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Control over the structure of materials may be achieved by
using predictable interactions, such as base pairing. Base
pairing between DNA strands is emerging as one of the most
versatile design principles of nanoconstruction.!]' A range of
hybridization” and folding motifs® of linear and circular
DNA have been reported. The flexibility of the design has
been further expanded by linking oligonucleotides to syn-
thetic branching elements or “cores”."*! The resulting con-
struct can have properties not found in natural DNA. This
includes DNA-coated gold nanoparticles'® that assemble into
three-dimensional aggregates, the melting transitions of
which are exceptionally sharp.”! Nanoparticle size and
linker structure affect the association behavior,® and crystal-
lization may be induced in favorable cases.”!

For DNA hybrids with organic cores, the effect of linking
the DNA to a branching element can be more dramatic still.
Four-arm hybrid 1 (Scheme 1) with its tetrahedral core was
recently shown to assemble into a macroscopic material, even
though its oligonucleotide arms are just dimers.") The
assembly process is sequence specific, as demonstrated by
mismatch controls, but the UV-melting transitions are broad,
not sharp as in the case of gold nanoparticles. Shortly after the
publication of the unusually stable assemblies of 1, the first
designed DNA crystals were reported.'!] The fact that the
association of the rigid triangle motifs that serve as rigid
“cores” in these crystals is also driven by no more than dimer
“sticky ends” again suggests that the rules for 3D construction
of periodic assemblies are quite different from those of linear
DNA.!"
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Scheme 1. Structures of the DNA hybrids employed: (CG),TPM (1),
(CG)HPX (2), and (CG),TTPA (3). Abbreviations of cores are derived
from those of the corresponding alcohols: TPM =tetrakis (hydroxyphe-
nyl)methane, HPX = hexakis (hydroxyphenyl)-p-xylene, TTPA = tetrakis-
(triazoylphenyl)adamantane.

We have modeled the assembly processes of hybrids by
using an effective coarse-grained model to better understand
the effect of rigidity and core geometry on assembly. The
theoretical results motivated the synthesis of new hybrids
with greater propensity to assemble into three-dimensional
structures. Herein, we report two such hybrids, namely 2 with
six DNA arms and pseudo-octahedral core, and 3, which
forms a material from micromolar aqueous solution at 95°C.

We performed Brownian dynamics simulations with geo-
metric forms that hybridize via the ends of their arms as
models for DNA hybrids. These uncharged, coarse-grained
models can reflect some key properties, such as size,
coordination, and energy of bond formation as a function of
bond angle and distance. To observe the assembly processes,
the simulations had to be performed at high concentration
(3 mm), and environmental effects (such as salt concentration,
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electrostatic screening), required for quantitative prediction
of the assembly temperature, cannot be adequately described.
Simulations at half the concentration show a weak depend-
ence of the assembly temperature on concentration, with a 7},
depression of 4-8°C.

Figure 1a shows typical results of a tempering protocol.
Hybrids with tetrahedral cores and flexible linkers were
found to have a large propensity to form both five- and six-
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Figure 1. Modeling assembly processes. a) Order, but not energy, as a
function of temperature for simulated adiabatic cooling of simplified
models of hybrids with flexible tetrahedral (red), rigid tetrahedral
(blue), or octahedral structure (green). b) Energy per bond (in units of
artificial duplex strength) for tetrahedral hybrids with one active DNA
arm (black, reference system) or four active arms and rigid (blue) or
flexible (red) core—-DNA linkage. Models used are without the charge
of actual DNA or its counterions.

membered rings, thus leading to an arrangement without
long-range order (red structure in Figure 1a; see the Sup-
porting Information for definition of order parameter). The
broad distribution of local bonding arrangements may explain
why broad melting transitions are observed for 1. However,
for stiffer hybrids (that is, small angular range for hybrid-
ization) we observed mostly six-membered rings that coalesce
into extended crystalline structures reminiscent of the two
phases of ice in their local arrangement (blue structure in
Figure 1a). This indicates a significantly stronger propensity
for the emergence of long-range order for the rigid system,
even though the bond energy per particle in the final structure
is very similar to that of the more flexible system.

We then modeled the assembly of octahedrally coordi-
nated hybrids, which were expected not to suffer from the
problem of multiphase crystallites. Compared to the tetrahe-
dral cores we found an increased tendency to form ordered
structures with a near perfect coordination throughout the
entire crystallites (Figure 1a, green structure). This led to the
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search for a core with pseudo-octahedral structure but no
increase in flexibility over 1.

