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Self-Assembly of Trisoligo-
nucleotidyls: The Case for Nano-
Acetylene and Nano-Cyclobutadiene**
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DNA as well as DNA-like materials enable se-
quence-addressed self-assembly and thus supramo-
lecular information processing in a unique way. Since
the pioneering experiments of Seeman,!!! the poten-
tial of using DNA as construction material for
synthetic nanometer-sized objects has been recog-
nized within bioorganic and supramolecular chem-
istry. Wire-frame-type molecular objects were syn-
thesized from three-way or four-way junctions which
are themselves composed of three or four linear
oligonucleotides.) Recently, Shi and Bergstrom re-
ported on the assembly of nanometer-sized macro-
cycles from complementary V-shaped molecules in
which the 3’-ends of two oligonucleotides were
attached to a bifunctional linker.’! Further ap-
proaches within DNA nanotechnology focus on the
oligonucleotide-addressed spatial positioning of mo-
lecular objects such as metal clusters that are
covalently attached to single-stranded, linear oligo-
nucleotides.[

We here report on the synthesis and sequence-
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addressed self-assembly of trisoligonucleotidyls, a
novel class of branched oligonucleotides in which a
trifunctional linker connects three oligonucleotide
strands through their 3'-termini. Our concept of
synthesizing DNA nanostructures is related to that
of Seeman; it is, however, solely based on self-
assembly, thus avoiding covalent ligation steps in
order to enable future approaches towards the self-

Scheme 1. Synthesis of trisoligonucleotidyls R;W. a) 4,4’-dimethoxytrityl chloride,
pyridine; b) acetoxyacetic acid chloride, triethylamine, toluene; c¢) 0.5N NaOH/THF
(1/1);  d) 2-(cyanethoxy)-bis-N,N-(diisopropylamino)phosphane, dichloromethane;
e) standard phosphoramidite protocol for oligonucleotide synthesis on 500 A CPG,
except during coupling of W, where the reaction time was extended to 3 x 15 min;
f) NH; (aq) at 85°C for 2 h in a pressure-tight tube; note that under these cleavage
conditions the amido functionality at the 3'-termini of the linker is not affected, so
that the leader base(s) X from the solid phase is incorporated into the trisoligonu-
cleotidyls. — CE = cyanethoxy.

replication of such nanostructures. Trisoligonucleo-

tidyls based on the linker W (Scheme 1) were synthesized by
solid-phase phosphoramidite chemistry as early as 1993, but
the lack of proper analytical methods for the identification of
these molecules prevented an early publication. Table 1
presents the sequences and selected analytical data of the
trisoligonucleotidyls.’®! Linker phosphoramidite W was ob-
tained from Newkome’s dendrimer synthon 1 by a four-step
transformation sequence in 50 % overall yield (Scheme 1).[!
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UV-titration data allowed us to determine the stoichiom-
etry of different trisoligonucleotidyl complexes. Mixtures of
trisoligonucleotidyls with their linear complements showed
always a 1:3 stoichiometry (Figure 1a), whereas mixtures of
complementary trisoligonucleotidyls showed always a 1:1
stoichiometry (Figure 1b). The UV melting curves of com-
plexes between complementary linear oligonucleotides and
between complementary trisoligonucleotidyls as well as of the
above-mentioned 1:3 complexes were barely distinguishable
at concentrations adjusted to obtain equal UV extinction E.B
Transitions were monophasic in all cases, even when varying
the heating rate between 0.1 and 2 Kmin~'. Obviously,
trisoligonucleotidyls undergo self-assembly as efficiently as
their linear counterparts.

