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“Le cose tutte quante

hanno ordine tra loro, e questo ¢’ forma

che 'universo a Dio fa simigliante.”

(Dante Alighieri, Divina Commedia, Paradiso, 1, 103)

[All things whate’er they be
Have order among themselves, and this is form,
That makes the universe resemble God]

A remarkable example of spontaneous self-assembly of biomolecules, driven purely by physical interactions, is
reported. Short, complementary DNA and RNA oligomers, down to six bases in length, exhibit lyotropic liquid
crystal phases, chiral nematic and columnar, although these duplexes lack the shape anisotropy required for liquid
crystal ordering. Such phases are produced by the end-to-end stacking of the duplex oligomers into polydisperse,
anisotropic, rod-shaped aggregates, which can order into liquid crystals. Furthermore, when only a fraction of the
sample is composed of complementary sequences, and hence the solution is effectively a mixture of single strands
and double-stranded helices, the system is found to phase separate with duplex-rich liquid crystalline domains
emerging from an isotropic background rich in single strands. This spontaneous partitioning, resulting from a
combination of entropic and enthalpic factors, is sensitive to the degree of complementarity of the sequences and
can be tuned with temperature. We suggest that in a chemical environment where oligomer ligation is possible, such
ordering and condensation could provide a plausible route for the selective synthesis of extended complementary
oligomers, a mechanism of possible relevance in prebiotic scenarios.

Keywords: DNA; RNA; nucleic acids; stacking; chromonics; phase transitions; Onsager; nucleation; depletion;

prebiotic; ribozyme; ligation

1. Introduction

One of the most challenging and fascinating goals of
science is to account for the wonderful variety and
complexity of the biological world in terms of simple
and general laws. Towards this aim, a key step is to
refer to notions from statistical and soft matter phy-
sics, whose application to biological mechanisms has
provided remarkable successes. Examples range from
protein folding (7), to virus formation (2), to cellular
organisation, whose complexity can be reduced to the
relative simplicity of self-assembled structures, driven
by packing constraints and enforced by van der Waals,
hydrophobic and electrostatic interactions (3,4).
An exciting challenge is thus to find the intrinsic self-
assembly properties driving the spontaneous ordering
of biological macromolecules, also in the frame of
their emergence from prebiotic chemistry (5), and to
control and mimic natural assembly for materials design.

The formation of reversible or irreversible aggre-
gates with elongated shapes is a distinctive property of
avariety of molecules, such as the stacks of polyaromatic

dyes and drug molecules (6), stiff bundles of cytoskele-
ton proteins (4) and amyloid fibers (7). Perhaps the most
studied process occurs in surfactant solutions, with
aggregates growing in one, two or three dimensions to
form rod-like, plate-like or spherical micelles (8).

In 1949, Onsager showed theoretically that the
hard-core excluded volume interaction alone is suffi-
cient to induce orientational alignment of elongated par-
ticles in solution, other anisotropic interactions being not
necessary (9); in this way, the onset of the nematic liquid
crystalline (LC) phase can be explained. Since then,
entropy has often been involved as a source of order.
In this vein, by combining colloidal hard rods and hard
spheres, a phase diagram is obtained that is much richer
than those occurring in separate systems of spheres or
rods, with a variety of layered and columnar arrange-
ments (/0). Spontaneous, entropy-driven mechanisms
such as orientational and positional order and demixing,
well characterised in colloids, liquid crystals and poly-
mers, are being increasingly recognised as also playing a
central role in many biological systems too (3, 4).
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Figure 1. The most common structures displayed by nucleic
acids. (a) Crystallographic structure of double-stranded
DNA oligomer CCGGGCCCGG in the A form (PDB
code 1ZF1); (b) DNA oligomer CGCGAATTCGCG in
the B form (PDB code 1BNA).

In this respect, DNA (shown in Figure 1 in its most
typical A and B helical forms) is an especially interesting
example. Its packing in vivo is very tight, with high
volume fractions in bacteria and in virus capsids, and it
displays an astonishing hierarchical assembly into chro-
mosomes, compacting metres of double helix down to a
few micrometres (/7). The packing mechanisms adopted
are strongly related to its natural tendency, as a long,
semi-rigid polymer, to form lyotropic liquid crystalline
phases in concentrated aqueous solutions, as observed in
vitro (12). Since the early studies (13, 14), two main
mesophases have been recognised, chiral nematic and
hexagonal columnar (/5-17), but blue and hexatic
phases have also been reported (/7, 18). The LC phases
of solutions of duplex B-form DNA have been exten-
sively characterised by optical (/7), X-ray (19), and mag-
netic resonance (20) methods for chain lengths from 10°
down to 107 base pairs (bp), comparable in size to the B-
DNA bending persistence length, L, ~ 50 nm (150 bp).
A semi-quantitative agreement with Onsager theory (21)
and computer simulations (22) is found, and better
results are obtained if finite length, flexibility and elec-
trostatic interactions are taken into account (27, 23, 24).

