water
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were then added drop by drop under the microscope. To prevent dehydra-
tion effects at the air interface, the same experiments were also performed
between slide and coverslip, with a spacer inserted in between. Distilled
water was then added at the edge of the preparation.

Concentration experiments
A drop of the DNA solution with salt and spermidine was allowed to
concentrate progressively either in free surface drop or in thin preparation
between slide and coverslip. In this case, the coverslip was not sealed and
the dehydration was progressive.

In some experiments, after the preparation had reached the desired state
of dehydration, a drop of distilled water was added on one edge of the
coverslip to produce a gradient of water concentration from one side to
the other side of the preparation. These experiments were done under the
microscope. After stabilization of the sample, this method allowed us to
determine the sequence of the different birefringent phases as a function of
the water amount for given DNA/spermidine and DNA/NaCl ratios.

RESULTS

Effects of salts and spermidine on
DNA precipitation

In our experiments, the DNA concentration was kept con-
stant at 1 mg/ml. The concentration of the trivalent cation
spermidine was varied from 1 mM up to 180 mM under
various ionic conditions. The influence of monovalent salts
(Na+) was investigated by varying their concentration from
4 to 200 mM. In addition, the same set of experiments was
also performed in the presence of 10 mM divalent cations
(Mg2+), which is well known to be present in the cells in
millimolar amounts and involved in the cell metabolism.
For each experimental point, the amount of DNA sedi-
mented in the pellet was determined. The two sets of data
are presented on Figs. 1 and 2.
At moderate salt concentrations (<100 mM NaCl), up to

95% of the DNA is precipitated at low spermidine concen-
trations (<25 mM spd), in agreement with Osland and
Kleppe (1977). Higher spermidine concentrations progres-
sively decrease the amount ofDNA precipitated, which was
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FIGURE 2 Precipitation of DNA as a function of NaCl and spermidine
concentrations, in the presence of 10 mM MgCl2 (or 10 mM CaCl2). The
overall concentration of DNA was kept constant at 1 mg/ml.

unexpected. The DNA precipitation is nearly suppressed
above 70 mM spermidine.
As already observed by Heby and Agrell (1971), precip-

itation of DNA is completely suppressed in the presence of
100 mM Na+ (Fig. 1), whatever the concentration of sper-
midine may be (up to 180 mM). A series of experimental
points taken at a fixed concentration of spermidine (25 mM)
shows that the suppression of the precipitation occurs pro-
gressively when the monovalent salt concentration is in-
creased, leading to a sigmoidal curve (Fig. 3).
The addition of 10 mM Mg2+ to the various NaCl con-

centrations does not modify the overall shape of the curves.
It just decreases the amount of precipitated DNA (Fig. 2).
This effect is more noticeable when Mg2+ is replaced by
Ca2+ (Fig. 2).

The suppression of precipitation is also observed with 150
mM Mg2+ (the threshold concentration may be lower) (not
illustrated). These experiments were performed with DNA
dialyzed against MgCl2 in TE buffer to get rid of Na+ ions.
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FIGURE 1 Precipitation of DNA as a function of NaCl and spermidine
concentrations. The overall concentration of DNA was kept constant at
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FIGURE 3 Precipitation ofDNA as a function of the NaCl concentration
for a given spermidine concentration (25 mM). The DNA concentration
was equal to mg/ml.
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A few experimental points, the characteristics of which
are given in Table 1, were chosen to perform structural
analyses.

Nature of the DNA precipitates

The DNA pellets show multiple macroscopic aspects, de-
pending on the amounts of spermidine and salts. Their
appearance varies from transparent to white opaque. They
can be either dense or highly fluid. They are most often
extremely sticky, which raises some difficulties in collect-
ing them, either for microscopy or for x-ray diffraction
experiments.

Polarizing microscopy

When deposited between slide and coverslip, these aggre-
gates show multiple textures (Figs. 4 and 5), which depend
on the nature of the phase but also on the thickness of the
preparation. These textures were gathered here in two
groups.

Large-pitch cholesteric textures. A cholesteric phase is
frequently obtained in the samples, but its characterization
is difficult because of the usual absence of classical finger-
print patterns. Instead, birefringent domains are usually
observed with a homogeneous illumination (Fig. 4, a-e).
Nevertheless, the cholesteric nature of this phase is attested
by the presence of tear-shaped defects (Fig. 4 d), which are
characteristic of a cholesteric organization (Bouligand,
1974). Classical fingerprint textures were observed only in
thick preparations (0.5 to 1 mm) in rectangle capillary tubes
(Vitro Dynamics) (not illustrated). The periodicity of the
stripes allowed us to measure the helical pitch, which is
about 22 ,um. This phase is highly fluid and flows sponta-
neously under the microscope.

Droplets of this cholesteric phase are sometimes observed
to be floating in the dilute isotropic phase (Fig. 4 a). The
droplets look like slightly twisted nematic spherulites with

TABLE 1 Characteristics of the experimental points
discussed in the text

Experimental NaCl MgCl2 Spermidine Percentage of DNA
points (mM) (MM) (mM) in the pellet

12 5.7 15.7 97.33
16 5.7 10 15.7 90.6
36 16 43 71.3
102* 4 3 84
106* 4 70 30.5
111 25 25 85
120* 4 15 96
124 25 5 62.5
137* 4 10 97.5
139* 4 45 82
142* 25 25 92.5
143 25 30 89
190* 55 45 34.5
243 4 10 15 95.5

two singular points corresponding to discontinuities of the
molecular orientations at the surface of the sphere. Instead
of spheres, the droplets may also be torus-like, with one or
a few holes (Fig. 4 a).

Sometimes, nematic textures can be seen, as revealed by
the presence of two or four branch brush defects (Fig. 4 b).
These textures, which are quite rare, probably correspond to
the previously described cholesteric phase, in which the
twist is prevented by anchoring effects on the glass slides.
Numerous isotropic droplets of various sizes may be

trapped in this birefringent cholesteric phase (Fig. 4, a, c, e).
These droplets usually look spherical when they are isolated
(Fig. 4 c). They are slightly distorted into "squares" in very
thin preparations (Fig. 4 e). In particular conditions of
preparation of the samples, which will be detailed below,
these droplets may be very numerous. Then, they form a
three-dimensional network (Fig. 10 c).

