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Abstract The appearance of the slow mode, revealed by
dynamic light scattering (DLS) measurements in Micro-
coccus luteus DNA with high GC content, and the effect of
guanine sequences on changes of DNA physical state and
conformational transitions were investigated. We used two
different spectroscopic approaches: DLS, to evidence the
relatively slowly diffusing particles arising at high salt
concentration, ascribable to the formation of large unspe-
cific molecular aggregates, and circular dichroism spec-
troscopy, to identify these entities. Our results bring us to
conclude that a peculiar, unconventional, structural tran-
sition, due to the presence of long guanine stretches, in a
well-defined experimental condition, can occur. We com-
ment on the biological implications to detect, by spectro-
scopic measurements, such an unusual structure involved
in the stability, protection and replication maintenance
along the human telomeric G-rich strand.

Keywords DLS - Self-assembly - G-quadruplexes -
Structural transition - DNA

Introduction

DNA in aqueous solution exhibits self-aggregation phe-

nomena that, in the last few years, have been usefully
evidenced by dynamic light scattering (DLS).
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DLS experiments are a valuable approach for the
observation of differently collapsed states of condensed,
aggregated or compacted DNA molecules. The time auto-
correlation function of the scattered light intensity is the
common method used in DLS experiments to describe its
intensity fluctuation. It is generally analysed in terms of a
series of decay time constants or frequency distribution,
each of them being attributed to a particular particle motion
(Provencher and Stepanek 1996).

During the last 2 decades, the behaviour of DNA and of
other polyelectrolytes in buffered solution has been
extensively investigated by DLS. A peculiar feature, often
evidenced in the scattered light autocorrelation function, is
the presence of an unexpected very large decay time. This
so-called “slow mode” is observed in the frequency dis-
tribution of the inverse Laplace’s transform of the auto-
correlation function. It appears as a broad peak around a
mean value that is about one order of magnitude lower than
the frequency correlated with the translation motions of a
single DNA chain. The frequency distribution, in these
conditions, becomes bimodal (and sometimes even tri-
modal since a peak associated with some fast internal or
rotational motion of the single chain can be evidenced, too)
(Sorlie and Pecora 1988).

The slow mode has been associated with a sort of
translational Brownian motion of objects moving with an
extremely low diffusion coefficient. It has been observed in
a variety of oligodeoxynucleotides, both linear fragments
and circular covalently closed (Sorlie and Pecora 1988;
Goinga and Pecora 1999; Ferrari and Bloomfield 1992;
Newman et al. 1994; Seils and Pecora 1995; Borsali et al.
1998), with chain length ranging from about 20 base pairs
up to about 2,000. Moreover, it has been observed both in
the case where the DNA chain is well described by a rigid
rod and in the case of a short chain linear DNA, (160 bp
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long) (Goinga and Pecora 1999) or small duplex oligonu-
cleotides, (20 bp long), (Borsali et al. 1998) and in the case
where it is better described by a coil (Ferrari and Bloomfield
1992; Newman et al. 1994; Seils and Pecora 1995).

For longer DNA chains, no measurements obtained by
DLS are reported. However, a recent observation of
Brownian motion of entangled linear and circular DNA
molecules up to 45 kbp long has evidenced a reduction of
the translational diffusion coefficient that, in specific salt
concentration and DNA conditions, may become even
three orders of magnitude lower than the one of the single
molecule (Skibinska et al. 1999). This reduction has been
correlated with the formation of large domains of entangled
DNA chains, and the decreased mobility has been attrib-
uted both to slow motion of the entire domain itself and to
the reduced mobility of the single molecule inside the
domain.

As a matter of fact, the origin of this slow mode remains
uncertain, although the more common explanation seems to
be correlated with large polydispersed multi-chain aggre-
gates, which are formed in conditions of high polymer
concentration and/or low ionic strength. SAXS analysis on
20-bp oligonucleotides evidenced an X-ray peak correlated
to the slow mode, indicating the presence of local order in
the solution (Borsali et al. 1998). This fact strongly sup-
ports the association of the slow mode with the formation
of some kind of aggregates not related to a simple,
incomplete dissolution of DNA but, instead, to some kind
of structured self-assembly.

There is, moreover, a high specificity of the non-cova-
lent interactions between particular DNA sequences, i.e.
guanine sequences, that can lead to a different suitability in
determining self-assembly DNA process.

