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ABSTRACT: Short DNA double helices in highly concentrated
solutions self-assemble into long noncovalent polymers and
globally order as liquid crystals. What level of helical defect is
compatible with this collective ordering is still unclear. In this
work, we show that a series of 20 bp-long DNA double helices with
different structural defects such as nicks and gaps still retain their
capability to transition into liquid crystalline solutions despite the
increased flexibility of their structure. These results expand our
understanding of the space of hybridization motifs leading to linear
physical polymerization and liquid crystal ordering. Moreover, by
studying liquid-crystalline solutions made of 20 bp-long duplexes
with a central dinucleotidic gap, we find that regardless of the
highly crowded state of the system, guanosine monophosphate
molecules can diffuse in-between the DNA polymers and effectively fill the gap. This finding enables formulation of a prebiotic
scenario where fragmented DNA double helices, held together by self-interactions and supramolecular ordering, form a matrix rich in
substrates for ligation, gap-filling, and primer extension reactions.

■ INTRODUCTION
Hydrogen bonding and hydrophobic base stacking are the
fundamental interactions governing DNA base pairing and
leading to the formation of double helices and to the
propagation of genetic information. Aside from their well-
recognized major role in stabilizing the helical structure,1

attractive stacking interactions between distinct duplexes with
blunt-ended terminals are significant2,3 and are known to drive
the formation of noncovalent polymers in concentrated
solutions of short double helices.4 Specifically, upon increasing
the concentration of well-paired oligomers in aqueous solution,
the system undergoes a sharp transition from an isotropic
state�formed by isolated duplexes or small duplex aggre-
gates�to a liquid crystalline (LC) state in which long linear
chains of duplexes are coherently aligned.4−6 Instrumental to
LC ordering are the stacking interactions between blunt-ended
duplex terminals and the duplex linearity and stiffness, with
bent shapes and high flexibility known to destabilize the
collective ordering and linear aggregation.7−9 However, after
their discovery,4 it was found that the formation of LC phases
in solution of oligonucleotides was way more ubiquitous than
expected, showing up both in DNA and RNA,10 in the system
composed of very short strands hybridizing only in the LC
phase11,12 and in various solutions of DNA oligomers with fully
or partially random sequences,13 a condition where only small
fractions of double helices are expected to be perfectly pairing
and driving the phase transition.14

These observations raise the question of how extended it is
the sequence space in which LC ordering appears. Previous
investigations have studied the relationship between duplex
termini and end-to-end interaction strength.13,15,16 Here, we
focus instead on flexibility and bending of duplex cores by
altering the properties of the mesogenic unit through
discontinuities along the DNA strands (for simplicity, we will
refer to these as defects) and studying their effects on the LC
phase diagram. Specifically, we present a careful character-
ization of a series of 20 bp-long blunt-ended double helices
designed to include a single nick (NCK), three nicks (3NCK),
a single nucleotide gap (GAP), or a dinucleotidic gap (2GAP).
Comparing the extension of the LC ordering among these
species and their intact counterpart (INT) as a function of
concentration (c) and temperature (T) enables the evaluation
of their relative stability and to better understand the
requirements to produce a stable LC solution.

In this study, we also investigate the behavior of more
heterogeneous systems. In particular, we exploit the LC
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ordering and supramolecular assembly of 2GAP to explore
whether free guanosine monophosphate (GMP) can bind to
the structure by noncovalently filling its −CC− gap, thus
opening the possibility for a series of relevant chemical
reactions that can happen where a defect is present, such as
covalent gap-filling,17 primer extension,18 and on-template19 or
off-template ligation.20−22