In addition to being a valuable model for apprais-
ing LC theories, the ordered packing of DNA may
have important physiological roles, as a natural strat-
egy to protect the genome of various bacteria under
prolonged environmental stress, such as starvation
and intense radiation, reducing the exposition to
damage factors and templating DNA repair (25, 26).

In short, DNA acts as a liquid crystal because of its
elongated shape, and nature exploits such a tendency
to pack and preserve it. However, how did it happen,
in the prebiotic era, that DNA and the more ancient
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RNA acquired their polymeric structure without the
cell machinery? How was the free energy barrier to
elongation overcome? And how did nucleotides
emerge as the building blocks for the carriers of genetic
information, the major prerequisite to life?

Some new light is shed on these outstanding ques-
tions by the experiments presented here, on the LC
behaviour of ultrashort DNA and RNA duplexes,
down to 6 bp (with an aspect ratio of about one),
which have never been observed before and was unex-
pected because such short duplexes are weakly aniso-
tropic in shape.

The origin of our research (a joint project between
Professor Tommaso Bellini in Milan and Professor
Noel Clark and Dr Michi Nakata in Boulder, CO)
was the intention to use nucleic acids as building
blocks to construct molecules with tuneable length
and rigidity. In fact, by exploiting the well-known
pairing mechanism of DNA and the relevant differ-
ence in flexibility between paired and unpaired
sequences, macromolecular assemblies can be created
with various sizes and mechanical properties. Along
this line, two sequences were chosen first:
CGCAATTGCG, which is self-complementary,
i.e. can hybridise with another strand of the same
sequence and thus form a rigid, squat helix; and
CGCAATTGCGTTTTTTTTTT, which is only par-
tially self-complementary, forming a helix with two
long, dangling tails. This latter structure, a rigid core
with flexible ends, bearing resemblance with usual
liquid crystal molecules, should have favoured the
formation of LC phases, whereas the rigid helix with-
out tails was the negative control, because its aspect
ratio, lower than two, should prevent spontaneous
alignment. What we found was just the opposite of
what we expected: the oligonucleotide with tails
showed no mesophases, while the ‘control’ oligo dis-
played wonderfully coloured textures when observed
in a polarised microscope, just like much longer DNA
strands. Soon, understanding the origin of the LC
phases in such short DNA duplexes became the main
interest. We then characterised the phase diagram of
different sequences with various lengths and duplex
terminals, finding evidence that the stacking interac-
tions between neighbouring nitrogen bases, which ulti-
mately determine the helical shape of DNA (11),
promote end-to-end aggregation of helices and the
formation of longer chains, capable of alignment
(27). Indeed, in the partially self-complementary
strand the presence of dangling tails disturbs the term-
inal adhesion and thus suppresses the liquid crystals.

We also studied the effect of the denaturation of the
helices on the liquid crystals: when roughly half of the
helices are broken by heat (and thus single-stranded
DNA (SS-DNA) coils appear), the phases also vanish.
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Figure 2. Sketch of the self-assembly process leading to the LC alignment of well-paired short DNA duplexes. (a)
Complementary and partially complementary sequences pair into helices. While duplexes with overhangs do not show LC
behaviour, blunt-end duplexes can be idealised as hydrophilic cylinders with hydrophobic ends capable of end-to-end adhesion
and stacking (b) into units sufficiently anisotropic to orientationally and positionally order into LC phases (c), chiral nematic N*
and hexagonal columnar COL. (d) Upon cooling a mixture of single-stranded nDNAs, the complementary oligomers (yellow—
orange and yellow—green) form duplexes and phase separate into LC domains.