Hybrid 2 was assembled starting from dimethyl tereph-
thalate (4) via 1,4-phenylenebis|[bis(4’-methoxyphenyl)me-
thanol] (5) and HPX (6, hexakis(p-hydroxyphenyl)-p-
xylene;!™¥ see the Supporting Information). A crystal struc-
ture of 6 showed the expected pseudo-octahedral geometry
(Figure 2 a). The molecules are linked by intermolecular OH—
O hydrogen bonds forming a two-dimensional network of
channels parallel to the crystallographic a and b axes with

Figure 2. a) Molecular structure of 6 viewed along the xylene axis.
b) Crystal packing with solvent benzene as guest. See the Supporting
Information for further details.

53.1% porosity, filled by five benzene guest molecules per
unit cell and formula unit (Figure 2b).

Based on 6, solid-phase synthesis on controlled-pore glass
with a combination of 5'- and 3'-phosphoramidites and an on-
support phosphitylation step gave 2 in 5 % overall yield, after
purification under denaturing conditions. Adamantane hybrid
3 was prepared next, using a solution-phase synthesis that
involved a cycloaddition and phosphoramidite coupling to
elaborate the DNA arms' (see Scheme S3 in the Supporting
Information). The strong tendency of this hybrid to self-
assemble required unconventional steps. A phosphoramidite
coupling at 40 °C was followed by treatment with a mixture of
oxidizing agents and detritylation with aqueous acid. Final
deprotection with a mixture of ammonia and methylamine,
and thorough washing of the basic solution, gave a crude
product that was > 85 % pure (see Figure S4 in the Supporting
Information). For HPLC, 3 was dissolved at 80°C with 10 %
CH;CN and chromatographed with 10 mM buffer in the
presence of organic solvent at 55°C.

Angew. Chem. 2011, 123, 3285-3289


http://www.angewandte.de

Figure 3 shows absorbance profiles of 1-3 at 10 um hybrid
concentration, measured at 260 nm. Assays started under
denaturing conditions (10 mm NaOH, 95°C), followed by
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Figure 3. UV-monitored thermal association and melting profiles (heat-
ing: open symbols, cooling: filled symbols) of 10 um 1-3 in a) 10 mm
phosphate buffer, 1.5 mm NaOAc, or b) plus 150 mm NaCl and

100 mm MgCl,. Increases in absorbance in the cold are caused by
scattering on particles, while the sharp decrease in absorbance for 3 in
the heat is a result of precipitation.

neutralization at 95°C. At the hybrid concentration chosen
and minimal salt concentration, 1 showed no transition,
whereas both 2 and 3 gave association and melting curves with
little hysteresis. Additional precipitation/melting curves
acquired under other buffer conditions are presented in the
Supporting Information.

After addition of NaCl and MgCl, and cooling, all hybrids
showed macroscopic signs of assembly (Figure 4). The onset
of particle formation depended strongly on structure
(Table 1). Without magnesium, only 3 assembled visibly.
After addition of divalent cations, six-arm hybrid 2 started to
form particles below 25°C and flexible four-arm hybrid 1
below 10°C. For rigid hybrid 3 the propensity to assemble is
most dramatic. This hybrid starts precipitating even at 95°C,
as evidenced by a sharp decrease in absorbance and settling of
the material. The assemblies melted slowly during subsequent
heating, as expected for solids (hysteresis between heating
and cooling curves). The material formed by 3 did not fully
redissolve upon reheating to 95°C.

Linear DNA does not precipitate under our buffer
conditions (see Figure S16 in the Supporting Information).
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Figure 4. Photographs of cuvettes containing: a) samples of hybrids
1-3 (10 um), 150 mm NaCl, and 100 mm MgCl, at 20°C under ambient
light (1 shows slight turbidity, both 2 and 3 show precipitation), and

b) samples of 2 (38 um), ethidium bromide (EB, 120 um), and the
precipitate of 2 soaked in EB (2+ EB) under a hand-held UV lamp
(254 nm+366 nm).

Table 1: UV melting points [°C] of assemblies formed by branched DNA
hybrids at 10 pm concentration.

Compound Bufferl?! +Na*P! +Mg*d
(CG),TPM (1) nt 14+0.8 solid!
(CG)¢HPX (2) 18.7+0.9 251413 solid!”
(CG),TTPA (3) 61.5+0.7 solid®! solid®!

[a] 10 mm phosphate, 1.5 mm NaOAc, pH 7. [b] +150 mm NaCl. [c] +
100 mm MgCl,. [d] No cooperative transition. [e] Turbidity at <10°C.
[f] Turbidity at <25°C. [g] Precipitation at <95°C.