■ MATERIALS AND METHODS
Stock Solution Preparation. PEG8k stock solutions are

prepared by resuspending the powder (Fluka) in MilliQ water at
different concentrations ranging from 150 to 500 g/L. GMP stock
solutions are prepared by resuspending the GMP sodium salt powder
(Sigma Aldrich) in MilliQ water to reach a concentration of 17.5 mM.
Every DNA oligonucleotide used in this work has been acquired from
Integrated DNA Technologies (IDT). Since oligomers are used at
extremely high concentrations, they must first be cleaned up from
residual salt and synthesis byproducts. The lyophilized powder from
the producer is first diluted in MilliQ water at 20 g/L and centrifuged
at 13 k rpm (Eppendorf 5418 microcentrifuge) for 1 h to pellet any
solid particles that might be present in the suspension. The
supernatant of the centrifuged solution is then dialyzed overnight
against 2 L of 60 mM sodium chloride (powder acquired from Sigma
Aldrich) solution and then lyophilized. The material obtained this way
is weighed and resuspended in MilliQ water at 50 g/L. The DNA
concentration is determined through UV spectrophotometry
(Thermo Scientific Evolution 350 UV−vis spectrophotometer)
using extinction coefficients reported by IDT. Once the purity
(DNA/total material) is checked to be consistent with a low-salt and
high-purity solution, a stock solution is prepared by diluting DNA to
reach a final concentration of 7 mM.
Microscopy Sample Preparation. The DNA samples for

microscope observations are prepared by pipetting multiple drops
of DNA stock solutions on a glass slide. The water content of each
drop is evaporated in air while keeping the glass slide on a plate heater
at 40 °C to improve dryness, and new drops are added until the
desired target concentration is reached. Target concentration in g/L
for a DNA solution as a function of added drops of stock solution can
be obtained through the following simple formula:

=
· ·

+
·c

V n c

V c

i i

i
V n

i i
DNA

drop

drop

DNA (1)

where ci is the concentration of the stock solution in g/L, n is the
number of drops added, and Vdrop is the volume of each drop, which is
typically set at 0.5 μL. When DNA is mixed with PEG and/or GMP,
the solution is resuspended in a final drop of PEG or PEG + GMP.
After the last drop addition, we reach the target concentration and
cover the sample by placing a second glass slide on top of the solution,
assembling a so-called microscope cell. Then, 20 μm silica spacer rods
are placed all around the sample in between the slides in order to keep
them separated at a fixed distance for better reproducibility. The
samples sandwiched in the microscope cells obtained this way are
isolated from surrounding air using y25 fluorinated oil (Fomblin) in
order to maintain stability over time and prevent evaporation at high
temperatures during thermal cycles. Before making any observation
on the samples, they are equilibrated at high temperatures (≃60 °C)
until homogenization is reached and then slowly cooled down to
room temperature. To probe the equilibrium of the sample, we use
visual clues: if the LC phase fills the whole volume and the textures
are homogeneous and melt at the same temperature in every point in
space, then we can confidently say that the sample reached
equilibrium. If this is not the case, we repeat the equilibration
process by reheating it.
Microscopy Observations. Sample observation is performed

using a Nikon TE200 optical microscope with crossed polarizers in
order to identify the typical birefringent textures of LC domains.
Temperature of the microscope stage is controlled using an Instec

mK2000 Peltier module. All micrographs were acquired using a Nikon
DS-Fi3 camera.
UV−Vis Melting Experiments. Melting temperature of DNA

double helices in the diluted regime is measured through UV−vis
melting using a Thermo Scientific Evolution 350 UV−vis
spectrophotometer. We acquire the absorbance spectra by increasing
the temperature between each cycle (Ti ≃ 20 °C, Tf ≃ 90 °C, and rate
= 1 °C/cycle), and the absorbance at 260 nm as a function of
temperature is processed. Data are corrected for lower and upper
baselines, and normalized signals provide a readout of the melting
temperature of the double helix at an signal amplitude equal to 0.5.
Fluorescence Melting Experiments. Melting temperature of

DNA double helices at high concentrations cannot be easily measured
using a conventional spectrophotometer due to signal saturation. In
order to perform such measurements, we exploited the properties of
GelRed (Biotium) whose quantum yield increases when in contact
with double helices. DNA samples in microscopy cells are illuminated
at 550 nm using a LED source (CoolLED pE-4000), and fluorescence
of the sample at 630 nm is captured using a Nikon DS-Fi3 camera.
Average fluorescence as a function of T is then corrected for lower
and upper baselines, and its normalized signal is used to determine the
melting temperature at an signal amplitude equal to 0.5.
Coarse-Grained Molecular Dynamics Simulations. To

investigate the structural properties of studied duplexes, we performed
a series of molecular dynamics (MD) simulations using oxDNA.23−25