This large-pitch cholesteric phase is also observed when
divalent cations, either Mg2+ (Fig. 4 g) or Ca2+ (not illus-
trated), are added to the solution. Fingerprint patterns are
then usually seen, whatever the thickness of the sample may
be (Fig. 4 g).

Columnar phase. In most of the pellets, birefringent
germs are found flowing with the liquid phase. These germs
do not coalesce to form large domains, but remain well
individualized, whatever their amount in the sample may be.
They are always monocrystalline: DNA molecules present a
unidirectional orientation in each of them, as seen by in-
serting a A plate between crossed polars, which confers a
homogeneous color on each germ (either blue or yellow).
The germs can be dispersed in the cholesteric phase when

there are few of them (Fig. 5 a). When they are numerous,
they stack together into domains showing a more or less
uniform orientation of molecules (Fig. 5 b). The presence of
walls can be seen between such domains. They appear as
black lines that follow sinuous paths between the germs.
Their presence led us to suspect that a small part of the
cholesteric phase may remain between them.

The germs are usually polygonal (Fig. 5, a and b) and are
more or less elongated along one direction. They are 4 to 7
,um wide and up to 20 ,um long in most preparations, and
the ratio Ll between their length (L) and width (1) varies
from about 1.3 to 2.3. Molecules are always normal to the
elongation axis of the germ. The germs can be slightly
larger if the sample has been heated to 65°C before being
stabilized at room temperature.
When the pellet is smeared onto the slide, completely

dehydrated and reequilibrated with its supernatant, the
germs are still visible but they are then much smaller (2 to
2.5 ,tm wide) and highly elongated (from 9 to 80 ,um long)
(with an axial ratio ranging from 5 to 60). These germs are
then gathered into elongated domains (Fig. 5 d). Molecules
remain normal to the elongation axis of the germs (i.e.,
parallel to the direction of the shear).

In a few cases, textures characteristic of a columnar
hexagonal liquid crystal were found (Fig. 5 c). The are quite
rare; they were observed only for two experimental points,*Samples used for x-ray crystallography.
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FIGURE 4 Textures of the large-
pitch cholesteric phase of spermidine
condensed DNA observed in polariz-
ing microscopy. (a) Cholesteric drop-
lets in equilibrium with the dilute iso-
tropic phase. The cholesteric droplets
may contain bubbles (arrows) (16 mM
NaCl, 4 mM spermidine). Crossed po-
lars, A, X225. (b) Nematic textures in
a thin preparation, characterized by
black brush defects (10.7 mM NaCl,
7.9 mM spermidine). Crossed polars,
X375. (c) Large-pitch cholesteric tex-
ture with a few isotropic droplets em-
bedded in the sample (arrows).
Crossed polars, X560. (d) Tear-
shaped defect line characteristic of a
cholesteric structure. Crossed polars,
X760. (e) Birefringent texture (prob-
ably cholesteric, as in c and d) con-
taining numerous isotropic bubbles
(10.7 mM NaCl, 7.9 mM spermidine).
In this case, the preparation is quite
thin and the droplets are slightly dis-
torted into rounded squares. Crossed
polars, X 150. (f) Fingerprint patterns
characteristic of the cholesteric phase,
obtained by heating the sample (sam-
ple 143: 25 mM NaCl, 30 mM sper-
midine) to a temperature of 30.5°C.
Crossed polars, X225. (g) Cholesteric
textures with the characteristic finger-
print patterns (5.7 mM NaCl, 10 mM
MgC12, 7.8 mM spermidine). Crossed
polars, x760.

124 and 11I1, and their presence remains limited to a very
small portion of the pellet. These domains present fan-
shaped textures with numerous walls of discontinuities ra-
diating around + -n disclination lines. We checked, by using
a quartz first-order retardation plate (A), that the DNA
molecular orientations are curved around these defect lines,
which reveals the columnar nature of this phase and rules
out the hypothesis of a smectic phase, as demonstrated
previously for the concentrated NaDNA samples (Livolant

et al., 1989). These domains are much more viscous than the
surrounding cholesteric phase. Nevertheless, by squashing
them firmly between slide and coverslip, a displacement of
the walls (w) was obtained, therefore inducing changes in
the shape of the overall domains. After being squashed,
these domains tend to relax and to recover their original
shape.

In one case (point 142) it was possible to squash the
isolated germs between slide and coverslip and to transform
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FIGURE 5 Various textures of the
columnar phase as seen in polarizing
microscopy. (a) Birefringent germs in
equilibrium with the planar cholesteric
phase (16.2 mM NaCl, 43.2 mM sper-
midine). Crossed polars, X750. (b)
Region with numerous columnar
germs. The insertion of the A plate
reveals that each germ corresponds to
a monodomain. All germs follow the
same orientation in a given domain
(10.7 mM NaCl, 7.9 mM spermidine).
Crossed polars, A, x 375. (c) Colum-
nar hexagonal domain arranged
around a + ,r disclination line and
showing numerous walls of disconti-
nuities (w) (25 mM NaCl, 5 mM sper-
midine). Crossed polars, A, X690. (d)
Elongated birefringent domains made
of numerous monocrystalline elon-
gated germs in equilibrium with the
large-pitch cholesteric phase are ob-
tained by addition of a drop of the
mother liquor to a small amount of the
aggregate previously smeared and
dried. Note the presence of numerous
isotropic droplets in equilibrium with
the two phases (arrows) (16.2 mM
NaCl, 43.2 mM spermidine). Crossed
polars, X1 125.

them into these typical columnar textures. This observation
strongly supports the hypothesis that germs and columnar
textures correspond to a unique columnar phase, with a
restricted fluidity limiting strongly the curvature of the
columns. Between crossed polars, the illumination of these
columnar germs or domains is much higher than the illu-
mination of the cholesteric phase, indicating that the pack-
ing of DNA molecules is higher in this phase.

Complex nature of the pellets. The relative amount of the
two phases varies with the salt and spermidine concentra-
tions. With the resolution of the polarization microscope,
we define three different types of samples:

Pellets purely composed of germs are encountered only
for low concentrations of monovalent salts (4 mM Na+).