The size distribution of trisoligonucleotidyl complexes was
visualized by means of agarose gel electrophoresis. Immobile
high molecular weight aggregates were obtained from com-
plementary trisoligonucleotidyls when a standard hybridiza-
tion protocol was employed, in which the sample is denatured
at 95°C and then slowly cooled to the annealing temperature
(0.1 Kmin~! to 20-25 K below T,). The formation of these
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Table 1. Sequence and analytical data of the trisoligonucleotidyls R;W (Scheme 1).1%
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RWI Sequence Xlel M e Mg t,, [min]te! £, [min]0 Yield [nmol]te!
Az*Y ATTGGCGCCAAT pTA 11990 11981.7 17.89 17.55 22.50
B;Y AATGCCGCCAAT pTC 11882 118783 19.33 16.04 52.00
CY ATTGGCGGCATT pTC 12068 12064.4 19.58 17.23 56.45
D;*Y AATTGGCGCCAATT pTC 13827 13833.5 20.15 17.06 34.20
E;Y AAATGCCGCCAAAT pTA 13785 13780.9 20.68 16.51 33.00
F,Y ATTTGGCGGCATTT pTA 13917 13929.6 21.42 17.56 53.75
G;*¥Y ATAATGGCGCCATTAT pTT 15679 15700.9 22.50 18.22 13.45
H,Y AATCAGCCGCCACAAT pC 15192 15185.2 22.81 16.63 78.74
LY ATTGTGGCGGCTGATT pC 15562 15554.9 23.35 16.62 86.23
J3*Y ATTGGACCGCGGTCCAAT pC 17236 17238.2 - 17.40 8.20
K;Y AATCCTCCGCCGTCCAAT pTA 17201 17226.3 26.42 17.02 33.10
LY ATTGGACGGCGGAGGATT pTA 17922 17938.1 24.59 17.47 27.45
M;*Y ATTGGG ACCGCGGTCCCAAT pC 19107 191232 - 16.38 10.10
N;Y AATCCCTGCCGCCTCCCAAT pTC 18913 18926.8 29.25 16.94 24.70
0;Y ATTGGG AGGCGGCAGGGATT pTC 19873 19887.7 29.37 17.89 32.70

[a] The materials were purified by denaturing polyacrylamide gel electrophoresis (PAGE, 10-16% acrylamide) followed by desalting on NAP (NAP)
columns (APB). Characterization was carried out with capillary electrophoresis (CE), HPLC, and MALDI-TOF-MS. [b] An asterisk indicates a self-
complementary sequence. [c] p denotes a phosphodiester linkage. [d] Determined by MALDI-TOF-MS: 3-hydroxypicolinic acid, acetonitrile/H,O (1/1).
[e] ¢, is the time of migration as determined by CE on eCAP-cartidge (27 cm, 0.1Mm tris-borate buffer, 7m urea, 10 kV). [f] ¢, is the time of retention as
determined by HPLC on Lichrocart C-18 (Merck; eluent A: 0.2M triethylammonium acetate, 2% acetonitrile (pH 7); eluent B: acetonitrile; gradient:
eluent A for 5 min, 0 —25% eluent B within 25 min, 25 —50% eluent B within 3 min). [g] Yield after purification from a 1.3-pumol scale.
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Figure 1. Determination of the stoichiometry of the trisoligonucleotidyl
complexes by UV-titration. The UV-extinction E at A=260nm was
measured as a function of the mole fraction y of H;¥. a) Mixing curve
for H;W*I showing a 1:3 stoichiometry; b) mixing curve for H;W*LW
revealing a 1:1 stoichiometry. All experiments were carried out under
extinction equivalence in the presence of 100 mm NaCl, 0.5 mm EDTA, and
10 mm phosphate buffer (pH 7.5) and at 25°C. The concentration of H;¥
was 0.333 pm at y = 1.
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polymeric aggregates depends on the concentration of the
trisoligonucleotidyls and has been observed, for example, for
the case H;W/I;Wat ¢ > 1 pm. Discretely resolved bands could,
however, be made visible after changing the hybridization
strategy (see the Supporting Information). The new protocol
starts with denaturation at 95 °C followed by rapid cooling to
0°C (1.8 Ks™! between 95 and 50°C, see the Supporting
Information), where the sample is maintained for 5 min.
Afterwards, the sample is heated to the sequence-dependant
annealing temperature. The rationale for the new hybrid-
ization strategy is to favour kinetically controlled association
processes. This is comparable to a crystallization process
where rapid cooling usually leads to high nucleation rates,
resulting in smaller crystals.