Starting configurations were generated using Tiamat26 and converted
to the oxDNA format using TacoxDNA.27 Each duplex initial
configuration was minimized and relaxed as recommended28 with
default mutual traps produced by TacoxDNA. The system was then
simulated without additional forces for 108 steps with dt = 0.003 using
the DNA2 model, salt concentration = 1, john thermostat, Newtonian
steps = 103, pt = 0.1, diffusion coefficient = 2.5, and sequence-specific
interactions.24 A configuration was exported every 104 steps,
converted to the xyz format, and imported in MATLAB for analysis.
To study the structural conformation of the molecules, the 3′ half
backbone elements of the template strand were aligned using Horn’s
method29 to a reference B-DNA structure produced with Tiamat, and
the median structure was calculated as a reference for comparisons.
To study the molecule bending, the angle between the two halves of
the molecules is computed. The vectors used to determine the angle
are calculated between the 1st and 10th-backbone element of the
template strand and the 11th and 20th elements. A histogram is
calculated to capture the flexibility and preferential angle assumed by
the duplex. Fraying of nucleobases is studied by analyzing the distance
between interacting bases as a function of time. The threshold for the
hydrogen bonds is set at 0.6 simulation units, so that every time the
two nucleobases adjacent to a defect diffuse at a distance larger than
0.6 simulation units, we annotate a fraying event. These events are
summed up among all flaking sites and binned with a 0.5 ns time
window for plotting.

■ RESULTS AND DISCUSSION
Phase Diagrams and Melting of DNA Double Helices

with Structural Defects. In this work, we aim at under-
standing how alterations in the central part of double helical
structures affect the formation of DNA-based LC phases. We
have designed a series of 20 bp DNA double helices with equal
blunt-ended termini as sketched in Figure 1a as intact (INT)
or having either a single nick (NCK), three nicks (3NCK), a
single nucleotide gap (GAP), or a dinucleotidic gap (2GAP).
All sequences share the same common 20 nt-long template
strand. For each of these species, we prepare a series of
microscopy cells with DNA samples at various concentrations
(cDNA) up to 400 g/L (≈60 mM), and for each sample,
polarized optical microscopy observations are performed at
different T to evaluate the presence of LC ordering. The map
of these observations in the cDNA−T plane identifies a phase
diagram as depicted in Figure 1b, where open and closed dots
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mark conditions in which the system is in isotropic and LC
phases and where the phase boundary (line) is obtained by
data interpolation. The area of the LC phase, i.e., its extension
toward large T and small cDNA, is an indication of the stability
of LC supramolecular assembly. As defects are introduced in
the double helices, the phase boundaries retain the same basic
features while being shifted to higher cDNA and lower T (Figure
1c). Comparison between the different phase boundaries
reveals a hierarchy of stability: at low T, by ordering the values
of cDNA where the transition to LC occurs, we find that INT >
NCK > 3NCK > GAP >2GAP. The latter is so heavily
destabilized by its defect that it does not produce any
detectable phase at least up to 400 g/L and its phase boundary
is thus not shown here. Upon increasing T, the hierarchy
changes in a nontrivial way, with 3NCK phases disappearing at
lower T and crossing the GAP phase boundary. Figure 1c also

shows, for comparison, the phase boundary of a solution of a
self-complementary DNA 10mer (10S, 5′-CGACTAGTCG-3′,
black dashed line). Such a phase diagram lies close to those of
NCK and GAP, which share with 10S the length of the well-
formed sections of double helices, and these three together
with 3NCK converge to a similar concentration (≈200 g/L) at
low temperatures, suggesting that their structures diverge as T
increases due to the different nature of their structural defects.

Since the LC phase depends on the presence of stable
double helices in solution, we study to what extent the
observed loss of stability of the supramolecular assemblies
simply reflects a difference in the melting T of the duplexes
(Tduplex). We perform a set of melting experiments at low (cDNA
≈ 5 μM) and high concentrations (up to cDNA ≈ 50 mM),
whose results are shown in Figure 1d scattered against the
values predicted by the software NUPACK30 using the nearest
neighbor (NN) model for nucleic acid thermodynamics to
determine the energy of multistrand structures. We find that
the agreement is good even at high concentrations, even
though the NN parameters were optimized in a diluted regime.
Since we have validated NUPACK against our defected
duplexes, we use its predictions to extract the cDNA dependence
of Tduplex over the whole range of concentrations used in this
work, as shown in Figure 1c (dotted lines), where it is possible
to appreciate some level of correlation between Tduplex and
Tphase (the melting temperature of the LC phases).
Interestingly, we find in the case of 3NCK that Tphase lies
extremely closely to Tduplex, pointing to a low stability of its
supramolecular ordering at high temperatures as a direct
consequence of 3NCK duplex melting. In all the other cases,
we find that (Tduplex − Tphase) > 20 °C (Figure 1c, compare
continuous and dotted lines), indicating that the LC
destabilization in such cases is not due to the melting of the
duplexes but rather lies in other features of the supramolecular
assembly, which must be investigated more in depth.
Coarse-Grained MD Simulations. Since the shape of the