At this point, the second misapprehension came to
light: to obtain a system intrinsically composed of
helices and coils at equilibrium, we mixed mutually
complementary sequences, CCTCAAAACTCC and
GGAGTTTTGAGG, in unbalanced ratios. At some
SS-DNA concentration, LC phases were expected to
become disturbed and disappear. Surprisingly, they did
not: a phase separation occurred, instead, between the
helices and the pool of coils, with double-stranded
DNA (DS-DNA) and thus complementary sequences
organising in liquid crystal droplets (27,28). The same
behaviour occurs for RNA (29), and the whole process
is sketched in Figures 2: (a) pairing, (b) end-to-end
adhesion, (c) ordering and (d) demixing combine to
yield LC domains of helices.

We suggest that this staged self-assembly may
have been instrumental in early life as a means of
templating the linear polymer structure of informa-
tion carriers, since in the presence of appropriate
chemistry, end-to-end aggregation and phase separa-
tion would strongly promote the elongation of
complementary oligomers. To substantiate this
hypothesis, in the following sections we describe
some relevant features of DNA and RNA LC phases

and the main factors controlling their nucleation in
mixtures of sequences.

2. Nano-DNA liquid crystals

The appearance of LC phases in long DNA (IDNA,
N > 100 bp) has been accounted for theoretically by
modelling B-DNA as a repulsive rigid or semi-flexible
rod-shaped solute (9, 27). The complete computer-
simulated phase diagram for hard rods by Bolhuis
and Frenkel (22) quantitatively confirms this picture
for length-to-diameter ratios L/D > 4.7 (N > 28 bp),
and also shows that for L/D < 4.7 there should be no
LC phases at any volume fraction ¢. Nevertheless,
surprisingly, we found nematic ordering for ultrashort
B-DNA duplexes (nDNA) of length 6 bp < N < 20
bp (2-7 nmin length). At the lower end of this scale the
L/D ratio is about one and the LC phase is appearing
for N values an order of magnitude smaller than those
predicted by the Onsager—Bolhuis—Frenkel (OBF)
criterion, indicating that interactions in addition to
excluded volume effects must be present.

We studied a series of self-complementary nDNA,
duplex-forming oligomers, including the well-studied
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‘Dickerson dodecamer’ (D12) CGCGAATTCGCG,
along with a large variety of non-complementary and
partially complementary oligomers. nDNA solutions
in thin glass cells were investigated through a wide
range of techniques: polarised transmission optical
microscopy (PTOM) to investigate optical textures;
fluorescence optical microscopy to probe the orienta-
tion of DNA strands and duplex formation; optical
reflection interferometry to measure the refractive
index and concentration ¢ (in milligrams solute per
millilitre solution) of solutions; and synchrotron
microbeam X-ray diffraction (XRD) to probe local
molecular organisation (for details, see (27)).

In spite of the challenges presented by the extre-
mely small nDNA sample quantities available
(elegantly overcome also thanks to Michi Nakata’s
gradient cells providing the whole sequence of phases
within a narrow channel through controlled evapora-
tion), these techniques provided unambiguous evi-
dence for chiral nematic (N*) and uniaxial,
hexagonal columnar (COL) liquid crystal phases in
the nDNA solutions. Owing to the underlying aggre-
gation process, such phases can be regarded as direct
analogues of the chromonic phases N* and M (see (6)).
At higher concentration, higher-order columnar (C,)
and crystal-like (X) phases were also found, whose
structure is currently under investigation.

2.1 Cholesteric phase N*

Since DNA molecules are chiral, their nematic phase
exhibits macroscopic chirality in the form of a helical
precession in space of the local optical axis (the local
DNA molecular axis; note that the DNA helix has
negative birefringence). The N* phase appears with
its chiral helix axis z either parallel (Npar) or normal
(Nnor) to the plates, forming either the Grandjean
(sometimes focal conic, if the cholesteric pitch p is
smaller than 1 -pm) or fingerprint (if p > 1 -um)
textures in the PAR case, and forming Grandjean
terraces in the NOR case. The oily streaks textures,
such as those shown in Figure 3(a) and (c), combine
the two features.

The cholesteric pitch was observed to increase with
nDNA concentration ¢ and with temperature 7,
approaching the N*-I transition. This dependence
corresponds to the behaviour of IDNA (17, 30, 31)
and the substantial continuity between nDNA and
IDNA LC phases was verified through a ‘contact’
cell between a 10 bp sequence and a ~ 900 bp
sample (27).