They usually correspond to a large amount of DNA sedi-
mented in the pellet (more than 85%). As stated previously,
we cannot ascertain that they do not contain a very small
amount of the cholesteric liquid crystalline phase. Pellets
showing only germs were never observed after the addition
of Mg2+ ions, which increases the ionic strength of the
solution.

Purely cholesteric pellets can be found in a large range of
NaCl concentrations (4 to 75 mM NaCl), but only for
relatively large amounts of spermidine. Furthermore, these
pellets contain less than 50% of the total DNA.

Pellets containing both cholesteric liquid crystal and
germs correspond to a large range of experimental condi-
tions. The relative amounts of the two phases show strong
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variations, which were roughly estimated, as schematized
on Fig. 6.

X-ray data

Among the numerous experimental points, a few were cho-
sen to be representative of the different types of aggregates
and analyzed by x-ray crystallography. They cover a large
range of spermidine and salt concentrations, and correspond
to pellets containing from 30% to 96% of the total DNA.

Cholesteric phase. Points 190 and 106, which appear
purely cholesteric in the polarizing microscope, give x-ray
diffraction patterns characterized in the inner part by a
broad and very intense ring, which corresponds to the in-
teraxial spacing of DNA molecules. At larger diffraction
angles one observes a much less intense ring situated at
about 3.35 A, which is characteristic of B-form DNA and
represents the periodicity of the base pairs.

NaCI 4 mM
1 00

80

6 -

10

20

80

60

0

0

60:

4 !.,:0

7 1 0 15 20 25 35 45 60 70
spermidinie (mM)

7 10( 1 5 20 25 35 45 60 70
spermidine (mM)

El cholesteric
| hexagonal

NaCI 55 mM

3 7 1 0 1 5 20 2.5

spermidine (mM)

1slS2K101.IWE
35 4 5 60 70

FIGURE 6 The relative amounts of the cholesteric phase (in gray) and of
the hexagonal germs (in black) were appreciated qualitatively for numer-

ous experimental points. They are schematically represented here in the
form of histograms, the height of which corresponds to the percentage of
DNA sedimented in the pellet. Data were collected for three different NaCl
concentrations (4, 25, and 55 mM) from top to bottom.

The profile of the scattered intensity I(s) is shown in Fig.
7 for two cholesteric samples, 190 and 106. From the
position Sm of the maximum in the scattering curves, Sm
being related to the scattering angle 0m by the relation Sm =

2 sin Om/A, we have deduced an average distance am be-
tween neighboring DNA helices. The formula that is suit-
able for isotropic, nematic, or cholesteric phases consisting
of long, rodlike molecules is given by

2amsinOm =1.117A.

In this way, we find very close values for the intermo-
lecular spacing in samples for points 190 and 106: am =

32.6 ± 0.2 A and 32.2 ± 0.2 A, respectively. Neverthe-
less, these values are significantly different; several mea-
surements of the interhelical spacing gave a reproducible
difference of about 0.4 A between the two samples.

Except for the interhelix distance am, it is noteworthy that
only poor information can be extracted from these diffrac-
tion patterns, namely about the structure of the phase and
the law of interaction between helices in this phase.

Indeed, the scattered intensity I(s) contains two contribu-
tions:

I(s) = I.up(s) + Ia(s)-

The first term is due to the supernatant. The second one is
due to the cholesteric phase and can be written as

IC(s) = IF(s)I2Sc(s),
where IF(s)12 represents the structure factor of a given DNA
helix, and Sc(s) is the structure factor of the assembly of the
DNA molecules. Unfortunately, the proportion of supema-

tant in our specimens is not known. Consequently, we

cannot extract from the measured intensity I(s) the part
coming from the cholesteric phase and thus obtain the
meaningful quantity Sc(s).
Phase with germs. The pellets 102, 120, and 137, purely

composed of germs, give identical x-ray patterns. The ex-

ample shown on Fig. 8 (sample 137 slightly aligned by
centrifugation) is typical of DNA molecules oriented
parallel to the capillary axis and with a lateral hexagonal
arrangement.

In the outer part, a meridian arc located at 3.35 A is
observed. This arc is characteristic of B-DNA helices with
base pairs oriented nearly perpendicular to the helix axis
and separated by the rise h = 3.35 A.
The inner part of the x-ray patterns mainly displays a

sharp arc with a strong equatorial reinforcement. This arc

reveals a two-dimensional long-range hexagonal arrange-
ment of the DNA chains in the plane perpendicular to their
axes. The parameter aH of the hexagonal lattice is found to
be equal to 29.85 ± 0.05 A. The other equatorial reflections
characteristic of a hexagonal array (spacing ratios with the
main reflection in the order l/V3, 1i/V, I/\/;) are not
visible. Their absence is probably due to their very weak
structure factor JF(s)12 when the interhelix distance aH lies in
the range 29.5 A S aH S 30 A.

.712
z

-.a

.71

z
0

C)

Ui'-Ik --z1 Ij,v I

54 Biophysical Joumal



DNA Mesophases Induced by Spermidine

6000

o S106

5000 * S190

x S1 39

IS120
4000 _

3000

2000

x~~~~~~~
1000 I

'hx~~~~~~~~~~

0 0,01 0,02 0,03 0,04 0,05 0,06 0,07 0,08

s (A4)

FIGURE 7 Scattered intensity profiles I(s) as a function of s = 2 sin 0/A obtained in the cholesteric phase (samples 106 and 190), in the biphasic sample
(sample 139), and in the phase with germs (sample 120). The I(s) curve in the phase with germs shows sharp and strong peaks related to the hexagonal
arrangement of the DNA chains in the plane perpendicular to their axes. The weak peak located at about s = 0.047 A 'corresponds to the sharp reflections
observed along the first layer and associated with the longitudinal order.