DNA double helices is known to affect the overall supra-
molecular assembly,7−9 we study here the conformations
accessible by our molecules, performing a series of coarse-
grained MD simulations with oxDNA, a nucleotide-level model
optimized to describe the thermodynamics of hybridization
and the structure and mechanical properties of single-stranded
and duplex DNA.23−25

We run a series of simulations and extract the median
conformation acquired by the molecules as representative for
their structure, shown here for a direct comparison (Figure
2a). We can see that even though the supramolecular ordering
of NCK and 3NCK is significantly destabilized with respect to
INT, only minor differences can be found among structures
assumed by their double helices. This result agrees with
previous studies on nicked molecules31 and suggests that these
subtle differences are amplified in the process of producing LC
ordering.

Simulations performed on GAP molecules instead show that
this molecule has a markedly distinct behavior with respect to
INT, NCK, and 3NCK. Literature studies in double helices
with a single gap have shown that these are not isotropically
flexible around their defect. Instead, they can maintain a B-
DNA structure while preferentially bending in a defined
direction.31,32 This phenomenon is correctly modeled by
oxDNA, with GAP preferentially acquiring a more bent
structure and showing an increased flexibility. To capture
this feature, we show in Figure 2b the angle θ measured

Figure 1. (a) Sketches of double helices used in this work, with the
sequences used to form them and their identifying name and color.
(b) Phase diagram (cDNA vs T) of 20 bp intact dsDNA (INT)
suspended in aqueous solution. The phase diagram is built by
observing samples of different cDNA through optical microscopy with
crossed polarizers. We cool the samples from high T and take note of
the appearance of birefringence signaling the formation of liquid
crystal ordering. The solid line marks the boundary between the
isotropic phase (empty circles) and liquid crystal ordering (filled
circles). (c) Full lines: phase boundaries of each system obtained
through polarized optical microscopy. Dotted lines: NUPACK-
predicted Tduplex of the various double helices. Black dashed line:
phase boundary of a self-complementary decamer (10S). Blue dashed
line: phase boundary of a mixture of INT (80%) and 2GAP (20%).
(d) Correlation between NUPACK predictions and experimental data
for Tduplex of studied double helices. Data are obtained through UV
spectrophotometry (empty circles) and fluorescence microscopy
(filled circles). (e) Liquid crystal phases at cDNA = 300 g/L as
observed in polarized optical microscopy. Textures of LC formed by
defected helices, such as 3NCK (yellow frame), appear different from
those of the INT system (blue frame) and similar to those formed by
the self-complementary decamers (black frame), NCK and GAP (not
shown).
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between the two halves of the duplexes, which shows both
peak shift (change in preferential θ) and a severe spreading
(enhanced flexibility) for gapped molecules.

Simulations of 2GAP show a deformation qualitatively
similar but more severe than GAP. The double gap makes this
molecule more flexible around its defect, enabling accessing
extremely bent conformations with the two double helix halves
freely rotating while connected by the backbone behaving as a
flexible linker.

Aside from shedding light on structural features, oxDNA can
be used to study fraying on pairs of terminal nucleobases,33 a
phenomenon with a significant impact on coaxial stacking,
which is known to be suppressed by dangling ends.21 Fraying,
which consists in the transient opening and closing of the
terminal nucleotides of double helices, is observed in our MD
simulation and summarized in Figure 2c for the study of
3NCK. During the simulated experiment, we annotate whether
at least one fraying event occurs every 0.5 ns�shown here as a
vertical black line�accounting for the transient opening and
closing of the upstream or downstream nucleobases immedi-
ately adjacent to the three different nicks present in the double
helix. This study has been repeated at three different T (5, 20,
and 30 °C) to gather a clearer understanding of the
phenomenon in the context of 3NCK.
Liquid-Crystalline Phase Stability of Nicked and