Explanations different from the casual formation of
disordered multi-chain aggregates have been developed
(Goinga and Pecora 1999, Robertson and Smith 2007);
they have been linked to some sequence specificity
occurring in DNA molecules. For example, the formation
of stable multistranded DNA complexes, thermally acti-
vated, made by long terminal tracks of guanines, called
frayed wires, has been reported (Sedlak 1996; Protozanova
and Macgregor 2000). In this case, the appearance of the
slow mode is no longer determined by salt or DNA con-
centration alone, but is determined by the relative amount
of guanine bases among the different numbers of strands,
the constituent of the population of high-order aggregates,
differing in sizes and molecular weights (Poon and Macgregor
2000; Borovok et al. 2008). The biomolecular self-assembly
of DNA bases, particularly guanine bases (G) and their
derivatives, have attracted considerable interest in recent
years, in consideration of their uniqueness to form quadruplex
structures known to be stabilised by Hoogsteen hydrogen
bonding between four guanines and to influence genomic

@ Springer

stability (Kunstelj et al. 2007; Patel et al. 2007; Phan et al.
2006; Simonsson 2001). It is ascertained that G-quadruplex
secondary structures deviate from canonical B-form double-
stranded DNA (Williamson 1994), and, since it is present
in G-rich regions of the human genome, representing the
human telomeric DNA, comprising thousands of tandem
repeats of a G-rich sequence (micro satellites or mini satel-
lites) (Simonsson 2001), its study has received emphasis and
growing attention (Burge et al. 2006; Maiti 2010; Lipps and
Rhodes 2009).

G-4 DNA structures inducing processes, such as con-
densation and denaturation, may occur in vivo, and there is
evidence suggesting that such an event happens, under
physiological temperature, ph and ionic conditions, (i.e.
Na® and K7 salt stabilised), also in vitro (Huppert 2008;
Maizels 2006; Qin and Hurley 2007). Despite such evi-
dence the functional role of G-4 nucleic acid in living cells
is still controversial, although a considerable number of
potential quadruplex sequences are present at the 5’-end of
human genes, but not in the coding region (Brooks et al.
2007; Lim et al. 2009).

In this work, we give evidence of a case of slow mode
appearance in a DNA aqueous solution that seems to be
related to some specificity of the DNA primary sequence.
We place our attention on the peculiar behaviour of
Micrococcus luteus DNA, which is known to have a
G + C (guanine—cytosine) base content in the order of
72%, and we compared it to the behaviour of more com-
mon DNAs having an almost equal percentage of A + T
and G + C base content.

Experimental procedure
Materials, characterisation and sample preparation

We expressed the molecular weight of DNA by its length,
in base pair, bp, constituents of the entire molecule. Each
base pair is 0.34 nm long and has an average molecular
weight of 660 Dalton.

The following samples were used (all of them were
lyophilized ultra pure):

1. Calf thymus DNA =x20-kbp DNA fragments pur-
chased from Sigma-Aldrich, Molecular Biology
Division.

2. Micrococcus luteus ~2,000-bp DNA fragments
(kindly gived by Dr. S. Stefani, Department of
Microbiology, University of Catania).

3. Herring sperm =3,000-bp DNA fragments purchased
by Sigma-Aldrich, Molecular Biology Division.

4. Poly d(G-C) ~1,000-bp fragments purchased from
Sigma Aldrich, Molecular Biology Division.
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5. Poly d(A-T) ~700-bp fragments, purchased from
Sigma Aldrich, Molecular Biology Division.

All of them were lyophilized starting from a solution
containing 1 mM Tris-HCI (pH 7.5) with 1 mM NaCl and
1 mM EDTA, then stored at 4°C.

Inorganic chemicals were of the highest purity available,
and doubly distilled water was used. All samples are linear
double-stranded DNA.

To maintain this configuration the polymers were
rehydrated with 10 mM Tris-HCI buffer solution, pH 7.5,
containing 1 mM EDTA and NaCl at a concentration
ranging from 10 mM to 2 M. EDTA was added in order to
chelate any amount of multiple charged ions and to prevent
nucleases from DNA degradation.

The buffer was passed through 100-nm pore Millex GP
filters immediately prior to DNA dissolution.

All natural DNA samples were checked for the average
polymer length by agarose gel electrophoresis, (1% w/v),
in Tris/acetate (TAE) buffer, in the presence of 0.5 pg/ml
ethidium bromide, except for calf thymus DNA, (0.5%
agarose gel). For the alternating copolymers poly d(GC)
and poly d(AT), an approximate average length in base
pairs of 1,000 and 700, respectively, was evaluated by the
same procedure.

DNA concentration was then adjusted by UV absorption
at a maximum absorption wavelength of 260 nm to a value
between 50 and 75 pg/ml. The concentration of the poly-
mer solutions was determined by using the following molar
extinction coefficients at 254 nm for M. luteus DNA
(8,400 M~! Cmfl), at 262 nm for calf thymus and herring
sperm DNA, (6,600 M~! Cmfl), at 254 nm for the poly
d(GC) (8,400 M~'cm™") and at 262 nm for the poly
d(AT) (6,600 M~" ecm ™).

The absorption ratio at 260 and 280 nm was calculated
in order to provide an estimation of the polynucleotide
purity and integrity: Asgo/Asgo Was 1.9.

Care was taken in order to achieve complete solubility
of DNA by gentle stirring at 4°C, overnight. No filtering
was adopted after dissolution in order to leave aggregates,
if any, well detectable. However, the samples were cen-
trifuged at 5,000 rpm to remove air bubbles and possible
dust.

After the introduction into pre-cleaned scattering cells,
samples were allowed to equilibrate at room temperature
(20-22°C) for a few hours before acquiring light-scattering
measurements.