Control experiments with hybrids featuring non-self-comple-
mentary DNA arms, namely (TC)HPX and (CC),TTPA,
demonstrated that the association is sequence specific, as
predicted by the Watson—Crick base-pairing rules (see
Figures S12-S15 in the Supporting Information). Similar
controls for 1 were reported previously, together with a
series of hybrids with longer DNA arms.' Analysis of
precipitates harvested after 15 h at 4°C by UV spectroscopy
and MALDI-TOF mass spectrometry confirmed that the
precipitates contain intact hybrids (see Figures S18-S20 in the
Supporting Information). Staining with duplex-specific inter-
calator YOYO-1 indicates the formation of base pairs, and
electron micrographs of particles show the formation of
regularly shaped nanocrystals in precipitates (see Figures S17,
$23, and S24 in the Supporting Information). For 3, sufficient
material was available to perform exploratory elemental
analyses of precipitates. The CHN content is in agreement
with approximately 40 % water and 24 equivalents of salt in
the assemblies (see the Supporting Information).

Soaking preformed precipitates of pseudo-octahedral
hybrid 2 with intercalators for 15 h at 4°C led to the uptake
of approximately one equivalent of ethidium bromide per
predicted CG:GC duplex and approximately 0.7 equivalents
of methylene blue per predicted duplex (Figure 4b and the
Supporting Information). This suggests that 1) a large pro-
portion of the DNA arms engages in duplex formation, and
2) sufficient porosity exists for the intercalators to enter the
material. Both properties are in agreement with the predicted
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structure of 2 (green line, Figure 1a). Larger crystallites than
those shown in Figures S23 and S24 in the Supporting
Information are required to confirm the structure of the
solids by X-ray crystallography. So far, we have been unable
to grow such crystals.

To rationalize the ability of hybrids to assemble with just
dimer DNA arms, we performed additional simulations.
When three arms of a tetrahedral model system were
deactivated to simulate duplex formation without multi-
valency, a much lower assembly temperature was found
(black line, Figure 1b). So, the increase in melting temper-
ature when proceeding from conventional DNA dimers to 1
and then 2 found in calculations is in qualitative agreement
with our experimental data. The additional massive increase
in assembly temperature for 3 over 1 appears to be largely the
result of electrostatics, as 3 has only four negative charges
whereas 1 and 2 have eight and twelve, respectively.

Our results show how core structure and salt content
affect the assembly process of branched DNA hybrids. By
using CG “zippers” and organic cores, new materials are
generated in a simple manner. The discovery of compounds
such as 3 shows that many factors, including 1) increased
rigidity, 2) reduced charge, 3) optimal fraction of organic,
non-DNA matter, and 4) appropriate counterions, must come
together to achieve hybridization, and indeed solidification at
temperatures where linear DNA remains fully dissociated.
Growing macroscopic crystals and learning the rules for
embedding functional molecules!'” or substrates in the
cavities of hybrid assemblies are the next steps in the
development of hybrid-based functional materials.

In conclusion, we have shown the dramatic effect of
multivalency and a rigid, uncharged linker on the association
of branched DNA in dilute aqueous solution. Two base pairs
per DNA arm suffice to induce formation of a new material at
95°C. To the best of our knowledge, the hybridization
properties of 3 are unprecedented for intermolecular duplex
formation in the field of nucleic acid chemistry.!'*

Experimental Section

Modeling: A system consisting of 100 particles in the gas phase was
subjected to Brownian dynamics simulated annealing and the final
structures were analyzed. Particles interacted through four or six
“arms”, each of which represented a DNA linker attached to the core
(corresponding to tetrahedral and octahedral symmetry, respec-
tively). Two arms belonging to different particles interacted by an
effective distance- and angle-dependent potential (see the Supporting
Information). An order parameter was introduced by associating a
straight (undirected) line in space with each arm. In a highly ordered
or periodic system the orientations of these lines are strongly
correlated and fall into a small number of large clusters, otherwise
there are many different clusters of lines with different orientations.
We characterized the degree of order at any point in the simulation by
computing the fraction of particles contributing to the largest cluster
of lines in the system (see the Supporting Information).

UV-melting analysis: Lyophilized hybrid samples were taken up
in NaOH solution (100 pL, 10 mM) and heated to 95°C for full
denaturation, followed by neutralization with acetic acid (100 pL,
10 mm) at 95°C and addition of buffer (10 mm triethylammonium
acetate or 10 mm phosphate buffer) to establish conditions for base
pairing. For samples “with salt”, stock solutions giving 150 mm NaCl
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and 100 mm MgCl, were added at 95°C, and melting curves were
measured with cooling or heating rates of 0.5°Cmin " in a spectrom-
eter with detection at 260 nm.

Crystal structure: CCDC 785245 (6) contains the supplementary
crystallographic data for this paper. These data can be obtained free
of charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif. See also the Supporting Infor-
mation.
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