However, as is clear from the selective reflection
colours in the visible range exhibited by the N* phase
of nDNA in unpolarised reflection microscopy (Figure
3(b)), the pitch was found for several of the oligomers to
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Figure 3. Optical microscopy textures of the chiral nematic
phase of nDNA and nRNA sequences. (a) PTOM image of
oily streaks in a 12 bp nDNA sample. (b) Unpolarised
reflected light image of the same sample, showing red
selective reflection, corresponding to a cholesteric pitch of
~450 nm. (c) Oily streaks in a nDNA 12 bp sample with
‘fingerprints’ in the defect regions, revealing a pitch well
above 1 -pm. (d) 12 bp nRNA: the pitch decreases with
increasing concentration, from left to right. Scale bar is
20 -pm in (a) and (b) and 50 -pm in (c) and (d).

be as short as p ~ 350 nm, considerably smaller than the
24 -pm typically observed in N > 147 bp DNA and
explained by the current models (32, 33). Actually,
there are also some incidental observations (34) of
sub-micrometre pitches in IDNA phases, while on the
other hand we occasionally observe fingerprints also in
the shortest sequences, because of the non-negligible
influence of the boundary conditions. However, there
is a clear positive trend in the average pitch, depending
on the length of the oligos and no sub-micrometre p was
ever detected for N > 14. We are currently exploring
the connections between the chiral behaviour and the
flexibility of the duplex chains.

2.2 Hexagonal columnar phase COL

A higher concentration phase grows from the isotropic
phase upon cooling, mainly with developable domains,
as seen in Figure 4(a). Such textures are clear indica-
tions of either fluid lamellar smectic or fluid columnar
order with respectively the layer normal or column axis
parallel to the glass plane. A study of the developable
domain birefringence with a variable wave-plate com-
pensator showed that the high refractive index direction
is radial where the domains are circular, indicating that
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Figure 4. PTOM textures of the hexagonal columnar phase
of some nDNA samples. (a) Developable domains in a DNA
12 bp sample. (b) Undulating texture in an equimolar

mixture of the complementary sequences
CCTCAAAACTCC (A) and GGAGTTTTGAGG (B). (c)
Dendritic structures of a 12 bp sample cooled from the
isotropic phase. (d) COL domains surrounded by isotropic
phase in a mixture of the sequences A and B with molar ratio
[BJ/[A] ~ 3. Scale bar is 100 -pm in (a)—(c) and 40 -pm in (d).

the DNA base pair planes are also radial and thus that
the DNA double helix axes lie parallel to circles about
the domain centre. Following the arguments of
Livolant formulated for IDNA (/6), the structure is
therefore columnar (COL), with the double helix axes
parallel to the columns, and in the birefringent domains
the column axis is parallel to the glass plane (COLpaR).
The molecular arrangement of the COL phase can also
be simply displayed by doping the nDNA with
ethidium bromide (EB), a fluorescent molecule prone
to intercalation between paired DNA bases (35). Since
its fluorescence absorption and emission are strongly
anisotropic, higher in the plane of the molecule, the
dependence of fluorescent emission on the polarisation
of incident light gives an indication of intercalated EB
orientation, and thus on the orientation of the host
helices. An unpolarised fluorescence image gives a
‘map’ of the z arrangement of the molecules
(not shown), while by changing the polarisation
direction of the incident light, we can obtain unambig-
uous confirmation on the tangential arrangement of
helices within the developable domains. For homeotro-
pically aligned helices, the EB molecules, being perpen-
dicular to the incident light, have the same fluorescent
emission for every incident linear polarisation; for

planar helices, instead, the intensity of fluorescence
depends on the direction of helices on the plane, as
shown in Figures 5(c) and (d).

As regards the nature of the columnar phase, it was
investigated by XRD; owing to the small amount of
material available, and the poor control of the bound-
ary conditions, which prevents us from obtaining large
aligned samples, we performed simultaneous PTOM
and synchrotron-based microbeam XRD to collect
diffraction patterns from small ( ~ 14 x 14 -pm?),
selected areas: evidence for hexagonal packing in the
plane perpendicular to the helices was found (27).

Overall, the optical and diffraction experiments
indicate unambiguously that the COL phase is a uni-
axial fluid columnar liquid crystal, in line with the
earlier findings for IDNA. This is also confirmed by
measuring the specific birefringence for the COL
phase at the N* boundary (An ~ 0.025 at 350 mg
ml™"), which yields values in close agreement with
those measured for the IDNA LC phases, once prop-
erly rescaled for concentration, thus supporting the
notion that the packing of the nDNA phase is strictly
analogous to that of the IDNA LC phases. Finally,
this conclusion is also supported by a contact prepara-
tion, wherein the COL phase is also continuous along
the 10 — 900 bp concentration gradient (27), and by
other textures observed in PTOM: undulating textures
(Figure 4(b)), already reported for the COL phase of
IDNA (17), and dendrites growing upon cooling from
the isotropic phase (Figure 4(c)), also found in discotic
liquid crystals.