At least four samples for each DNA type in the presence
of different NaCl concentrations were prepared and ana-
lysed on different days in order to assure result reproduc-
ibility and a satisfying evaluation of the significant
statistical error.

Light scattering equipment and data analysis

Light scattering measurements were performed by a
homemade apparatus using a quartz scattering cell, con-
focal collecting optics, a Hamamatzu photomultiplier
mounted on a rotating arm, a BI-9100 AT hardware loga-
rithmic correlator (Brookhaven Instruments Corp.) and
illuminating the sample with a 30 mW, 632 nm, He—Ne
laser. Appropriate diaphragms and spherical lens were
adopted in order to have the smallest possible coherence
area in the nearest region to the focus. The scattering angle
was held fixed at 90°.

DLS measurements provided the evaluation of the auto-
correlation function.

/I(r) I(t+ t)de /T

0

Y(¢) = lim

T—o0

of the scattered light intensity, I, with light-beating tech-
nique in homodyne mode.

After evaluation of the baseline B of Y(¢), the electric
field correlation function g; can be evaluated via the
Siegert relation:

gi(t) = (Y(r)/B—1)'?

The g; function decreases monotonically with time and
for a homogeneous monodisperse solution of spherical
particles is a single decreasing exponential:

g1 = Aexp(—TI7)

where the frequency I is directly connected with the
translational diffusion coefficient D by the equation:
I' = Dg” where ¢ is the scattering vector defined as:

q = (4nn/2)sin(0/2)

where n, A and 0 are the refraction index of the solvent, the
light wavelength and the scattering angle, respectively.

Moreover, the hydrodynamic radius Ry, i.e. the radius of
the sphere having a given diffusion coefficient D, is:

Ry = kT /6mnD

where k is the Boltzmann constant, T the temperature and 5
the liquid viscosity coefficient

Mixtures of differently sized particles show a field auto-
correlation function, which is a sum of several exponential
decay components, with different I's related to particles
having different frictions with the surrounding medium due
either to their shape or size. Polymers or non-spherical
objects may exhibit other exponential components in the
auto-correlation function due to internal or rotational
motions that, in general, are evidenced at values of I much
higher than those connected with the translational motion
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of the same objects. In the present article, we will neither
show nor discuss these high I" values components.

We have analysed the auto-correlation functions both by
multiexponential fitting and CONTIN analysis (Provencher
1982; Zimbone et al. 2009). CONTIN analysis auto-cor-
relation data used a constrained and conditioned inverse
Laplace transform technique. It finds the smoothest non-
negative distribution of decay times that is consistent with
data, and it gives, as a result, the distribution of the decay
frequencies, I's, of the exponential functions that compose
the entire electric field auto-correlation function.

In the following, in order to expose our results and to
compare several samples between them, we will report the
normalised auto-correlation function of the signal intensity,
which is the measured auto-correlation function Y(¢) after
base subtraction and normalised to the unity: Y,om =
(Y(©) — B)/(Y(0) — B). We will also show the CONTIN
distribution of the I's for the same samples.

CD spectroscopy and melting temperature
measurements

CD

Circular dichroism (CD) spectroscopy is a powerful
method for studying DNA conformational properties and
for rapidly evaluating the effect of changing environment
on DNA behaviour and to follow structural transitions
among DNA structural families.

CD measurements were performed with a Jasco J 715 A
dichrograph, calibrated with Tris-EDTA buffer 10 mM, ph
7.5, at room temperature. A quartz cuvette with 1-mm path
length was used for all the CD experiments. Spectra were
recorded between 200- and 340-nm wavelengths. Each CD
spectrum was an average of three scans.

As a baseline, the solvent reference spectrum was used
and automatically subtracted from the CD spectrum of each
sample.

CD band intensities were expressed as A¢ M em™).

Tm measurements

UV light absorption spectra of DNA molecules strongly
depend on their degree of denaturation.

We performed a series of measurements to study the effect
of temperature on the state of aggregation and salt concen-
tration induced of M. luteus DNA and of poly d(G-C) to
investigate the different contribution of the two polymer
species given not only to the slow mode peak, but also to the
occurrence of guanine stretch peculiar re-arrangements
concerning the natural DNA. The thermal behaviour and the
absorbance profiles for the two polymer samples, at a con-
centration of 50 pg/ml roughly corresponding to 1 OD, were
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analysed. Samples were dissolved in an aqueous buffer
solution containing 10 mM Tris-HCland 1 mM EDTA at pH
7.5. Each polymer spectrum, monitoring the melting profiles
by UV absorption between 200 and 340 nm, was recorded in
the presence of different sodium salt concentrations (i.e.
10 mM and 2 M NaCl) at increasing temperature in the
interval between 25 and 95°C.

The spectra acquisition was carried out on a Cary 300
Bio UV-VIS double-beam spectrophotometer equipped
with a single position Peltier temperature control system.
The heating and cooling rates were 0.5°C per minute.

