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End-to-End Stacking and Liquid
Crystal Condensation of 6-to
20-Base Pair DNA Duplexes

Michi Nakata,™*t Giuliano Zanchetta,?* Brandon D. Chapman,® Christopher D. Jones,*
Julie 0. Cross,* Ronald Pindak,®> Tommaso Bellini,%+ Noel A. Clarkt

Short complementary B-form DNA oligomers, 6 to 20 base pairs in length, are found to exhibit
nematic and columnar liquid crystal phases, even though such duplexes lack the shape anisotropy
required for liquid crystal ordering. Structural study shows that these phases are produced by the
end-to-end adhesion and consequent stacking of the duplex oligomers into polydisperse
anisotropic rod-shaped aggregates, which can order into liquid crystals. Upon cooling mixed
solutions of short DNA oligomers, in which only a small fraction of the DNA present is
complementary, the duplex-forming oligomers phase-separate into liquid crystal droplets, leaving
the unpaired single strands in isotropic solution. In a chemical environment where oligomer
ligation is possible, such ordering and condensation would provide an autocatalytic link whereby
complementarity promotes the extended polymerization of complementary oligomers.

crystal (LC) phases when hydrated has

been known since the late 1940s and
played a crucial role in deciphering its structure,
enabling alignment of the DNA chains and
measurement of the x-ray structure factor of a
single chain uncomplicated by interchain corre-
lations (/-3). Since that time, the LC phases of
solutions of duplex B-form DNA (B-DNA) have
been extensively characterized by optical (4-9),
x-ray (10), and magnetic resonance (17, /2) meth-
ods for chain lengths VN, ranging from mega—
base pair (bp) semiflexible polymers down to
approximately 100 bp rigid rodlike segments,
comparable in size to the B-DNA bend persist-
ence length, A, ~ 50 nm (/3). These studies of
long DNA (IDNA) have revealed an isotropic
phase (I); chiral nematic (N), uniaxial columnar
(Cy), and higher-ordered columnar (C,) liquid
crystal phases; and crystal (X) phases, with in-
creasing DNA concentration.

The appearance of such LC phases has been
accounted for theoretically by modeling B-DNA
as a repulsive rigid or semiflexible rod-shaped
solute. The basic model is Onsager’s treatment
of monodisperse repulsive hard rods (length Z,
diameter D) (14), which, if they are sufficient-
ly anisotropic in shape, nematic order for vol-
ume fraction @ > @y =4D/L = 24/N (D ~2 nm,
L ~ N/3 nm for B-DNA). The complete computer-
simulated phase diagram for hard rods by Bolhuis
and Frenkel (/5) quantitatively confirms this

The ability of duplex DNA to form liquid
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prediction for L/D > 4.7 (N > 28 bp) and also
shows that for L/D < 4.7 there should be no LC
phases at any . We were therefore surprised to
find nematic LC ordering in short B-DNA du-
plexes (SDNA) of length 6 bp < N < 20 bp, with
the nematic phase appearing for N values an

Fig. 1. Optical textures of the LC
phases of a series of solutions of
sDNA of increasing length obtained
by depolarized light microscopy.
Samples thickness is in the range
4 um < t < 8 um, between glass
plates. Isotropic (I) regions are black.
The chiral nematic phase (N) appears
as fluid birefringent domains when
its helix pitch is a few microns or
longer, or, when the pitch is shorter
than ~400 nm, as a Grandjean
texture with “oily streaks” exhibiting
visible light selective reflection from
the macroscopic optic axis helix (8 bp,
10 bp). The columnar Cy phase is
identified by its smooth develop-
able domains, a consequence of the
uniaxial symmetry and splay ex-
pulsion of the columnar ordering.
At yet higher DNA concentration,
the C, phase exhibits dendritic
growth forms, indicative of lower
symmetry and more solidlike order-
ing. The width of each image is
120 pum.