2.3 Evidence for end-to-end interactions

The DNA concentration was calculated from the
refractive index n, which in turn was measured
through microscope-based interferometry (27): the
observed Fabry—Perot fringes of light reflected from
the glass/solution interfaces enabled extraction of the
optical path through the solution, and thus the local
value of n. LC phases are found in the sub-Onsager
region of the phase diagram of nDNA where they are
not expected on the basis of duplex shape. Bearing in
mind that the basic features of LC ordering are com-
mon for nDNA and IDNA and that nematic and
columnar LC ordering can appear in weakly anisotro-
pic solutes by equilibrium end-to-end self-assembly
into linear chains of particles (23), we are lead to the
conclusion that the origin of the LC phases in nDNA
is the physical ‘living polymerisation’ of short
duplexes into extended duplex units that are long
and rigid enough to order. A similar hypothesis was
proposed by Alam and Drobny in attempting to
account for an orientationally ordered phase in
nuclear magnetic resonance (NMR) studies of a
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Figure 5. Arrangement of nDNA helices within the COL phase. (a) PTOM image of columnar domains of a 12 bp nDNA
sample doped with EB. Some LC areas are black because of the homeotropic alignment of duplexes, as revealed by slightly
de-crossing the analyser (b). By imaging the same sample with fluorescence microscopy, the planar regions have strongly
anisotropic signal as the incident light has vertical (c) or horizontal polarisation (d), depending on the orientation of the helices
inside the domains; the homeotropic regions, instead, have fluorescent emission independent of incident polarisation. Scale bar

is 100 -pm.

B-DNA dodecamer (to the best of the author’s knowl-
edge, the only previous report of LC phases displayed
by oligonucleotides) (20). Indeed, end-to-end adhesion
suppresses the lamellar smectic A phase predicted for
monodisperse hard rods by favouring end-to-end
rather than side-by-side positional correlations and by
introducing unavoidable length polydispersity into the
ordering units, both effects reducing the entropic free-
energy gain of lamellar ordering, in agreement with our
observations. This sort of assembly is familiar in crys-
talline nDNA (36) and in nDNA/protein complexes
(37, 38), as well as in lyotropic chromonic liquid crystals
(6, 39), and has been studied extensively for particular
DNA bases. For example, Guanosine forms H-bonded
tetramers aggregating in a chromonic-like process into
stacks, which in turn can form mesophases (40). Whilst
blunt end stacking is of little importance when dealing
with long DNA, it becomes the major feature control-
ling the self-assembly and phase behaviour of short
DNA. Indeed, Mundy et al. (41) considered the chro-
monic stack as an effective model for the dynamic state
of the central column of bases in DNA.

Computer simulations (42—44) show that for suffi-
ciently rigid aggregate chains, the I-N transition

occurs according to the OBF prediction if the average
aggregate length <L> is used in the OBF model; such
agreement thus enables us to extract, from the nDNA
phase diagram, an estimate of the stacking free energy
associated with the reversible aggregation of duplexes,
AFE ~4-8 kgT (see (27)). Such values are similar to the
base stacking energy found for G-quartets (40) and for
the combination of pairing and stacking within the
DNA helix (45); similar values also characterise chro-
monic aggregation (39).