One observes also in the inner part of the x-ray patterns
four sharp and weak arcs related to the first layer above the
equatorial layer. This first layer corresponds to the helix
pitch periodicity. Therefore we can deduce the helix pitch P
from the position of the weak arcs: P = 34.7 ± 0.1 A. From
the presence of sharp arcs on the first layer, we can conclude
that not only a lateral but also a longitudinal order is present
between neighboring DNA molecules. Along the second
layer (and along the next ones) the intensity is diffuse
without sharp arcs, which reveals distortions from the ideal
crystalline structure, such that only the short-range longitu-
dinal order is retained. These distortions, also called second
kind distortions (Guinier, 1956), are usual in chain molecule
assemblies. The obtained diagrams are typical of shift dis-
tortions along the axis of the molecules (Vainshtein, 1966,
p. 280). As already calculated (Vainshtein, 1966, p. 278),
the lth layer line becomes diffuse when I/P = 0.25/A, where
A2 is the main square fluctuation along the helix axis. In our
case, the second layer is diffuse, so I = 2 and A = 4.3 A. As
a conclusion, our diagrams show a longitudinal order be-
tween DNA helices strongly perturbed by displacements of
the DNA chains along their axis. The mean square value of
these displacements is A2 = (4.3 A)2.

The values of the parameters characteristic of the hexag-
onal phase, h (the axial translation per residue, commonly
called rise), aH (the interhelix distance), and P (the pitch of
the DNA molecule), are the same for the three specimens
102, 120, and 137. From these parameters we can first
evaluate the DNA concentration C in the germs defined as
the weight of DNA per volume of solution, from the
expression

C = MDNA/oh,

where MDNA is the molecular weight of a base pair and of is
the area of the unit cell in the plane perpendicular to the
helix axis, or= a2 V/2. It is found that C 425 mg/ml.
We can also derive the number of nucleotides per helix turn,
n = Plh, which gives a value n = 10.35 very close to the
value previously found for condensed DNA phases obtained
without spermidine in the same range ofDNA concentration
(Durand et al., 1992).

Biphasic samples. Points 139 and 142, containing both
cholesteric liquid crystal and germs, give x-ray patterns that
are identical to the superimposition of the patterns obtained
for the phase purely composed of germs and for the pure
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FIGURE 8 X-ray pattern typical of the phase with germs recorded at
wavelength A = 1.27 A on an oriented 137 sample. This pattern is
characteristic of DNA in the B forn, with a meridian arc at 3.35 A in its
outer part. The hexagonal lateral order with interhelix distances of 29.85 A
is revealed by the sharp arc, with a strong equatorial reinforcement ob-
served in the inner part of the pattern. The four other sharp and weak arcs

suggest the presence of a beginning longitudinal order between neighbor-
ing DNA molecules.

cholesteric one. The scattered intensity I(s) is shown on Fig.
7 for a biphasic sample. One observes sharp reflections due
to the hexagonal phase and the broad peak characteristic of
the cholesteric phase.

For samples 139 and 142, the parameters aH and P,
characteristic of the hexagonal phase, are very close to those
found above in the phases with germs: aH = 29.85 0.05
A and P = 34.7 0.3 A. The average interhelical spacing
in the cholesteric part is slightly smaller than the pure
cholesteric phase: am = 31.6 0.3 A.

Conformation ofthe DNA molecule. As mentioned above,
all x-ray patterns exhibit a diffuse ring located at 3.35 A,

which is usually observed for the B conformation of DNA.
Moreover, it is possible to simulate the x-ray patterns by
using the atom coordinates corresponding to the different
potential conformations (A, B, or C). Such simulations
show that only the use of the coordinates of the B form
provides a satisfactory description of our patterns. Conse-
quently, we can assume that the aggregation of DNA by
spermidine does not change the secondary structure of the
DNA molecule, which remains of the B type, whatever the
nature of the spermidine-condensed DNA phase.

Stability of the phases

We performed three series of experiments to establish the
thermodynamic stability of the different phases.

Temperature effects

The effects of temperature on the supramolecular organiza-
tion of the condensed aggregates was investigated on a
biphasic sample (point 143). The precipitate, corresponding
to 89% of the total amount of DNA, is composed of about
80% hexagonal and 20% cholesteric phases, as estimated
roughly in polarizing microscopy, at room temperature. We
notice also the presence of isotropic droplets trapped in the
precipitate.
The evolution of the samples with the temperature was

followed in parallel in polarizing microscopy and by x-ray
diffraction experiments. Both methods present interesting
points and limitations.

First, a whole sample prepared in an Eppendorf tube was
carefully sealed and submitted to a cycle of temperature
ranging from 4 to 60°C in the following sequence: 2 h at
40C, 2 h at 600C, 1 h 30 at 250C, 1 h at 40C, 1 h at 60°C,
and 1 h at 25°C. The aggregate was analyzed at the end of
the cycle in polarizing microscopy; it was identical to a
sample kept at room temperature. The amounts of choles-
teric and hexagonal phases remained unchanged.

In addition, part of the aggregate was deposited between
slide and coverslip. The preparation was sealed carefully
and settled in a Mettler stage. The temperature was varied at
a rate of 1 or 2°C/min from 20 to 65°C for a few cycles, and
the experiment was repeated with different samples. When
the temperature is raised, the germs progressively disappear
in the cholesteric phase. The end of the transition occurs at
about 450C. It was not possible to determine very accurately
the temperature at which there are no longer hexagonal
germs, for several reasons: 1) It was impossible to deposit
the whole sample (precipitate + supernatant) between slide
and coverslip. Only the aggregate together with a small part
of the supernatant was followed when varying the temper-
ature, which may be slightly different from the first exper-
iment. 2) In the aggregate, the two birefringent phases
present a different viscosity and segregate. The germs tend
to remain in the center of the preparation, and the choles-
teric phase flows around to the periphery. Depending on the
part of the preparation that was observed, the germs disap-
peared at slightly different temperatures. Therefore, the
presence of the germs was checked in the whole prepara-
tion. However, we cannot be sure that the totality of the
sedimented DNA was taken for the experiment. 3) What-
ever resins we used to seal the coverslip, it happened that a
slight dehydration occurred anyway. This effect was more
noticeable the longer the time of the experiment. We there-
fore had to find a compromise between the dehydration
process and the speed of temperature increase. A rate of
2°C/min was chosen.