order of magnitude smaller than those predicted
from @, precluding ordering by the Onsager-
Bolhuis-Frenkel (OBF) criterion. A similar con-
clusion was reached by Alam and Drobny in
attempting to account for a magnetically re-
orientable, orientationally ordered phase in nuclear
magnetic resonance studies of a B-DNA dode-
camer (/2). Additionally, we have observed co-
lumnar LC ordering for these oligomers, which
is also notable, because in the hard-rod models
(15), the only translationally ordered LC phase
appearing is the lamellar smectic A (SmA). We
show that the observation of the nematic and
columnar LC phases provides clear evidence for
end-to-end stacking of the sSDNA into rod-shaped
aggregates. The sensitivity of the aggregation to
complementarity leads directly to a means of
phase separation of complementary SDNA du-
plexes from a solution of complementary and
noncomplementary oligomers.

We studied the series of self-complementary
sDNA duplex-forming “palindromic” oligomers
shown in Fig. 1, along with a variety of noncom-
plementary and partially complementary oligo-
mers (/6). SDNA solutions in gaps of thickness ¢
between glass plates (4 um < ¢ < 8 um) were
observed by (i) depolarized transmission light
microscopy (DTLM) to probe optical textures, (ii)
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optical reflection interferometry (ORI) to mea-
sure refractive indices and thus DNA concentra-
tion ¢ (mg solute/ml solution), and (iii) synchrotron
microbeam x-ray diffraction (XRD) to probe local
molecular organization. Despite the challenges
presented by the extremely small SDNA sample
quantities available, these techniques provided
unambiguous evidence for the N and Cy liquid
crystal phases in the SDNA solutions. At higher
concentration, more ordered C, and X-like
phases, which are yet to be characterized, were
also found. Figure 1 shows DTLM images of
the typical textures. Observation of the local
optical texture and ORI measurement of the
local concentration of the palindromic oligomers
enabled construction of the N-c phase diagrams
of Fig. 2 and figs. S1 and S2 (/6). Figure 2
combines the phase boundaries measured for
sDNA with those obtained from the literature for
IDNA (fig. S1A), along with the predictions
from the Onsager and other models of inter-
acting semiflexible rod-shaped particle and ag-
gregate solutes (fig. SIB). The sDNA solutions

exhibited thermotropic mesomorphism, melting
at sufficiently high temperature, 7, to the optically
isotropic liquid (T) phase. This is shown in fig. S2,
where we plot 7 ¢, the highest 7" at which the N
and Cy phases are found. 77 ¢ grows with N and,
for each oligomer, is higher for the Cy; phase (16).