Experimental results
Light-scattering measurements

Figure 1 reports the normalised autocorrelation functions,
Yhorm» Obtained at 90° scattering angle for three double-
strand natural DNAs in solution with 10 mM NaCl con-
centration (open dots) and 2 M NaCl concentration (full
dots). In the case of herring sperm DNA (Fig. 1a) and calf
thymus DNA (Fig. 1b), the autocorrelation functions for
both salt concentrations are very similar. The decay time is
about 1 and 0.4 ms for calf thymus and herring sperm
DNAs, respectively, and is almost insensitive to the NaCl
concentration variations. Instead, for M. [uteus DNA
(Fig. 1c), the autocorrelation function depends strongly on
the salt concentration. In fact, the decay time is 0.25
and 2ms for 10 mM and 2 M NaCl concentration,
respectively.

Inverse Laplace transforms of the field autocorrelation
functions (CONTIN analysis) are shown in Fig. 2 where
the [ s distributions obtained at 10 mM NaCl concentra-
tion (open dots) and at 2 M NaCl concentration (full dots)
for herring sperm DNA (Fig. 2a), calf thymus DNA
(Fig. 2b) and M. luteus DNA (Fig. 2c) are reported.

In all cases, two groups of I components dominate the
distribution: the former between 1,000 and 2,000 s~! and
the latter at about 100-200 s, indicating the presence of
two families of objects having a diffusion coefficient of the
order of 1077 and 10~ cm?/s, respectively. The faster
group can be associated to objects having a hydrodynamic
radius of the order of 50-100 nm and it is easily assigned
to the motion of solitary DNA molecules. The slower one is
recognised as the “slow mode”. It could be associated with
larger objects having a hydrodynamic radius of the order of
some pm. The exact position of the peak in the I'”’s dis-
tribution associated to the single molecule translation is
determined by the DNA chain length. It corresponds to an
average hydrodynamic radius of 100, 60 and 40 nm for
20,000 bp calf thymus, 3,000 bp herring sperm and
2,000 bp M. luteus DNA, respectively. These values are
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Fig. 1 Normalised autocorrelation functions for DLS analysis with
632-nm wavelength, 90° scattering angle of three natural double-
stranded DNAs, 50 pg/ml, aqueous buffered solution with 10 mM
NaCl concentration (open dots) or 1 M NaCl concentration (full dots).
a 3,000 bp herring sperm DNA, b 20 kbp calf thymus, ¢ 2,000 bp
M. luteus

congruent with those reported in the literature for the
length of such (Zimbone et al. 2009).

In the case of herring sperm DNA, the slow mode peak
decreases with increasing the salt concentration and almost
disappears at 2 M concentration. This result is in accordance
to the other cases, already cited in the “Introduction”. In the
case of calf thymus DNA, the ratio between the slow and the
fast mode peak is almost unchanged by going from 10 mM to
2 M NaCl concentration. M. luteus | s distributions, instead,
are very different for the two salt concentrations employed.
Although the smaller peak, related to the slow mode, for the
10 mM NaCl concentration sample, appears very similar in
amplitude to the one observed for herring sperm DNA, in the
sample at 2 M NaCl it is instead much larger. A satisfactory
fit of the corresponding g; function was also obtained by a two
exponential fit that gave, consistently with CONTIN analysis,
two time decay constants of approximately 1 and 0.6 ms. The
relative amplitude of the slow mode in the double exponential
analysis is defined as the amplitude of the slowly decaying
exponential divided by the sum of the fast and slow decay
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Fig. 2 Amplitude distribution of the I" components as derived by
CONTIN analysis of the six correlation function shown in Fig. 1

exponentials. In the CONTIN analysis, the relative amplitude
is defined as the sum of the components under the slow mode
peak divided by the sum of all the components, excluding the
ones, if detected, related to the internal motion of DNA
molecules, which appears as small peaks at very high I
values (not shown here). The two methods of fitting gave very
similar results within the experimental errors.

The relative amplitude of the slow mode peak for M.
luteus DNA is reported in Fig. 3 as a function of the salt
concentration. It is almost independent of the salt con-
centration below 500 mM. For larger salt concentration
values, it abruptly increases up to values near one, since it
almost dominates I"’s entire distribution, as seen in the full
dotted distribution shown in Fig. 2c. Error bars in the figure
represent the fluctuation of the results obtained in different
measurements.

The slow-moving objects may be either the same DNA
molecules that for some reason have lowered the diffusion
coefficient or are aggregates of several molecules leading
to a unique larger particle that suffers major friction during
its translational motion. In this latter case, the mass of the
scattering object is also increased, and this should affect
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Fig. 3 Relative amplitude of the slow mode for 2,000 bp M. luteus
DNA in buffered aqueous solution as a function of NaCl
concentration

the scattered light intensity, too. For this reason, we mea-
sured the absolute scattering intensity, obtained with the
same laser intensity and the same collecting geometry and
electronic setup, on samples having the same DNA mass
concentration but different salt concentrations.