Gapped Double Helices. The LC-forming units in solutions
of NCK, GAP, 2GAP, and 10S can be envisioned as made by
two 10 bp-long duplexes (10 bp + 9 bp for GAP and 10 bp + 8
bp for 2GAP) held together by stacking forces alone (10S) or
combined with the proximity constraint due to a continuous

backbone (NCK) or a backbone with 1 or 2 unpaired bases
(GAP and 2GAP). The phase behavior of NCK clearly
indicates that the linear stacking of the two halves of the LC-
forming unit is favored by the continuity of the template
backbone. The same cannot be said for the GAP LC-forming
unit. Indeed, the nearly identical phase diagrams of GAP and
10S indicate that the entropic advantage brought about by the
chemical continuity of the GAP template, by which the two
halves are always in contact, is compensated by the more
difficult packing and collective ordering resulting from the bent
GAP structure (Figure 2b). The similarity of GAP and 10S is
not limited to the LC phase boundaries but also to the specific
molecular arrangement: at 300 g/L, both GAP and 10S are in
the chiral nematic phase, a form of LC ordering less regular
than the columnar phase ordering observed at the same
concentration in INT solutions. The two LC phases can be
distinguished by observing their textures in polarized optical
microscopy (Figure 1e).

A similar yet more extreme behavior is observed in 2GAP.
MD simulations indicate that 2GAP has a larger mean internal
bend than GAP and that it can more easily form highly bent
structures, as indicated by the larger tail of the angular
distribution in Figure 2b. Phase behavior study indicates that
the two-base-long gap makes the stacking between the two
helical halves of 2GAP too weak and the structure too bent to
form LC order. These observations indicate that a flexible
linker between the double helices is not neutral at all for their
stacking, but rather it destabilizes both the molecular structure
and the supramolecular ordering.

The relevance of bending and flexibility in the phase
behavior of GAP and 2GAP suggests that these must be the
factors that reduce the stability of the LC phase in NCK and
3NCK with respect to the INT duplex too. Indeed, at low T,
the LC phase of NCK and 3NCK is found at a concentration
of about 50 g/L larger than in INT, an effect that has to be due
to the extra flexibility of these helices given by the nicks.
According to the well-established literature, it is possible to
determine the fraction of unstacked nicked duplexes at any
time, an evaluation experimentally confirmed by the observable
effects of one nick on the migration of a double helix in a
polyacrylamide gel.1 We can hypothesize that the destabiliza-
tion measured in NCK is all due to a small subpopulation of
duplexes where the nucleobases flanking every nick are
unstacked, rendering the adjacent helice stretches free to
rotate in conformations�according to that seen in GAP and
2GAP�that will impair LC formation in the explored cDNA
range. To test this hypothesis, we prepared mixtures of INT
and 2GAP to reproduce a solution composed of a rigid
population (INT) and a flexible population (2GAP), emulating
what we would expect in NCK solutions. Indeed, we find that a
mixture made of 20% flexible molecules is enough to heavily
impact the phase behavior of INT and effectively reproduce
the phase boundary of NCK in a range studied here from 0 to
30 °C (light blue dashed line in Figure 3c). This piece of data
provides a simple understanding of the nicked duplex behavior
as mediated by its unstacked state: following this model, we
can treat that the NCK mixtures are composed at any time of
80% stacked NCK molecules and 20% unstacked NCK
molecules, an equilibrium population corresponding to a free
energy difference of ∼1.0 kcal/mol, a value in agreement with
literature data on stacking energy.

Although these notions provide a satisfactory explanation for
the observed data, they need to be reconciled with the results