In parallel with the transition from the hexagonal to the
cholesteric phase, we also observed a transition from the
cholesteric to an isotropic phase. Small dark droplets ap-
peared in the birefringent cholesteric phase. They grew and
merged. It is quite impossible to quantify the amount of this
phase.
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The pitch of the cholesteric phase was also shown to vary
with temperature. A series of micrographs was taken during
the course of the experiment, and the periodicity of the
fingerprint patterns (PC/2) was measured accurately on en-
largements of the micrographs. PC/2 varies from about 11.5
,um at 20°C to less than 2 ,um at 65°C (Fig. 9). There is no
significant hysteresis effect, as can be seen by comparing
the data collected during the temperature increase and dur-
ing the temperature decrease. At room temperature, the
pitch was difficult to measure because it is quite large,
usually leading to planar textures in thin preparations.
Therefore, measurements were made in capillaries 1 mm in
diameter after stabilization of the sample.

After 1 day at 65°C, the samples were still shown to
present very beautiful cholesteric textures, indicating that
the DNA molecule was not denatured and retained its
double-stranded structure. Indeed, denatured DNA mole-
cules n
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hexagonal structure completely disappeared at about 40°C.
When the temperature was lowered, the reappearance of the
germs was delayed, and a few become detectable at 20°C.
The important point is that during the entire cycle of tem-
perature, the parameter am of the cholesteric phase and
those of the hexagonal phase (aH and P) do not show a
visible change.

These experiments showed that the proportions of the
different mesophases, their textures, and their crystallo-
graphic parameters remain unchanged after one or a few
temperature cycles, thus showing that the transitions are
reversible. The hexagonal phase disappears at a temperature
close to 45°C.

Drying and resuspension of the sample in the
mother liquor

to longer formed cholesteric liquid crystalline phases Two series of experiments were performed:
zimov et al., 1973). In our experimental conditions, After the supernatant was removed, a few DNA pellets
ctors act simultaneously to increase the Tm of the were dried down in vacuum at 60°C for 2 h in a speed-vac
molecule: the presence of spermidine, which stabi- chamber, further resuspended in their mother liquor, and left
te DNA double helix (Tabor, 1962), and the dense at room temperature for at least 1 day. Four different ex-
g of the DNA molecules into an ordered liquid crys- perimental points, corresponding to various natures of the
phase (Grasso et al., 1991). aggregates (120, 111, 190, and 243) were tested twice this
microscopic data were completed by x-ray diffrac- way. In all cases, the DNA aggregates recovered their
;periments on the same biphasic sample (point 143). original aspect, as seen in polarizing microscopy. Their
,cle of temperature was performed as follows: 25°C crystallographic nature was not checked by x-ray diffraction
-> 65°C °-> OC -* 25°C, proceeding by temperature analysis.
Af 4°C. For each step, the temperature was kept A small amount of the pellet (point 36) was deposited
it for about 2 h. The preparation remained biphasic at onto a slide and spread gently with a coverslip so as to
Jt the intensity of the broad peak characteristic of the prepare a smear, which was allowed to dry at 50°C for at
teric phase was strongly lowered. During the temper- least 1 h. The supernatant was added, and the evolution of
ncrease, the intensity of this peak rose again and the the textures was followed in the polarizing microscope. This

procedure allowed us to follow the sequence of events and
to analyze the textures precisely. Upon drying, the aggre-

+
n~~~~~increasing temperatures gate turns solid and crystalline. The addition of the super-
oo decreasing temperature natant transforms it into an isotropic phase, which turns into+ stabilized

a high-pitch cholesteric phase. In this phase it is possible to
follow the growth of elongated domains that appear to be
composed of aligned hexagonal germs (Fig. 5 d). Molecules

0° are always normal to the elongation axis of the germ. The
om *presence of numerous isotropic droplets was unambigu-

EJ ously observed during this experiment (Fig. 5 d). They align
parallel to the elongated hexagonal domains. After they

_ Dn have merged together, their presence is not so easily de-
-$ tected. In other samples, where the dried pellet was resus-

I, I pended vigorously with the supernatant, a network of these
10 20 30 40 50 60 70 bubbles can be seen transiently.

Temperature (OC)

FIGURE 9 Variation of half the helical pitch PC2 of the cholesteric
phase as a function of temperature. Full squares correspond to the increas-
ing temperature range and empty squares to the decreasing temperature
range. Half-pitches smaller than 2.45 ,tm (T > 45°C) remained unresolved
with the lOX objective. Micrographs were therefore taken at a higher
magnification immediately after the removal of the preparation from the
Mettler stage. Crosses correspond to measurements done after stabilization
of a few hours at a given temperature.

Comparison of different preparation methods

Instead of adding spermidine to the 1 mg/ml aqueous DNA
solution, precipitation was obtained by dilution of a con-
centrated solution (25 mg/ml DNA, 392 mM spermidine,
and 250 mM NaCl) with TE buffer (10 mM Tris, pH 7, 6).
DNA remains soluble in the concentrated solution and pre-
cipitates under a given spermidine concentration, as already
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described by Becker et al. (1979). Dilution was either slow
(rate of 10 ,ul/min) or fast (total volume of TE buffer added
at one time). Three experimental points were chosen (16,
36, 190). Whatever the method used (addition of spermi-
dine, fast dilution, and slow dilution), the amount of DNA
sedimented in the pellet was the same, as was the nature of
the pellet (checked in polarizing microscopy).

All of these approaches led us to the conclusion that we
were dealing here with thermodynamically stable liquid
crystalline phases, as explained briefly by Sikorav et al.
(1994).

Concentration and dilution experiments

All experiments reported so far were done at a given DNA
concentration, which was chosen to be 1 mg/ml. To be sure
not to miss any crystalline or liquid crystalline phase in the
whole phase diagram, another series of experiments was
performed. The concentrations of the different components
(DNA, NaCl, spermidine) were not kept constant, but varied
either by dehydration or by dilution of the solution under the
microscope. In this set of experiments, the ratio between
DNA monovalent salts and spermidine was kept constant.
These experiments were only qualitative.