The signal variation of the scattered light measured for
different preparations of M. luteus DNA at a fixed DNA
concentration as a function of NaCl concentration is
reported in Fig. 4. It clearly shows a strong and abrupt
increase of scattered light intensity of about a factor of 6.5
when the NaCl concentration becomes greater than
700 mM. This increase cannot be simply associated with
the (well-known) enhancement of the light scattering
intensity observed for biological macromolecules in the
presence of high salt concentration (>1 M), since the latter
is progressive and slow without any sudden change in
correspondence of a particular salt concentration. There-
fore, we conclude that this evidence indicates an aggre-
gation of DNA molecules in particles with greater mass.

Since massive particles scatter more light than smaller
ones, the relative concentration number of the aggregates is
smaller than the relative amplitude of the slow mode.
Although it is difficult to extract the amount of large and
small particles in the sample from the slow mode relative
amplitude, its consistent increase clearly indicates the
presence of a much larger number of particles exhibiting
larger friction at high salt concentration compared with the
low salt concentration solution.

Since it is known that the GC content of M. luteus DNA
(72%) is much higher than that of the other two analysed
DNA (about 50%) coming from different sources, in order
to explain the observed different behaviour concerning the
spectroscopic and thermal assays, we performed the same
measurements on the alternating copolymer poly d(A-T)
and poly d(G-C). We pursued the target to verify by
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Fig. 4 Intensity of light scattered at 90° from an aqueous buffered
solution of M. luteus DNA (2,000 bp) as a function of NaCl
concentration. Different symbols refer to different sets of samples

utilising the homogeneity of the two synthetic polynucle-
otides, if the prevalent composition in GC bases, in the
former case, could be responsible for the observed anom-
alous responses.

Figure 5 shows the autocorrelation functions obtained at
10 mM and 2 M sodium salt concentration for poly d(AT),
(Fig. 5a) and for poly d(GC), (Fig. 5b) polymers, respectively.

In Fig. 5a, no appreciable difference is observed for the
two saline concentrations employed, similarly to the results
obtained for calf thymus and herring sperm DNA.

In the case of poly d(G-C) polymer, Fig. 5b, on the
contrary, the autocorrelation function, in the presence of
2 M NaCl, shows an average decay time of 0.9 ms, which
is about four times greater than the one observed in the
presence of 10 mM NaCl.

Moreover, inverse Laplace transforms of the field
autocorrelation functions (CONTIN analysis), reported in
Fig. 6, showed for the poly d(G—-C) sample, with 10 mM
and 2 M NaCl, respectively, a double-peaked I" distribu-
tion, as exhibited by M. luteus DNA. It also exhibits a
similar behaviour to that observed for the M. luteus DNA
related to the slow mode component: it abruptly increases
when the amount of NaCl exceeds a given value (of about
200 mM in this case). The relative amplitude of the slow
mode peak, as a function of the salt concentration, is
reported in Fig. 7.

It is evident that in either case, M. luteus or poly d(GC),
a structural transition from a regime of quasi non-inter-
acting objects, with DNA coils independently moving, to a
regime in which they strongly interact takes place when the
salt concentration is increased above a certain threshold
value. Such an interaction causes a collapse in the DNA
backbone, causing the formation of larger structures,
characterised by a sort of agglomerated fragment made by
new, free-moving, large particles. This transition happens
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tration (open dots) and with 2 M NaCl concentration (full dots).
a Poly d(AT), b poly d(GC)

Poly d(GC)
T LA A | LR | T
05 L NaCl - i
v 10mM vy
v 2M
Q
g v
.é vvv V ¥y
f T
Vv
Z M v v v
Z v v
o v
O v v v
v v v
v vvwvv M
v v ad
A A4 v v
0.0 '...ﬁv ——rrrrT % .'".'.'v...... . "m =
10' 10° 10’ 10*
WD)

Fig. 6 Amplitude distribution of the I' components as derived by
CONTIN analysis of the two correlation functions shown in Fig. 5b

quite sharply at a given sodium salt concentration, which is
positioned around 200 mM for the poly d(GC) polymer and
around 700 mM for the M. luteus DNA; on the contrary it
is not seen for the poly d(AT) sample nor for the other
natural DNA assayed, having a lower GC content than that
of the M. luteus.
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Fig. 7 Relative amplitude of the slow mode component for 50 pg/ml
buffered solution of poly d(G-C) as a function of the NaCl
concentration

Optical microscopy

Optical microscopy was also employed in order to char-
acterise the M. luteus DNA samples. Figure 8 shows two
dark fields, 100x magnification, for the sample with
10 mM (left side) and 2 M NaCl (right side), respectively.
Images were obtained focussing the objective inside a
liquid drop of DNA solution. In the 2 M NaCl sample,
several bright spots are clearly visible, indicating the
presence of particles at least as large as a fraction of the
light wavelength, i.e. a minimum of several hundred
nanometers. Instead, very few of these spots, are visible in
the left side of the picture, i.e. in the presence of 10 mM
NaCl.