Figure 2 shows a typical gel from a hybridization study in
which the ratio between linear oligonucleotides H, I and
trisoligonucleotides H;W, W was varied. The composition of
the samples applied to lanes 1-9 is given in Table 2. As
expected, the linear duplex H*I (lane 8) shows the highest
mobility among the double-stranded complexes. The 1:3
complexes H;W*31, and LW*3H lead to single bands
exhibiting equal mobility (lanes 6, 7). Lane 1 shows the
distribution of complexes arising from a 1:1 mixture of
trisoligonucleotidyls H;W and I;W. The pattern of bands is also
visible in lanes 2-5, where the relative amount of linear
oligonucleotides H, I increases. Basically, an overlap of the
band patterns in lanes 1 and 68 is observed. The band having
the highest mobility in lane 1 moves slightly faster than that in
lanes 6 and 7, emphasizing that the underlying complex is
structurally more compact than the 1:3 complexes. The latter
was independantly confirmed by size-exclusion chromatog-
raphy (see the Supporting Information). The above-men-
tioned band is weakly visible for 14-mers E;W¥ and F;W, but
dominates in the case of 20-mers N;W and O;W;F its intensity
critically depends on the presence of magnesium ions (5mm)
during hybridization (see the Supporting Information).’®! In
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Figure 2. Oligonucleotide complexes on a 2% agarose gel (SeaKeam LE;
FMC) after electrophoresis and staining with ethidium bromide. The
topology of the complexes is described employing hydrocarbon nomen-
clature as introduced in the text. The composition of the samples applied to
lanes 1-9 is given in Table 2; all samples contained 100 mm NaCl, 5 mm
MgCl,, and 10 mm phosphate buffer (pH 7.5). The samples were denatured
at 95°C, cooled to 0°C with an initial slope of 1.8 Ks™! and after 5 min
brought to an annealing temperature of 40°CP%. Electrophoresis was
carried out using an ice bath for cooling.

Table 2. The composition of the samples applied to lanes 1-9 in Figure 2.

lane H,Y [mMm] LY [mMm] H [mMm] I [mMm]
1 3.33 333 - -

2 312 3.12 0.625 0.625
3 3.00 3.00 1.75 1.75
4 2.75 2.75 1.75 1.75
5 2.50 2.50 2.50 2.50
6 - 3.33 10.00 -

7 3.33 - - 10.00
8 - - 10.00 10.00
9lal — - - -

[a] Molecular weight standard: GeneRuler 100 bp DNA Ladder Plus, MBI
Fermentas.

any case, the mobility data are consistent with the assumption
of a bimolecular complex. Such a bimolecular complex may
contain one, two, or three double-stranded linkages (Fig-
ure 3). To distinguish between the different binding situations,
digestion experiments using mung-bean 5'-exonuclease were
carried out (see the Supporting Information).’® Under
conditions where single-stranded oligonucleotide I as well as
trisoligonucleotidyl H;W¥ were completely digested, the bands
in lane 1 did not show any change, even when the reaction
times were twice as long and the concentration of the enzyme
was doubled. This supports the conclusion that all struc-
tures underlying the bands in lane 1 (Figure 2) are completely
paired, thus removing possibilities a and b shown for the 1:1
complex in Figure 3. Further support for complete pairing was
derived from scavenger experiments (see the Supporting
Information). When either H or I was added to the mixture of
H;¥ and LW after the annealing procedure at 10°C, no
change of lane 1 (Figure 2) could be observed; that is, no
single-stranded components exist in the complexes.!