Figure 2. (a) Projection in the XY plane of the 5′ half of the 20 nt
template strand for studied duplexes at 20 °C (color code in panel b).
Each structure is obtained by aligning via roto-traslation the 3′ half of
all double helices over a reference B-DNA structure. The median
structure of the 5′ half of the template strand is extracted and depicted
here as representative of the backbone spatial configuration. The
arrow points to the 5′ end of the strand. (b) Angle θ between the two
halves of the template strand at 20 °C. The vectors used for the angle
calculation are defined as sketched in the 2GAP duplex snapshot. As
gaps are introduced in the duplex, it becomes more flexible and
preferentially bent. (c) Fraying time-courses in 3NCK at 5, 20, and 30
°C. Each time series is obtained by 0.5 ns binning of fraying events at
sites flanking nicks (nucleobases in positions 5, 6, 10, 11, 15, and 16
on the template strand). Every vertical black line corresponds to the
presence of at least one fraying event among all monitored positions
in the corresponding 0.5 ns time window. Fraying events become
more frequent as the temperature increases.
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of the MD simulations that do not show significant differences
between the double helical structures of INT and NCK in
diluted conditions. Indeed, oxDNA results suggest that the
timescale for stacking/unstacking of nicked duplexes is too
short for the two halves to completely decorrelate their
orientation. The origin of the contradiction might be in the
effects of crowding. We argue that, in analogy to the collapse of
flexible polymers induced by crowded environments,34 nicked
helices might more easily fold because of the interactions with
either the polyacrylamide gel network1 or with the surrounding
copies of the same duplexes as seen in this work.

The effect of nicks is also evident at large cDNA in the thermal
stability of the LC phase, which is markedly reduced with
respect to INT. We understand this effect as a combination of
the decrease of the stacking free energy with T and of fraying,
which transiently disrupts stacking at the nicks. Indeed, our
study of 3NCK fraying (Figure 2c) indicates a marked increase
in the frequency of fraying events as T rises, an effect that
necessarily promotes local flexibility and further destabilizes
supramolecular ordering.
Liquid-Crystalline Phases in Solutions of DNA Double

Helices and PEG. Since it is problematic to produce
homogeneous solutions of DNA at concentrations higher
than 400 g/L, we rely here on the properties of PEG to

produce highly concentrated DNA-rich domains via phase
separation whose concentration is governed by the osmotic
pressure provided by PEG.35,36 This strategy enables exploring
large values of cDNA and hence determines whether the absence
of LC phases of 2GAP was a limitation due to concentrations
or if it is instead caused by some intrinsic impairment in its
supramolecular assemblies. We prepare a series of microscopy
flat cells with DNA−PEG mixtures and study their behavior as
a function of PEG concentration (cPEG) and temperature using
polarized optical microscopy. At low PEG concentrations, the
solution remains uniform�no phase separation�with DNA
and PEG homogeneously mixed. Upon increasing cPEG, the
solution undergoes a phase separation, where small DNA-rich
domains appear with local cDNA large enough to induce DNA
LC ordering and residual PEG concentration in the order of
only a few g/L.36 As the T increases above Tphase, the LC phase
inside the DNA-rich domains becomes isotropic (Figure 3a).
From these observations, we can once again assemble phase
diagrams, whose phase boundaries in the cPEG−T space convey
information on the relative stability of the different species
studied in this work (Figure 3b). Using this approach, we
confirm that NCK and GAP have a very similar behavior and
that they are both less stable than INT. Moreover, we can
observe liquid crystal ordering of 2GAP, confirming that the
supramolecular ordering of this species is dramatically
destabilized by the presence of the double gap but not
completely impaired.

The comparison between the phase diagrams in Figures 1c
and 3c enables us to obtain a rough estimate of the DNA
concentration inside the DNA-rich domains in PEG using
Tphase as the reference: for cPEG = 150, 200, 250, and 300 g/L,
we can determine cDNA of about ≈225, 310, 360, and 410 g/L,
respectively, starting from an average cDNA equal to 46 g/L,
which indicates that phase separation and PEG osmotic
pressure effectively enhance the DNA concentration with
respect to the mixed state by factors of 4.9, 6.7, 7.8, and 8.9,
respectively.
GMP Increases 2GAP Phase Stability. Since the

significant destabilization of 2GAP supramolecular ordering
is due to the absence of two consecutive nucleotides and the
resulting increase in the molecule flexibility, we investigate
whether it is possible to partially restore the molecular rigidity
by filling the −CC− gap using GMP. In other words, we
investigate if the molecular environment around the gap can
act as a binding site for GMP and exploit the phase behavior as
an indicator of such binding.