CD spectroscopy (a) and melting temperature
measurements (b)

(a) CD spectra of M. luteus DNA, as a prototype of natural
DNA, and of poly d(GC) as synthetic polydeoxynucleotide,
at two different NaCl concentrations, 10 mM and 2 M,
respectively, were recorded. The CD spectra of native
DNA from M. luteus (72% G + C), obtained in the pres-
ence of 10 mM (upper part) and 2 M (lower part) NaCl
concentration, respectively, are shown in Fig. 9. The CD
spectrum in the presence of 10 mM NaCl is characterised
by a positive, broad band between 260 and 280 nm and by
a negative band around 245 nm, referring to the B-DNA
form where the base pairs are perpendicular to the double
helix axis, conferring only a weak chirality. The spectrum,
obtained for the solution containing 2 M NaCl, instead,
exhibits a dominant positive band at 270 nm and an
unexpected additional peak at 210 nm, most probably due
to different stacking interaction with respect to the former
CD spectrum recorded at low ionic strength.
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Fig. 8 Dark field optical
microscopy images of M. luteus
DNA in buffered water solution
with 10 mM NaCl
concentration (left) and 2 M
NaCl concentration (right)
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Fig. 9 CD spectra of M. luteus DNA in 2 M NaCl (lower part) and
10 mM (upper part) buffered water solution at room temperature

The CD spectrum of the alternating copolymer poly
d(GC) and of the alternating copolymer poly d(AT), either
in 10 mM or in 2 M NaCl, did not show any appreciable
differences compared with the common, canonical features
of a B-DNA family CD spectra (data not shown).

(b) In Fig. 10 we report the UV absorption spectra of
M. luteus DNA recorded in the presence of different
sodium salt concentrations [i.e. 10 mM (a) and 2 M NaCl
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Fig. 10 UV absorption spectra of M. luteus DNA dissolved in TE
buffer added by 10 mM NaCl (a) and 2 M NaCl (b) at a temperature
of 25°C (full dots) and 100°C (open dots)

(b)] at temperatures of 25°C (dark symbols) and 100°C
(open symbols).

The UV melting curves of DNA in the presence of
10 mM NaCl show a gradual absorbance increase with a
maximum wavelength of 265 nm, starting from 25°C up to
100°C, due to the hyperchromicity effect, as is expected
upon denaturation. With increasing NaCl content up to
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Fig. 11 Tm profiles (absorbance vs. temperature) of M. luteus DNA
in 10 mM NaCl (open dots) and 2 M NaCl (full dots) recorded at the
maximum absorption wavelength of 265 nm

2 M, a different UV profile is observed: due to the tem-
perature variation, no detectable absorbance increase was
shown. This result indicates that, for this DNA sample in
our experimental conditions, the unusual tertiary structure
of possibly occurring long guanine tracks, due to the high
G-C content, is possible; it could adopt an intramolecular
G-quadruplex structure, insensitive to the increasing
melting temperature.

The different pattern obtained for the thermal curves of
M. luteus DNA in 10 mM and 2 M NaCl, respectively,
reported in Fig. 11, recorded at the maximum absorbance
wavelength of 265 nm, visually stresses the suggestion that
the unusual G-structures were already present at high salt
concentration before heating.

Discussion and conclusion

According to previous literature reports, the intensity of the
slow mode is sensitive to DNA concentration or to medium
salt concentration in a reciprocal manner. In fact, for
example, for short polymer chains (236 bp), the slow mode
appeared for sodium salt concentrations below 10 mM and
for DNA concentrations between 1 and 10 mg/ml. Instead,
if the DNA concentration becomes higher, the slow mode
was evidenced only if the salt concentration became about
100 mM (Goinga and Pecora 1999). In the case of longer
DNA (2,311 bp plasmid Ferrari and Bloomfield 1992;
Newman et al. 1994) the occurrence of the slow mode
component has been evidenced for DNA concentrations
higher than 0.15 mg/ml if the NaCl concentration was
1 mM, but if it was 150 mM, then the DNA concentration
would have to be higher than 1 mg/ml.

Other experimental evidence, obtained by direct obser-
vation of Brownian motion, have shown, at low sodium salt
concentration, one order of magnitude reduction in the

translational diffusion coefficient at a DNA concentration
of 1 mg/ml for 6-kbp long chains and at a DNA concen-
tration of 0.3 mg/ml for 45-kbp long chains, respectively
(Skibinska et al. 1999).

As a general rule it appears that the “slow mode”
component should be negligible at a concentration of DNA
below approximately 0.1 mg/ml and for salt concentration
higher than 100 mM.

It has been also suggested (Goinga and Pecora 1999)
that the slow mode becomes evident when the DNA con-
centration is above the so called “dilute regime”, occurring
when the average distance between molecules becomes
comparable with the average size of the molecules them-
selves. If the chain length is below the persistence length,
(about 50 nm), DNA molecules can be regarded as rigid
and rod-like under a wide range of solution conditions.
Therefore, the size of the molecules is assumed to be the
contour length; for longer chains, instead, the adoption of
the gyration diameter parameter seems more appropriate
than the contour length.