Dilution experiments

Solutions of DNA and spermidine remain isotropic in the
presence of a high concentration of monovalent salt. A
dilution of the solution induces the aggregation of DNA by
lowering the NaCl concentration, as reported previously
(Damaschun et al., 1978; Becker et al., 1979). These data
were used to follow under the microscope the formation of
the birefringent aggregates, when drops of distilled water
were added to a solution of DNA and spermidine. Repro-
ducible results were obtained for various spermidine/DNA
phosphate ratios (1, 5, 10).
When water is added, the clear solution suddenly turns

foggy, and higher magnifications allowed us to recognize
the presence of multiple microscopic birefringent droplets.
They grow progressively and merge to form birefringent
domains, which may sediment at the bottom of the cupel.
When the amount of water is increased, the birefringent
aggregates become denser. Instead of being added drop by
drop, a large drop of distilled water (about 20 Al) can also
be added at a time. In this manner, very elongated, dense
fibers are suddenly formed. These fibers usually retract onto
themselves in a few tens of seconds to form birefringent
masses, which dissolve into the solution when the concen-
trations of the different components equilibrate. The analy-
sis of these aggregates usually remains impossible as long
as they remain floating in the solution. After their sedimen-
tation and spreading at the bottom of the cupel, the textures
can be analyzed.
The different phases described above were obtained eas-

phate ratio (1, 5, 10), namely the cholesteric phase and the
germs of the columnar hexagonal phase. The preparations
were sometimes thick enough to observe more easily than in
thin preparations the characteristic patterns of the choles-
teric phase (Fig. 10, a and b) and defect lines characteristic
of this organization (Fig. 10 a).
The main attraction of this method was that it could be

used to observe unstable structures not easily seen in the
previous series of experiments. For low amounts of water,
we observed reproducibly the formation of isotropic drop-
lets in the birefringent phase (Fig. 10 a). These droplets
become numerous and form a bubble network, and the
birefringent phase is then confined to a thin film surround-
ing the isotropic droplets (Fig. 10, c and d). These structures
appear rapidly and they are highly unstable-the droplets
show a tendency to fuse together and to segregate from the
birefringent phase. Such networks of isotropic bubbles in
equilibrium with the cholesteric phase were also observed in
the presence of 10 mM MgCl2 (Fig. 10 c).

Dehydration experiments

In dehydration experiments, the isotropic DNA and spermi-
dine solution was allowed to concentrate either in free
surface drops or between slide and coverslip. We observed
a transition to classical DNA liquid crystalline phases, first
cholesteric with a small helical pitch (about 2.5 ,um), and
then columnar hexagonal (Fig. 10 d). These phases look
similar to those described previously with DNA in the
absence of spermidine (Leforestier and Livolant, 1991,
1993).

Phase diagram

In addition to the dilute isotropic solution, which contains
from 4% to 85% of the total DNA (which corresponds to a

concentration of 0.04 to 0.85 mg/ml), depending on the
precipitation conditions, we observed two birefringent con-

centrated phases of DNA, sedimented in the pellet:
A cholesteric phase with a large helical pitch (22 ,um). In

this phase the interhelix distance varies from 31.6 to 32.6
0.3 A.
A hexagonal phase, showing a beginning of a longitudi-

nal order along the axis of the DNA molecule. The inter-
helix distances are well defined in this phase: d = 29.85 ±

0.05 A, from which a DNA concentration of about 425
mg/ml can be calculated.

Polarizing observations and crystallographic data allow
us to propose a phase diagram of the different states of
condensed DNA, obtained in the presence of salt and sper-
midine for a given DNA concentration of 1 mg/ml (Fig. 11).
For increasing salt and spermidine concentrations, we get
first a hexagonal phase, then a biphasic domain (coexistence
of cholesteric and columnar phases), and finally a pure
cholesteric phase. The limits of the phase boundaries were

ily with this method, whatever the spermidinelDNA phos-
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FIGURE 10 (a-c) Textures of the
spermidine-DNA birefringent phases
obtained by dilution with distilled
water of a solution containing DNA
and spermidine (with spermidine/
DNA ratio = 1) in the presence of 25
mM NaCl and 10 mM MgCl2. Dilu-
tion was performed in a cupel or in
thick preparation between slide and
coverslip. (a) Planar cholesteric tex-
tures, characterized by the presence
of defect lines with cusp points (ar-
row). Note the presence of isotropic
droplets. Crossed polars, X400. (b)
Cholesteric droplets in equilibrium
with the dilute isotropic phase.
Crossed polars, X160. (c) Three-di-
mensional network of isotropic drop-
lets in the cholesteric phase. Crossed
polars, X400. (d) Classical liquid
crystalline phases of spermidine-
DNA complexes, either cholesteric
(CH) or columnar hexagonal (H).
They were obtained after a progres-
sive dehydration of the solution be-
tween slide and coverslip. Crossed
polars, 2A/4, X 1200.

concentrated phases are in equilibrium with the dilute iso-
tropic DNA solution.

In the presence of 10 mM MgCl2, the domain of existence
of the condensed phases is reduced (Fig. 11 b), and we no

longer observe the presence of a single columnar phase.
Nevertheless, there is no significant difference due to the
presence of these divalent cations; the phase diagram is
simply displaced toward higher ionic concentrations. The
pitch of the cholesteric phase is not significantly different in
both cases (about 24 ,um), but the presence of Mg2+ ions
causes fingerprint textures to form instead of planar tex-
tures. This probably means that the monovalent and divalent
cations influence the anchoring conditions of the DNA
molecule on the glass surfaces; all orientations are permitted
in the presence of Mg2+ ions, whereas a parallel orientation
is preferred otherwise.

DISCUSSION

The liquid crystalline nature of polyamine-condensed DNA
was hypothesized by several authors (Schellman and

Parthasarathy, 1984; Damaschun et al., 1978) but never

unambiguously established. Polarizing microscopy led us to
determine that spermidine-DNA complexes condense into
two different phases, and that at least one of them was fluid
(Sikorav et al., 1994). The nature of these two phases is now
established: a cholesteric phase with a large helical pitch,
with interhelix distances ranging from 31.6 to 32.6 A, and a

columnar hexagonal phase with a restricted fluidity in
which DNA molecules are more closely packed (29.85
0.05 A). The formation of these phases depends on the
spermidine and NaCl concentrations, and their domain of
existence is defined for a DNA concentration of 1 mg/ml.
The effect of NaCl concentration on the nature of the
spermine-DNA complexes was previously reported by
Damaschun et al. (1978), who found that complexes show
different circular dichroism spectra, either jt+ in the pres-

ence of 0.075 mM NaCl or P- with 0.15 M NaCl. These
two types of aggregates could correspond to the two liquid
crystalline phases described here, which we also observed
when DNA was condensed by spermine instead of spermi-
dine (unpublished results).