We prepare a set of microscopy cells with DNA−PEG by
adding an excess of GMP ([GMP] = 10 · [DNA]) in a large
enough amount to produce effects on LC phases that are easily
measurable without causing any precipitation or apparent
anomaly. We focus our attention on the phase behavior of
NCK, GAP, and 2GAP and compare it with the one obtained
without GMP, finding that the addiction of GMP has
nontrivial effects depending on the DNA oligonucleotides
used in the system, having either a positive, neutral, or negative
influence on supramolecular ordering. The addiction of GMP
to NCK−PEG mixtures causes a reduction of LC-phase
stability (see Figure 4a, red symbols vs red line), an effect
already observed when extra molecules are solubilized in the
crowded environment of DNA LC: when these additional
solutes have sizes comparable with the LC interstitial space,
their presence hampers self-assembly and ordering.21 We can
speculate here that this effect may be raising from (i) GMP

Figure 3. (a) Sketches (top) and microscope pictures (bottom)
illustrating the behavior of DNA−PEG mixtures. The samples can be
either mixed (left panel) or produce a phase separation in which a
PEG-rich solution hosts DNA-rich domains either in the isotropic
state (middle panel) or with LC ordering (right panel). Purple and
green arrows show the relative orientation of the microscope analyzer
and polarizer setup for image acquisition. (b) Phase diagram (cPEG vs
T) of 2GAP double helices suspended in PEG solutions. The solid
line marks the boundary between the isotropic phase (empty dots)
and liquid crystal ordering (full dots) in the phase-separated DNA-
rich domains, as recognized by comparing images taken with crossed
and uncrossed polarizers. At low cPEG, the system remains mixed and
homogeneous (crosses). (c) Phase diagrams (cPEG vs T) of the various
short dsDNA species in PEG solutions. We highlight the boundary for
each species, as previously defined, using solid lines.
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directly interfering with LC ordering, for example, by stacking
on DNA duplex termini and competing with end-to-end
aggregation or (ii) by GMP altering the phase separation by
diluting the DNA-rich phase, for example, producing
aggregates37,38 that cannot effectively fit in the LC interstitial
spaces and that would result in an increase of the DNA-rich
domain volume. We could not observe any significant change
in the phase-separated volume as GMP is added, supporting
either the hypothesis of a direct interaction or that the dilution
effect is so subtle that polarized microscopy observation can
hardly capture it.

GMP has almost no effect on the LC ordering of GAP
(purple symbols vs purple line), resulting in LC phases that are
more stable than those of NCK−PEG−GMP. Since the phase
diagram of NCK and GAP is very similar both with or without
PEG in solution, the presence of GMP in the interstitial spaces
between columns of aggregated GAP duplexes should
destabilize the ordering as it does for NCK or even more,
given the larger flexibility of GAP. The minimal destabilization
observed here suggests that GMP, to some extent, interacts
with GAP and restores the helical continuity. The binding of
GMP in the double helical gaps is much more evident in the
behavior of 2GAP, whose LC ordering is greatly stabilized by
GMP (green symbols vs green line), with its thermal stability
larger than that in NCK−PEG−GMP. Remarkably, the

addition of GMP favors the appearance of LC ordering in
conditions where it is otherwise not observed, such as for cPEG
= 150 g/L. The 2GAP stabilization provided by GMP is
progressive, as we can observe by preparing three sets of
2GAP−PEG−GMP microscope cells with cPEG = 200, 250, 300
g/L and adding GMP at different initial concentrations ranging
from 0 mM up to 70 mM (corresponding to [GMP] = 10 ·
[DNA]). We observe that the 2GAP supramolecular order is
increasingly stabilized by GMP as a function of its
concentration (Figure 3a).

We interpret this enhanced LC phase stabilization of
2GAP−PEG as the result of the binding of GMP to 2GAP.
Since Tphase of 2GAP−PEG−GMP is always lower than Tphase
of GAP−PEG, it is reasonable to assume that it is controlled by
GMP binding. In other words, the 2GAP−PEG−GMP LC
phase melts whenever the temperature is too large for GMP to
remain bound to 2GAP, which is analogous as saying that the
concentration of GMP in the system equals its binding
constant.

Accordingly, the melting temperature can be expressed in
terms of the enthalpy (ΔH) and entropy difference (ΔS)
between the bound and unbound states using the van’t Hoff
equation:

=
· [ ] +

T H
R Sln( GMP )phase

T (2)

where [GMP]T is the total concentration of GMP that
determines the experimentally observed Tphase, equal to the
dissociation constant of GMP binding to the dinucleotidic gap.
Since the basic assumption in eq 2 is that the LC melting is
GMP binding-limited, we expect this equation to hold for large
enough [GMP]/[DNA], where the behavior of the solution
does not depend strongly on the phase behavior of 2GAP by
itself. We do not expect it to hold for small values of [GMP]/
[DNA], since the LC phase in this regime has instead a GMP-
independent melting temperature. To reach a quantitative
estimate from eq 2, we assume that GMP in PEG is phase
separated with DNA, and thus, its concentration is enhanced
by the same factor as cDNA.