The wormlike polymer model is commonly adopted to
describe DNA fragments of some thousand base pair length
(Zimbone et al. 2009). Following this model, in all our
cases, the gyration radius is in the range between 50 nm
(M. luteus) and 150 nm (calf thymus). The DNA concen-
tration of 50 pg/ml adopted here is below the limit of a
dilute solution, except in the case of calf thymus, whose
average distance between DNA molecules is only a factor
of two greater than the gyration diameter.

The data related to calf thymus, herring sperm and poly
d(A-T) presented here are within this picture. In all cases,
at 10 mM NaCl concentration, the slow mode amplitude is
lower than the normal or “fast mode” amplitude. More-
over, as is well established by literature reports, its
amplitude decreases or vanishes by increasing sodium salt
concentration. This is clearly evident, at least in the case of
medium base pair length fragments [e.g. 3,000 bp for
herring sperm DNA and ~ 1,000 bp for poly d(AT)], by
observing the CONTIN distribution reported in Fig. 2a and
the tail of the correlation function in Figs. 1a and 5a. In the
case of calf thymus DNA (20,000 bp), it is still appreciable
also at high salt concentrations, even if, in this case, the
DNA concentration is nearly close to the limit of dilute
solution because of its large gyration radius.

In any case, the slow mode amplitude decreases, or
at least it does not increase, by increasing the salt
concentration.

A dramatically different behaviour for M. luteus DNA is
observed. Its slow mode component, already present at
10 mM NaCl concentration, increases abruptly in the range
between 500 and 1,000 mM NaCl concentration. The
scattered light intensity variation for the same sample
exhibited the same pattern (see Fig. 4) as a function of the
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increasing salt concentration by supporting the idea that the
slow mode is associated with the formation of more mas-
sive particles.

Optical microscope observations confirmed the presence
of large-sized (from a few hundred nm up to a few
microns) particles only in those samples where the salt
concentration was high, whilst they were scarcely visible at
low salt concentrations. This fact gives further confidence
to the interpretation of the slow mode increase being due to
the formation of large massive particles resulting from the
aggregation of several DNA molecules, as already sug-
gested by the increases of the scattering light intensity
reported in Fig. 4. Without this light microscopy evidence,
the slow mode could be interpreted in different ways. For
example, it could be associated with the translation of
slowed down single molecules inside some sort of
dominium of entangled molecules interacting each other or
to the movement of the entire dominium, which, however,
cannot be interpreted as a single massive particle. Such an
interpretation could be rather satisfactory for long DNA
chains (Skibinska et al. 1999), and perhaps it is valid, in
our case, for the 20,000-bp calf thymus DNA.

Since the scattered light intensity from particles of a
given size depends on both their mass and their concen-
tration, it is impossible to uniquely evaluate, from the data
reported in Fig. 4, the number of molecules aggregated in a
larger particle and the number of aggregates contributing to
the slow mode from the present data. A rough estimation
could result in six molecules in each aggregate if one
assumes that all molecules were aggregated. Instead, if one
assumes that, for example, only 5% of the molecules were
aggregated, the observed scattered light intensity is con-
sistent with the number of 100 molecules in each aggre-
gate. This evaluation, however, represents only a lower
limit to the number of aggregate molecules since we are
not here taking into account the effect of the form factor of
the scattered light intensity. For large particles, in fact, the
fraction light scattered at 90° may be considerably lower
than the one for a single molecule. If this could be evalu-
ated, the intensities reported in Fig. 4 could be corrected to
much higher values and so also the evaluation of the
number of aggregated molecules.

It would have to be premised that the adopted pH allows
total dissociation of hydrogen ions from the DNA molecule
that, therefore, behaves as a complete ionised polyelec-
trolyte. In this condition, in the presence of counterions, the
self-repulsion of the DNA segments is neutralised by
converting the intramolecular repulsion into an attractive
interaction. These two mechanisms are not mutually
exclusive. By increasing the NaCl concentration, the
intramolecular electrostatic repulsion between the nega-
tively charged phosphate groups considerably decreases,
and also decreases intermolecular electrostatic repulsion
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between DNA fragments, by causing a reduction of the
electrostatic forces affecting the coil dimensions; therefore,
a structural transition, like ‘a collapse’ can happen in the
DNA backbone.

Afterwards, in the condensed DNA state the interaction
between DNA molecules and counterions at high concen-
tration is repulsive. In fact, the condensation process
reduces the free energy of the transition to compact form
by minimising the unfavourable interaction of DNA with
the inducing molecules.

The long range inter polyion correlation, leading to the
slow mode, could originate from the repulsive forces; on
the other hand, there are many speculations in the literature
about a sort of efficient attractive force between polyions
arising from fluctuations in the counterions position
(Borsali et al. 1998). Interplay between these forces and
their dependence on the added-salt concentration variation
could influence the intensity or even the appearance of the
agglomerated molecular fraction.

There are, moreover, various experimental observations
supporting the relevance of the intrinsic symmetry owned
by the oligodeoxynucleotides with alternating A and T or G
and C bases, along the two directions of the DNA mole-
cule, which are likely responsible for the different kinds of
DNA self-assembly.