In an effort to influence the duplex end-to-end
adhesion we carried out further experiments on the
D12, but with added unpaired tails, with 1T, 2T or 10T
groups added at the 3’ terminal. We found that this
modification suppresses the LC phases with the excep-
tion of the C, phase, which is still observed in the case
of D12 with 1T and 2T groups. We interpret this result
as indicating that dangling ends impede end-to-end
adhesion, in line with the base-stacking concept. In
contrast, D12 duplexes phosphorylated at the 5" end
exhibited nearly the same phase behaviour as that of
the -OH terminated D12 duplexes described so far.
Such duplexes, bearing one phosphate group per end,
have the same composition as obtained by fracturing a
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IDNA duplex; in contrast, the addition of one more
charged phosphate group on terminals (that is, phos-
phorylation of duplexes at both 3" and 5’ terminals)
again suppressed the liquid crystals, as with the 1T and
2T terminations. Finally, a different effect of the term-
inals modification is obtained through a sequence such
as CGCGCGAATTCGCG, the same as D12 but
bearing an additional CG at the 5" end. This sequence,
when forming a duplex, has dangling ends capable of
forming links with neighbouring duplexes. For this
reason, such a sequence is not disfavoured, but is
actually forced to form chains somewhat analogous
to nDNA living polymers. Indeed, such an oligomer
shows similar phase behaviour as D12, but with lower
critical concentrations and higher thermal stability, a
fact consistent with the higher energy associated with
the CG pairing and stacking compared with the blunt
end stacking (46). This observation could provide a
new route for the estimation of the free energy asso-
ciated in the Watson—Crick pairing of two DNA or
RNA strands into double helices, by changing the
sequence of the ‘sticky’ dangling tails.

3. Nano-RNA

From a structural point of view, RNA shares some basic
features with DNA, but it usually adopts an
A-conformation (Figure 1(a)) with terminal bases tilted
~20° with respect to the normal to the helical axis, while
in the B-form the tilt is ~0°. However, concentrated
solutions of self-complementary RNA oligomers exhibit
similar self-assembly into N* and COL phases (Figure
3(d)), indicating that this newly observed form of spon-
taneous ordering is universal in nucleic acids (29). The
tilted base structure corresponds to a crucial difference
between DNA and RNA since the straightness of the
aggregate required for LC ordering implies for RNA the
matching of the tilt of the terminals, in turn constraining
the relative positions of the sugar—phosphate chains at
their chemical discontinuities along the weakly aggre-
gated physical polymer. This constraint appears parti-
cularly favourable for promoting ligation at the gaps of
the phosphate chain, should the chemical environment
be suitable for catalysing such a reaction.

Overall, the cholesteric pitch p is shorter in nRNA
than in nDNA for any particular oligo length, prob-
ably reflecting the shorter helical pitch of the A-form
structure. Remarkably, it also displays an opposite
dependence on c¢. Experiments on long DNA chains
have revealed a non-monotonic dependence of p on
concentration (37), and theoretical results indicate
that p critically depends on the spectrum of the helical
charge distribution with the potential for p versus ¢
dependence of either signs (33). Hence, the origin of
RNA peculiarity could just reside in the differences

between the A- and B-helix forms and in the azimuthal
continuity of the phosphate chains along the aggre-
gated physical polymers.

4. Helices and coils

The nDNA solutions exhibit thermotropic meso-
morphism, melting at sufficiently high 7, to the opti-
cally isotropic liquid (I) phase. One of the key factors
controlling the presence of LC phases is of course the
existence of the helices themselves, and thus the con-
ditions of the duplex denaturation. To probe the rela-
tionship between the two transitions, we doped nDNA
solutions with EB molecules (35), whose fluorescence
efficiency is strongly enhanced when they are within
the hydrophobic environment of the bases and can
thus be used as a marker of denaturation.

We found that the melting temperature 7,
defined as the temperature at which half of the strands
are paired, rises with the concentration of nDNA, as is
observed for IDNA (45). We also find T},, ~ Tic: when
cislarge enough to give the COL phase, then the DNA
denaturation occurs along with the LC melting transi-
tion to the I phase (the denaturation is spread over 20°,
while the I-COL coexistence extends on a few
degrees). At lower ¢ we find that T, ~ Tin + 10°,
implying that the N phase is more readily disrupted
by unpaired strands than the COL phase (27).

As already mentioned, a virtually equivalent system
of partially paired strands in thermal equilibrium is
obtained with mixtures of nDNA where only some of
the sequences are complementary, thus able to pair in
duplexes, and some are not and thus always remain in
the solution as single strands (such a situation can be
easily achieved by changing the molar ratio in a mixture
of the two complementary sequences CCTCAA
AACTCC and GGAGTTTTGAGG). However, in
concentrated mixtures of duplex and SS nDNA, the
system phase separates into duplex rich LC domains
coexisting with a duplex-poor isotropic phase, leading
to the physical segregation of complementary chains
from non-complementary chains (Figure 4(d)) (28).
The strong partitioning of the duplex nDNA into the
LC domains is confirmed indirectly from PTOM
images by measuring the LC fraction, which closely
follows the duplex fraction in the system; and directly
by fluorescent labelling, attaching a fluorescein (FITC)
group externally to the duplexes (28). This phase
separation, encountered for DS/SS ratio as low as 1/
15, is a collective effect of the duplex and SS nDNA,
since the duplexes alone would not form liquid crystals
in such solutions, their concentration being well below
that required for liquid crystal formation.