:,. . _ , ,., I

.q.1

;ze.~~~~~~a.A

Pelta et al. 59

I s



Volume 71 July 1996

100

80

60

Z 40

20

J H+l
a 0 .... ..

0 20

100

80

60

40

20

b O

40 60
spermidine (mM)

0 20 40 60

spermidine (mM)

FIGURE 11 Schematic phase diagram of the different
phases obtained in the presence of spermidine and salts: h
cholesteric liquid crystalline (C). These phases are alwa
with the dilute isotropic solution (I). (a) In the presence of
(Na+). The different regions (H, H + C, C) are sequenti
a parallel increase of Na+ and spermidine concentra
presence of monovalent salts (Na+) and 10 mM Mg2+ ioI
two different regions, H + C and C, also in equilibriui
isotropic phase I.

Comparison of the DNA mesophases 4

dilution or by concentration of the san

Two methods can be used to induce the trar
dilute isotropic solution ofDNA and spermidi
trated and ordered DNA mesophases while ke(
the relative amounts of DNA, spermidine, an

salts: either addition of water or dehydration
Both transitions are reversible, as schematical
below:

Liquid
crystalline
phases
(A)

addition ofwater
Isotropic solution

(DNA + spermidine)

does not modify the evolution that was analyzed previously
with NaDNA (Durand et al., 1992). In these phases, inter-
actions between molecules are net repulsive.
By contrast, the liquid crystalline phases obtained by

dilution of the solution (A) correspond to the aggregation of
DNA rods through net attractive interactions. These aggre-
gates further sediment from the supernatant, as reported in
this article.
The occurrence of these two types of liquid crystalline

phases can be understood qualitatively in the frame of
Flory's theory, which describes the behavior of rigid rods as

, a function of the quality of the solvent, characterized by the
80 100 Flory-Huggins parameter X (Flory, 1953, 1956). Liquid

crystalline phases obtained by dehydration (B) or by dilu-
tion (A) would correspond to different solvent conditions X,
respectively, <0 (B) or >0 (A), as already stated by Sikorav
et al. (1994).

MgC2 10mM In both cases, DNA forms cholesteric and columnar
hexagonal phases, but they differ in several respects, as
summarized in Table 2. The interhelix distances of the
spermidine-condensed cholesteric phase (31.6 to 32.6 A),
although at the limit, remain in the range observed for the
classical cholesteric phase. The high pitch (22 ,um) indicates
that the average twist angle between adjacent molecules is
about 0.05° versus 0.46° in the concentrated classical cho-
lesteric phase. The pitch may increase sometimes at the

80 100 cholesteric-columnar boundary from 2.5 to 10 ,um (Van
Winkle et al., 1990, and our own observations), and this
transition occurs when the interhelix distance reaches a

condensed DNA value close to 31.5 A (Durand et al., 1992). This increase in
iexagonal (H) and the pitch reveals a decrease in the average twist angle
Lys in equilibrium between neighboring molecules. We suggest that the high
fmonovalent salts pitch observed in the spermidine-condensed DNA choles-
tions. (b) In the teric phase may be due to the small distance separating the
ns. There are only helices (between 31.6 and 32.6 A), which would similarly
m with the dilute prevent larger twist angles between adjacent molecules.

The columnar phase of the spermidine-condensed DNA
shows intermolecular distances (29.85 ± 0.05 A) close to
the values found previously by Schellman and Parthasarathy

obtained by
nple

isition from a TABLE 2 Characteristics of cholesteric and two-dimensional
ine to concen-

eping constant
d monovalent
)f the solution.
ly represented

dehydration
Liquid

-*+ crystalline
phases
(B)

By progressive dehydration of the sample, multiple liquid
crystalline phases are obtained (B), namely a cholesteric
phase with a helical pitch of about 2.5 ,um and a columnar
hexagonal phase (Fig. 10 c). The presence of spermidine

hexagonal phases of DNA

Liquid crystalline
phases induced by Classical liquid
spermidine (A) crystalline phases (B)

Cholesteric phase Cholesteric pitch Cholesteric pitch
Pc = 22 ,um Pc = 2.5 ,m*

31.6A<am<32.6A 32A<am<49A#

2D columnar aH = 29.85 ± 0.05 A 29 A < aH < 31.5A§
hexagonal
phase

DNA helical pitch DNA helical pitch
P = 34.7 A 34.6 A > P > 33.6 A

*Leforestier and Livolant (1993).
#Strzelecka and Rill (1987), Strzelecka et al. (1988), Rill et al. (1991).
§Durand et al. (1992).
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(1984) by x-ray diffraction analysis (29.4 to 29.55 A). These
values are in the range of distances measured in the classical
two-dimensional columnar hexagonal phase. In contrast, the
fluidity of the edifice is strongly reduced and there is
the beginning of a longitudinal order along the direction of
the molecules. This longitudinal ordering may explain the
differences in the textures, namely the absence of curvature
of the columns in the DNA mesophase induced by
spermidine.

Furthermore, in classical liquid crystalline phases, the
distance between DNA helices was shown to decrease pro-
gressively from 29 to 49 A when the preparation was slowly
dehydrated, with a transition from two-dimensional colum-
nar hexagonal to cholesteric at an interhelix spacing of 31.5
A (Durand et al., 1992). In liquid crystalline phases induced
by spermidine, only two ranges of interhelix distances are
found and they are precisely defined: 31.6 to 32.6 A in the
cholesteric phase and 29.85 ± 0.05 A in the columnar
phase. Intermediate values cannot be obtained whatever the
spermidine and sodium chloride concentrations. Instead, it
is the relative amount of both phases that is modulated. We
assume that these two ranges of interhelix distances corre-
spond to two equilibrium values in the balance between the
attractive and repulsive interactions between DNA helices.