For the sake of simplicity, we may now introduce a simple
notation for the structures under discussion. We conceive a
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Figure 3. Possible topologies for a bimolecular complex from two com-
plementary trisoligonucleotidyls. Each DNA double strand is described as
a chemical C—C-bond and each unpaired oligonucleotide as an unpaired
electron.

single-stranded oligonucleotide as a free (unpaired) electron
and a double-stranded oligonucleotide as a C—C bond. The
complexes shown in Figure 3 may then be termed ethane-
1,1,2,2-tetrayl (a), ethene-1,2-diyl (b), and acetylene (c).
Complementary trisoligonucleotidyls, when processed ac-
cording to the above-mentioned annealing protocol, always
give rise to a series of bands whose mobilities linearily
decrease with the logarithm of complex molecularity.®* Thus,
if the band of highest mobility is assigned to nano-acetylene,
the next band is consistent with nano-cyclobutadiene. Begin-
ning with the third band, there are no longer single
possibilities for the assignment of completely paired com-
plexes, as, for example, 3:3 complexes may adopt either the
topology of nano-benzene, or of nano-Dewar-benzene, or of
both. Even more possibilities arise for higher complexes such
as 4:4 complexes, among which nano-cubane and nano-
cyclooctatetraene may exist. In any case, the first two
members of the series remain rather safe to assign and are
illustrated in Figure 4. Molecular modeling studies on the
complex H;W*LW at least suggest that the case for nano-
acetylene is possible, both geometrically and energetically
(see the Supporting Information).

Figure 4. Models of complementary trisoligonucleotidyls (left), nano-
acetylene (center), and nano-cyclobutadiene (right).

The gel of self-complementary trisoligonucleotidyls shows
an alternating pattern of band intensities (Figure 5). Obvi-
ously, complexes from an even number of molecules are more
highly populated than those from an odd number of mole-
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Figure 5. Agarose gel of self-complementary trisoligonucleotidyls G;*W
(lanes 2, 3, 4;3.34,2.20, 1.67 uwm, respectively) and D;*W (lanes 5, 6, 7; 3.34,
2.20, 1.67 um, respectively) after annealing in 100 mM NaCl, 5 mm MgCl,,
and 10 mm phosphate buffer (pH 7.5), following the rapid hybridization
protocol for complementary trisoligonucleotidyls. Bands with high inten-
sities are assigned to fully paired complexes from an even number of
trisoligonucleotidyls.

cules. When comparing the intensity profiles for 14-mer and
16-mer trisoligonucleotidyls, D;*W and G;*W, respectively
(Figure 5), it becomes evident that the difference between
the intensities becomes more pronounced with an increase in
the chain length.P®! Finally, self-complementary tris-18-mers
J;¥*W behave like mixtures of complementary tris-18-mers and
show only bands for even-numbered complexes.*®! These data
again underline our previous interpretation assuming max-
imal interstrand pairing, which can only occur in even-
numbered complexes. Self-complementary sequences may
formally also exhibit intrastrand or intramolecular pairing,
such as hairpins or loops. Such behaviour was considered in
the design of the sequences which were selected to bear
always a CG-rich central core, thus favouring interstrand
pairing at the cost of intrastrand pairing. In any case, the
number of pairing possibilities for such complexes exceeds
that for complementary systems. As such, it is not possible to
assign any binding topology, at least for the odd-numbered
complexes.

We have shown that trisoligonucleotidyls are suitable
building blocks for the noncovalent synthesis of superstruc-
tures based on DNA double-strand linkages. Similar experi-
ments may be carried out using DNA-based molecules that
were synthesized by other linking and branching strategies.[’!
Indeed, most recently, Shchepinov etal. reported a UV-
melting study and claimed the formation of bimolecular
complexes from complementary oligonucleotide dendrim-
ers.’l Nanometer-sized objects of more complex topologies
and structures, even irregularily shaped, should be address-
able if one starts from a multicomponent mixture of
trisoligonucleotidyls in which each member consists of three
or more individual sequences.” Those objects, when linked
to other functional units, may find applications in DNA
nanowiring and electronics.’! In any case, further experiments
are needed to give more detailed insight into the structure of
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such nanocomplexes. As conventional spectroscopic tech-
niques are difficult to apply for such large systems, we will
report on approaches towards their direct visualization in due
course.
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