Two distinct theoretical approaches show that the
origin of the nDNA condensation may be the
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significant contrast in rigidity between SSs and DSs.
Flory, in a mean field theory of the phase behaviour of
mixed solutions of rigid rod-shaped polymers and
random coil polymers, found N-I phase coexistence
of the rigid species preferably into the N and the
flexible species preferably into the I phase (47). This
segregation of species was essentially complete in the
high concentration range applicable to our nDNA
solutions. Flory’s model, wherein the demixing is pro-
moted by the entropic gain associated with the
nematic ordering of rigid rods, is appropriate to
nDNA solutions if the formation of duplex aggregates
precedes the phase separation. If, instead, the forma-
tion of living polymers is an effect of the phase
separation, an alternative interpretation should be
sought. Indeed, a more general mechanism for phase
separation of flexible and rigid solutes is provided by
depletion attraction, where the segregation of a dense
phase of rigid particles enhances the volume available
to the flexible solutes and hence the overall entropy
(48). The compacting of rigid solutes by mean of
depletion attractions is well known to promote order-
ing, as in the case of nematic ordering of rigid rod-like
particles mixed with flexible polymers (49), the osmo-
tic compression of IDNA into LC phases obtained by
adding a hydrophilic flexible polymer to a IDNA
solution (/9), or in the case of protein crystallisation
resulting from protein segregation in mixtures with
polyethylene glycol solutions (50). Interestingly, how-
ever, no phase separation was ever detected in mix-
tures where the FITC group was attached on the 5’
terminal, since FITC with its steric hindrance disturbs
end-to-end adhesion. The phase separation is there-
fore due to a combination of duplex formation and
end-to-end stacking, leading to depletion-type forces
that arise from the entropy gain of depletants (SSs)
upon demixing of solute particles (duplex aggregates,
as shown by kinetic studies (28)). This manifestation
of the depletion interaction is unique in that, above the
duplex melting temperature, the depletants and
solutes are chemically homogeneous and completely
miscible, the difference in molecular size and flexibility
enabling a depletion interaction only at temperatures
where duplexes can form.

4.1 The role of complementarity and length in phase
separation

To gain insight into the potential of the combined
stacking, LC ordering and phase separation in the
‘purification’ of helices, and to test the dependence
upon the degree of complementarity of the sequences,
we examined a sequence A and an ensemble of
sequences B, either fully or only partially complemen-
tary to A. By adding controlled mismatches in different
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positions along the B strands, we could see that LC
ordering can tolerate up to four unpaired bases inside
the helix, since such mismatches do not affect the over-
all structure and stability of the helix; conversely, mis-
matches at the terminals disrupt the N* phase, and the
COL phase also disappears when unpaired tails are
present. Correspondingly, the phase separation is
coupled to the tendency to liquid crystal formation (57).

Another approach to address the question on how
much the stability of the helices affects the LC conden-
sation is to mix self-complementary sequences of differ-
ent lengths (6 and 20 bp), to obtain a system of two
different helices. In this way, since the melting tempera-
tures of the two strands are appreciably different
(around 25°C gap), we also have the possibility of
‘switching on’ the presence of helices at various tem-
peratures and thus to control the relative amount of the
two populations, continuously varying from only SSs,
to DSs and SSs, to only DSs. At low T, such a solution
forms continuous LC phases in the whole volume, simi-
lar to those showed by the single components alone,
since the end-to-end stacking mechanism and the LC
phases can accommodate them together in the same
chains. Instead, within a sample kept isotropic at high
T and then cooled just below 71 c ~ 40°C, the
temperature of appearance of the first LC domains,
nucleation of a few small domains occurs. At that 7,
most of the 20 bp helices are already formed, while
virtually all of the hexamers are single stranded. Given
the high viscosity of the solution (28), hundreds of hours
are needed for all of the 20 bp helices to diffuse and join
in LC domains. Indeed, these domains eventually reach
an asymptotic size, around 100 -pm in radius. Figure 6
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Figure 6. Isolation of longer helices in a mixture of self-
complementary hexamers and 20-mers kept at 38°C. After
hundreds of hours, the LC fraction ¢ ¢ reaches a plateau,
corresponding to the 20 bp occupancy. The line connecting
the data points is a guide to the eye.
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shows the time evolution of such domains, together with
the fraction of liquid crystals in cell volume, ¢y ¢, which
agrees within the experimental error with ¢»g, the
volume fraction of the 20 bp helices in the sample. We
can therefore conclude that the domains are almost
entirely formed by 20 bp, and thus the degree of separa-
tion is tuned by the amount of paired strands.