Figure 2 shows that LC phases are found in
the sub-Onsager region of the phase diagram of
sDNA where they are not expected on the basis
of duplex shape. When analyzed in the context
of the extensive body of theory of the phase
behavior of interacting rods, semiflexible poly-
mers, and self-assembled linear aggregates, this
phase diagram presents clear evidence that the
origin of the LC phases in sDNA is the
equilibrium end-to-end physical aggregation (liv-
ing polymerization) of short duplexes into
extended duplex units that are long and rigid
enough to order. The key observations are as
follows: (i) The SDNA LC phases have all the
basic features of the LC ordering of IDNA: N
phase, a state of negative optical anisotropy,
miscible with the IDNA nematic and exhibit-
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Fig. 2. Experimental ¢ (DNA concentration, mg solute/ml solution) - N (oligomer length) phase behavior
for short and long DNA (sDNA and IDNA, respectively) (fig. S1A), along with the theoretical behavior from
several models of interacting rodlike particles (fig. S1B). (A) The solid red triangles and solid red curve
bound the measured I-N phase coexistence for IDNA (N > 100) (8, 11). The solid red circles and red dotted
line give the measured N-Cy phase boundary of IDNA (7, 10). For N < 20, phase transitions from our data
are marked by red open symbols (I-N, triangles; N-Cy, circles; Cy-Cy, squares), and the range of each phase
is indicated by colored columns (I, magenta; N, cyan, Cy, yellow), at 7= 20°C for 20 > N > 8 and T = 10°C
for N = 6. The range of the N = 12 LC phase of (12) is given by the solid red rectangle. Theoretical phase
boundaries for these transitions from model systems are shown for two choices of the volume fraction @
axis, one with the DNA effective electrostatic diameter D = 4.0 nm (heavy black lines/labels), applicable at
low ¢, and the other with the DNA chemical diameter D = 2.4 nm (21) (heavy orange lines/labels),
applicable at high c, i.e., small N. The D = 4.0 nm phase diagram [black OBF I-N line and dashed black
TBB N-Cy line (fig S1) (15, 17—19)] accounts well for the IDNA I-N and N-Cy data. The open and closed
green dots represent, respectively, the spherical particles of the Lu and Kindt simulations [L = D = 4.0 nm
(18)], and their effective aggregate lengths (V) at the I-N transition. (B) The c-N phase diagram of (A), but
with ¢ scaled with respect to cy.cy, enabling an estimate of the length (V) (purple diamonds), and
aggregation number {a) (blue arrows) in the SDNA aggregates.
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ing a chiral helical precession of the director
producing Bragg reflection (Fig. 1 and fig. S3);
C, phase, at higher concentration, an optically
uniaxial phase exhibiting an XRD structure of
hexagonally packed columns lacking positional
corrrelation along their axes (fig. S4). (i) Ne-
matic and columnar LC ordering can be induced
in weakly anisotropic solutes by equilibrium end-
to-end self-assembly, that is, living polymeriza-
tion of the oligomers into linear chains of particles
(17-19). Computer simulations (/8-20) show
that for sufficiently rigid aggregate chains, the
I-N transition occurs according to the OBF pre-
diction if the average aggregate length (L) is
used in the OBF model [green dots and con-
struction in Fig. 2A (/8)]. Rigidity is a key
requirement, because even infinitely long flex-
ible hard rods (2/) must have a sufficiently long
persistence length for a nematic phase to appear
(Ap > ~10 D). (iii) End-to-end adhesion sup-
presses the lamellar SmA phase predicted for
monodisperse hard rods by favoring end-to-
end rather than side-by-side positional corre-
lations and by introducing unavoidable length
polydispersity into the ordering units, both ef-
fects reducing the entropic free energy gain of
lamellar ordering. (iv) Estimates of the stacking
energy between duplexes are consistent with
end-to-end attraction resulting from the hydro-
phobicity of the faces of their terminal base
pairs (16, 22). This sort of assembly is familiar
in crystalline SDNA (23) and in sDNA/protein
complexes (24, 25), as well as in chromonic
LCs (26), and has been extensively studied for
particular DNA bases; for example, guanosine
forms H-bonded tetramers, which aggregate
into stacks (27). We show here that such aggre-
gation, sketched in Fig. 3A, can have a sub-
stantial effect on the organization and phase
behavior of B-form DNA. Although the du-
plexes individually are not anisotropic enough
in steric shape to produce LC phases, the hy-
drophobic ends cause the formation of much
more anisotropic assemblies that can orienta-
tionally and positionally order.

Figure 2A shows that the IDNA I-N phase
boundary measured for 100 bp < N < 8000 bp
(8, 1) is in reasonable agreement with the
simple Onsager rigid-rod limit (OBF line, fig.
S1) if the effective double-helix diameter is taken
to be Doy = 4.0 nm to account for the electro-
static repulsion between chains at low ¢ (8). The
choice D.g = 4.0 nm also puts the IDNA ex-
perimental N-Cy phase boundary (7, 10) at
on.cu = 0.55, in agreement with models of
long polydisperse rods [Taylor, Bates, Bohle
(TBB) line] (fig. S1) (17, 28, 29). However, as
the oligomer length is decreased, the Cy phase
and the nematic phase persist for duplexes as
short as N = 6, although the ¢ required to
obtain these phases increases with decreasing
N. For N = 6, the N-Cy, transition is found at ¢ =
1,200 mg/ml, about two-thirds that of neat
duplex DNA cpna = ppona = 1,800 mg/ml (30).
Thus, the LC phases of the oligomers of
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