Precipitation and suppression of precipitation

In our experiments, we confirmed that the condensation of
DNA induced by the addition of spermidine occurs over a
short range of concentration, as previously discussed (Os-
land and Kleppe, 1977; Bloomfield, 1991), but also that this
precipitation can be suppressed by increasing the monova-
lent salt concentration (Heby and Agrell, 1971) or by raising
the spermidine concentration. We did not find a simple
relationship between the amount ofDNA precipitated in the
pellet and the nature of the condensed DNA phase. This
aspect is illustrated in Fig. 6: a precipitation of about 95%
DNA may correspond either to a pure hexagonal phase (15
mM spermidine, NaCl 4 mM) or to a pellet that is mainly
cholesteric (20 mM spermidine, 25 mM NaCl). Neverthe-
less, when the amount of sedimented DNA is small, the
phase is usually not hexagonal. Any increase in the ionic
strength of the solution, in NaCl, MgCl2, or spermidine,
tends to favor the cholesteric phase.
The condensation of DNA by multivalent cations is a

large and complex field that is far from being completely
elucidated (see Bloomffield et al., 1994, for a review). Elec-
trostatic forces are known to play a significant role, as
demonstrated by Wilson and Bloomfield (1979), who
showed that condensation of DNA occurs under a wide
range of ionic conditions, inasmuch as 89% to 90% of the
charges of the DNA molecule are neutralized by counterion
condensation of multivalent and monovalent counterions.
These results pointed out the importance of the suppression
of electrostatic repulsion in the process of condensation.

there are two ranges of equilibrium distances, that these
distances are independent of the ionic environment (either
in monovalent or trivalent cations), and that suppression of
DNA precipitation can be obtained by increasing NaCl but
also spermidine concentrations, cannot be explained by a

balance of repulsive electrostatic forces and attractive Van
der Waals interactions. Net attractive interactions could be
generated by fluctuations in the trivalent ion distribution
around the DNA molecules, as first proposed by Oosawa
(1971), and this attraction could be strong enough to stabi-
lize DNA in a condensed state (Marquet and Houssier,
1991).
The other forces possibly involved in the stabilization of

the DNA aggregates are cross-links by condensing counte-
rions (Schellman and Parthasarathy, 1984) and hydration
forces (Rau and Parsegian, 1992). Using spermidine analogs
of the structure NH3+-(CH2)3-NH2 -(CH2)n-NH3+ with
n = 3, 4, 5, and 8 to collapse DNA, Schellman and
Parthasarathy found that the interhelix spacing was a mo-

notonous increasing function of the chain length and that the
ionic strength of the solution had no effect on the spacing,
suggesting that the arrangement of DNA in the complexes
was determined by the structure of the polycation. Our
experimental data argue against this cross-linking hypothe-
sis, because we obtained different spacings of the DNA
molecules with a unique polycation (spermidine), showing
that the correlation between spacing and ion size no longer
holds. Rau and Parsegian (1992) postulated the existence of
hydration structure forces. They expect these forces to be of
importance when the interhelix distance is smaller than
30-35 A, the range of interhelix distances that we are

dealing with here (29.8 to 32.6 A). Nevertheless, we cannot
make decisive arguments supporting the existence of these
hydration forces.
To clarify the understanding of these phenomena, more

experimental work comparing the effect of different multi-
valent ions on DNA condensation has been undertaken
(Pelta et al., 1996). Nevertheless, the nature of the forces
involved in the aggregation of DNA by trivalent cations
remains to be understood.

Functional properties of
spermidine-condensed chromatin

In vitro, polyamines are frequently used to stimulate the
functional properties of DNA molecules, and numerous

examples of such effects were reported previously (Sikorav
et al., 1994), showing that the efficiency of replication,
transcription, homologous pairing of DNA strands, DNA
renaturation, cleavage by restriction enzymes, and catena-
tion of DNA by topoisomerases can be significantly in-
creased by the addition of spermidine. In a few cases a

correlation between condensation of DNA and stimulation
of the functional properties of the DNA molecules was

demonstrated (Gonda and Radding, 1986; Krasnow and
However, our data, showing that between DNA helices
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Cozzarelli, 1982), and we suggested that the liquid crystal-
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line nature of the spermidine-condensed state was probably
of great importance to the increase in this activity. More-
over, as illustrated by the present results, condensation of
DNA is not an all-or-none process, and a large polymor-
phism of structural organization of DNA can be obtained by
slightly varying the amount of spermidine, NaCl, and water,
while keeping the B secondary structure of the molecule.
How this polymorphism could be essential in the regulation
of the genetic activity can be illustrated by a previous work
in which the transcriptional activity of the pBr322 DNA
molecule (with E. coli-dependent RNA polymerase) was
followed in parallel with the condensation of the molecule
by spermidine (Baeza et al., 1987). Transcription activity of
DNA molecule was practically the same in the absence of
spermidine and with a concentration of spermidine below
the concentration required to induce condensation. At the
lowest concentration of spermidine that caused DNA con-
densation, about a 90-fold increase in transcription was
observed, whereas larger amounts of spermidine, which
form more compact structures, cause only a fourfold in-
crease in transcription. DNA condensation and significant
increase in the transcription activity were simultaneously
canceled by increasing the ionic strength. We may assume
that the pBr 322 molecule was forming an intramolecular
liquid crystal (as proposed by Grosberg and Khokhlov
(1981) with an external toroidal shape, which was either
cholesteric (moderate condensation and high activity) or
columnar hexagonal (high condensation and moderate ac-
tivity). The cholesteric organization, which allies molecular
ordering and high fluidity, can be easily understood as being
more favorable for the transcriptional activity of the
molecule.

In the cell, spermidine acts in competition with other
condensing agents such as histone proteins to regulate the
supramolecular organization of DNA, and through this con-
densing action is involved in the regulation of numerous
biological functions.

We warmly acknowledge Jean-Louis Sikorav for many fruitful discussions,
namely about the functional properties of spermidine-condensed DNA.
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