To proceed with our analysis, we extract ΔH and ΔS from
the van’t Hoff plot of Tphase and [GMP]T (Figure 4d). In such a
plot, we expect our data to align on a straight line if the
measured binding constants belong to a single reaction with
enthalpy and entropy changes that are temperature-independ-
ent. In our case, we can see how our data points lie on a
straight line (black continuous line) for [GMP]/[DNA] > 2, in
line with what was expected. As [GMP]/[DNA] becomes low,
instead, our datasets diverge toward the melting temperature of
the 2GAP−PEG mixtures without any GMP (black dashed
lines, each one for a different PEG concentration). From the
slope and intercept of the line for the GMP-limited melting, we
can determine best fitting ΔH equal to −8.1 kcal/mol and best
fitting ΔS = −25 cal/mol/K. These values are comparable with
literature data on GMP binding on a DNA template in
isotropic conditions39 and support our description of the phase
stabilization through direct GMP binding. It can be noted that
any diluting effects on DNA and/or GMP, such as the one
potentially coming from GMP aggregation, would make our
calculated values a lower estimate for GMP binding strength to
a double gap in a LC phase.

Figure 4. (a) Result of the solubilization of guanosine mono-
phosphate (GMP) in DNA/PEG solutions. Solid symbols represent
LC boundaries in samples with [GMP] = 10·[DNA]. The color code
is given in panel b. Phase boundaries without GMP (from Figure 3c)
are also reported to provide a reference. (b) Sketches of GMP−DNA
interaction at defected sites: no binding is expected for NCK, while a
gap filling process is possible for both GAP and 2GAP. (c) Progressive
stabilization of 2GAP−PEG LC phases due to GMP. We plot the
liquid crystal melting temperatures (Tphase) as a function of GMP
molar concentration for three different concentrations of PEG. (d)
van’t Hoff plot for 2GAP and GMP binding as defined in the main
text. All datasets align on a straight line for large [GMP]T, giving
insight on the binding strength. For low [GMP]T, the phase stability is
no longer determined by GMP binding and therefore diverges to the
melting temperature of the 2GAP−PEG phase (dashed lines).
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■ CONCLUSIONS
In this work, we have studied the LC phases that form, via
collective supramolecular ordering, in solutions of a set of
oligonucleotides chosen to share a large part of their sequence
but differ for the presence of structural defects of various kinds.
Our findings are on three levels.

Through a systematic study of phase diagrams (concen-
tration vs temperature) of species having an intact backbone or
discontinuities such as a single nick, multiple nicks, one gap, or
two gaps, we found that supramolecular ordering in DNA is
highly resilient to duplex alterations to a degree not recognized
before. We indeed observed LC ordering in all species we
considered, provided that the appropriate concentrations and
temperatures are met.

The collective ordering appears as a powerful tool to
appreciate the structural differences between nucleic acid
duplexes, in particular bending, flexibility and duplex melting.
A clean hierarchy of phase stability can be recognized, which
reflects the distinct structural features of the species under
investigation. The observations agree with literature structural
studies and coarse-grained MD simulations presented here. A
noteworthy example is the case of 3NCK whose phase
boundary crosses the one of GAP at increasing temperatures,
indicating a better formed structure of 3NCK at low T and a
larger thermal stability of GAP.

By exploiting the phase behavior as a gauge for the duplex
structure, we have shown that 2GAP can assemble into LC
phases when mixed with PEG8k, and its behavior can be tuned
by doping GMP in a concentration-dependent fashion. We
understand and study this phenomenon as due to a gap-filling
process whose association energy difference, here extracted
from the LC phase boundary, we find to be comparable with
GMP binding energy measured in diluted conditions for
analogous systems. Unfortunately, given the complexity of the
system, we cannot distinguish at this time between a single or
double gap-filling phenomenon. Since each discontinuity is the
site for a potential chemical reaction, we speculate here that a
crowded supramolecular matrix produced by fragmented DNA
double helices could provide a substrate where efficient primer
extension and ligation reactions21,22 can occur.
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