Again, there is a high specificity of the non-covalent
interactions between particular DNA sequences that can
lead to a different ability in determining a certain kind of
DNA self-assembly. For long polymer fragments, the nat-
urally occurring sequence heterogeneity mitigates the
differences.

However, the high percentage of guanine and cytosine
in the M. luteus DNA base composition (72%) can lead to
repetitive G-rich stretches along its chain, and, as a con-
sequence, the specific interaction between different por-
tions of the same chain (and/or with the other molecules)
induced by counterions may be responsible for the
observed anomalous behaviour.

The different results obtained with the poly d(GC) with
respect to poly d(AT) polymers, increase the plausibility of
this last statement.

The spectroscopic behaviour of the GC polymer is only
qualitatively equal to that of M. luteus DNA. In fact, large
and massive molecular aggregates are formed in both
cases, but at a different salt concentration when a critical
value is reached, which is 700 mM for M. [uteus DNA and
200 mM for poly d(GC). In addition, the relative amplitude
of the slow mode peak is different, being about 90% of the
total signal intensity for M. luteus DNA and about 60%
in the case of poly d(GC). As we expected, the poly d(AT)
sample behaves like the other natural polydeoxynucleo-
tides investigated. We ascribe the different observed
salt concentrations at which such a transition happens
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(700200 mM) and also the different results obtained by
CD and Tm measurements to an intrinsic different
molecular base sequence, i.e. natural occurrence of homo
stretching of G, which likely occurs in the M. luteus, but it
is not possible in poly d(G—C) because it is an alternating
copolymer.

In our case, the intrinsic restriction of DLS spectros-
copy does not allow us to discriminate between different
states and the structural reorganisation of naturally
occurring purine bases repeats, even if this structural
morphology could be the origin of the slow mode peak.
The CD spectroscopy, by coupling the possibility of
appreciating the differences between substantial devia-
tions from canonical B-form, (e.g. unstacking Hoogsteen
stabilised bases) and physical state transitions can answer
the question. The CD spectrum, provides information on
the alterations in the local structure or in the overall
geometry of DNA produced at high salt molarities by the
decreased water activity, influencing the properties of the
bulk water around the hydrated DNA. Moreover, pri-
marily over other methods, it changes sensitively in
dependence on the base composition. In fact, a linear
relation exists between the specific rotation at 270 nm and
the G + C content, as we observed.

It is possible to restrict any sequence-dependent prop-
erty of a nucleotide chain as a linear function of the
properties of a limited number of nucleotides of simple
sequences (nearest neighbour theory). Then any perturba-
tion of such an assessment may be ascribed either to
alterations in the geometrical parameters of the helix or to
an unconventional structure, allowed by specific purine
sequences, such as guanines repeat sequences, forming G-4
structures. The observation by CD measurements of a
210-nm positive peak, indicative of a plausible guanine
tetrad formation together with a dominant positive band at
270 nm, is related to such a perturbation.

We would like to stress the known behaviour of guan-
ine-guanine interaction, leading to a rare association of
DNA molecules into greater structures. In this context, a
physiologically relevant example is the formation of
alternate DNA structures, deviating from B-form double-
stranded DNA, such as the G-quadruplex, widely distrib-
uted throughout the human genome.

We must underline the functional involvement of this
novel structure in the conformational heterogeneity of
human telomeric sequences, where G-quadruplexes occur
naturally (Verma et al. 2009) and, consequently, the
important role played by these structures in telomere sta-
bility. An additional value is represented by some evidence
reported in the literature suggesting a relation between
known defects of G-quadruplex nucleic acids and human
genetic diseases (Phan et al. 2007; McEachern et al. 2000;
Palm and de Lange 2008).

The two combined experimental approaches, (DLS and
CD) take a look inside the self-assembly process, induced
by high salt concentration, from a different perspective: a
physical transition state and a structural, conformational
change. The significant experimental differences observed
among the polydeoxynucleotides of different base com-
position under investigation lie in the primary sequence
variability, natural versus synthetic polymers, that imply a
different possibility of finding suitable G-rich sequences, as
happens in the M. luteus DNA.

Another significant aspect of the G-repeat tandem is the
possibility of offering, through a simple physical state
modification approach, such as the agglomeration induced
by high ionic strength, a DNA formulation suitable for
gene delivery in in vitro cell cultures where ionic streng-
thes up to 1 M are used. In fact gene therapy, i.e. the DNA
delivery into target cells, could have a more extended
application if there was the possibility to transfect, in a safe
and bioactive manner, DNA molecules through non-viral
vectors (Wu and Brosh 2010; Lansdorp 2009; von Figura
et al. 2009; Brown et al. 2001; Ewert et al. 2004; Hayes
et al. 2006).

A different application of this surprising G-guanines
stretch is the construction of new nanoscale electronic
devices for industrial or diagnostic purposes that could
profit from the use of strongly interacting DNA base self-
assembly.
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