5. Prebiotic implications

‘How RN A could possibly have emerged from the clutter
without a “guiding hand” would baffle any chemist.
It seems possible only by selection, a process that pre-
supposes replication.[. .. ] The need seems inescapable
for some autocatalytic process such that each lengthen-
ing step favours subsequent lengthening. Only in this
way could the enormous kinetic obstacle to chain
elongation be surmounted. [...] Any invoked catalytic
mechanism must accommodate the participation of a
template, for there can have been no emergence of true
RNA molecules without replication’.

This quotation from a recent book (52) by C. de
Duve, winner of the 1974 Nobel Prize in Physiology or
Medicine and one of the most respected authorities in
the research area on the origins of life, clarifies what is
probably the main missing link in the chain of the
emerging phenomena, leading from the prebiotic ‘clut-
ter’ to the first living entity (able to replicate and
propagate information and, equivalently, to undergo
Darwinian evolution, according to NASA definition).
According to the so-called RNA-world picture (53)
(which is the leading model in the field, although
disputed), the most primitive form of life was a ribo-
zyme, a ribonucleic enzyme capable of promoting its
own polymerisation and thus of self-replicating.
However, although the basic constituents of nucleo-
tides may have been available in the prebiotic environ-
ment and may even have joined to form oligomers, a
critical length of about 50 bp is thought to be necessary
to exploit similar catalytic functions (52). Clearly, a
relatively high concentration is a key requirement for
the polymerisation to take place and not to be over-
come by hydrolysis and chain degradation. However,
high concentration alone is not sufficient to sustain a
polymerisation by simple, random ligation of mono-
mers: in a similar manner to the way most of the
present enzymes work by geometrical, physical con-
straints, by keeping close together in active groups and
thus enhancing reaction rates, a template mechanism
is invoked in prebiotic times to favour ligation of
different nucleotides. Various systems, including
clays (54) and lipids (55), have been proposed to act
as templates and received promising experimental ver-
ification, but conclusive evidence is still to come.

The phenomena described above for nDNA and
nRNA, pairing, segregation, stacking and LC order-
ing of duplexes, could provide at single shot a number
of distinctive features: (i) a mechanism of selection,
since only paired strands segregate to form LCs; (ii) a
locally enhanced concentration of complementary
strands and proximity of terminals, up to 10°-fold;
(iii) a liquid crystalline matrix which provides a flex-
ible template, favouring the linear aggregation and
possibly the chemical ligation; (iv) an autocatalytic
process by which longer and longer complementary
sequences are favoured, because they can more easily
fit into the aligned environment.

While single nucleotides in solution show a weak
propensity to stacking, Guanosine can form quartets
(40) which are instead strongly prone to the formation
of stacked aggregates and LC organisation, being
destabilised because of the larger hydrophobic sur-
face. The ‘switch’ of the stacking advantage, leading
to more and more elongated assemblies, is the onset of
the reversible and selective H-bonds between the
bases.

We can argue that the present nucleic acid
molecules emerged as those most capable of self-struc-
turing by a cascade of pairing and stacking into LC
structures, enabling chemical ligation, self-replication
and hence information storage. To explore the DNA
and RNA self-assembly potential and verify our
hypotheses, various experiments are currently being
pursued on even shorter sequences and mixtures of
oligomers with single nucleotides, on random pools
of sequences and on non-enzymatic ligation.

6. Conclusion

In conclusion, we have described recent findings on the
surprising self-assembly properties of ultrashort frag-
ments of DNA and RNA. Their LC phases share most
properties with those of longer DNA strands, but some
intriguing features, as demixing of helices from single
strands and the much shorter cholesteric pitch, wait for
detailed analysis and full understanding.

These results, in addition to confirming DNA as a
versatile building block for soft matter research, sug-
gest that the very emergence of nucleotides as infor-
mation carrying polymers and the string-like structure
of nucleic acids could have arisen from the strongly
intertwined tendencies of selective pairing, stacking
and LC ordering.
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