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ABSTRACT

DNA lattices carrying two cytosine residues beatimg N-[(t-butyldithio)ethyl] group
at the apex of hairpin topological markers are areg for first time. We show that

these residues are important for the depositiddNA lattices on gold surfaces.

Introduction.- In recent years the use of the self-assembly ptiegesf DNA to
generate addressable nanostructures in one, twiheseldimensions has become
increasingly popular [1-3]. A remarkable developinarthis field was the use of stable
DNA Holliday junctions with addressable sticky ertdsorm two-dimensional DNA
crystals [4]. The principles of construction delsed by Seeman have since been used
and adapted to generate systems with fine contishape and function [1-8]. For
example, large DNA lattices have been transforméal highly regular two-dimensional
DNA networks on surfaces that provide templategherdeposition of gold
nanoparticles in a regular square network by ubiotin-streptoavidin recognition
system [7, 8]. Fullerene arrays have been asserobl&NA templates [9] as well as
gold nanoparticle arrays [10, 11] and proteins 1#2-Recently, two-dimensional
arrays of quantum dots with controlled periodi¢igve been prepared using DNA-tile
arrays [15].

Before new applications for DNA nanostructured sces can be developed,
there are several issues to be addressed. Fitsfiymportant to form DNA
nanostructures on surfaces on which electricalasgtsuch as gold, silicon oxide and
other semiconductor oxides can lie. Most reseanchrogrammed DNA lattices

involves mica and buffers that contain Méns. Mica is an excellent substrate for the



formation of two-dimensional DNA lattices. Thisliecause mica has a flat atomic
structure, and by using Muit facilitates the deposition of negatively chatd@NA on
the negatively charged layers of mica. Unfortunatelectrical contacts cannot be used
with mica.

Another important issue is the site-specific funiatlization of the DNA lattices
with molecules such as peptides, proteins, andmaterials. This involves the
preparation of DNA conjugates so that a particalatecule or nanomaterial can be
deposited upon a particular site of the DNA nanmstire without modifying the self-
assembling properties of the DNA. For example,ibytdted DNA lattices were used to
obtain DNA-templated arrays of streptoavidin anttigmnopatrticles [7, 8] as well as
quantum dots [15]. But, the development of othpesyof conjugates that will not
require streptavidin is becoming increasingly ative and would broaden the scope of
further applications. In this direction, gold naadjles [10, 11] and themyc [14]
peptide have been introduced into 2D DNA latticgsibing 5’-functionalized
oligonucleotides. This strategy needs to breakmparts one of the oligonucleotides
involved in the formation of the topological haimpharkers with a subsequent second
annealing step to ensure the incorporation of thallsoligonucleotide to the DNA
lattice.

We become interested in the preparation of ttedl2D DNA arrays because
the special reactivity of the thiol group will alathe functionalization of 2D DNA
arrays. Thiols groups have a strong affinity foldgsurfaces and they can also be used
to introduce peptides and proteins as well as laugeber of molecules that have been
functionalized with maleimido groups or bromo- aodo-acetyl groups. Thiols groups
can be introduced relatively easily at the 5’-en@’eend of oligonucleotides by using

commercially available chemicals. But, these emdsuaually needed for the assembly



of the DNA nanostructure. And we do not want wr@ase the number of
oligonucleotides as described [11, 12, 14]. Fos¢heasons, we plan to insert reactive
thiol groups at the nucleobase. We used a wellacherized bidimensional DNA lattice
[4] to study the formation of the DNA lattices oold, a surface that allows electrical
contacts. In this article we show that DNA latticasrying a single thiol derivative in
each topological hairpin marker can be prepareddapasited on mica substrates. But
most importantly we also demonstrated that theiséated 2D DNA arrays are readily

deposited on gold surfaces while unmodified 2D Dathays can not.

Results and discussion.1. Oligonucleotide design and synthesis. We focused on the
A-B* system described by Winfree et al. [4] whiabngprises two DNA tiles, A and B*,
formed by the assembly of 5 oligodeoxynucleotides2(1-48 bases; B*: 22-75 bases).
This system produces a very compact structure inlwthe DNA occupies any
available space. Tile B* has two loops protruding af the plane of the DNA lattice in
opposite directions. These two loops were used@xgtraphic labels to indicate the
position of tile B* on the DNA lattice during theqzess of visualization by atomic
force microscopy (AFM). We modified tile B* by imducing one R[(t-
butyldithio)ethyl]-cytosine residue to replace dhgmidine residue at the unpaired loop
positions of the oligodeoxynucleotides (Figure 1).

This involved preparing the two longer oligodeoxgiewtides of tile B* (70, 75
bases), which carry one singlé-[t-butyldithio)ethyl]-cytosine residue in the middle
of the sequence. To successfully obtain the matiifle B*, the appropriate N(t-
butyldithio)ethyl]-cytosine phosphoramidite wasgmaeed as described elsewhere [16].
The desired thiol-modified oligodeoxynucleotidesevpurified by denaturing

polyacrylamide gel electrophoresis (PAGE). The Itesymodified oligonucleotides



were hybridized with equimolar amounts of the ottheee oligodeoxynucleotides of
tile B*. A single band was observed by native PA@fjch indicates the presence of
the modified N-[(t-butyldithio)ethyl]-cytosine residue did not affebe formation of

tile B*.

2. Qurface preparation.

Freshly cleaved mica was used for AFM imaginghie ¢ase of gold several
gold surfaces were examined by AFM. Surfaces basagbld [1.1.1] were considered
not suitable due to the formation of small terragéh step heights of more than 2 nm
that will make difficult the visualization of theNIA topological markers of A-B* that
are 2-3 nm height. We selected gold evaporatedioa (femplate stripped gold), the
preparation of which is described elsewhere [1&@mplate stripped gold has a large flat

area with a roughness of around 0.5 nm.

3. AFM imaging of DNA lattices.

Atomic force microscopy (AFM) was used to visualike modified two-
dimensional DNA lattices deposited on surfaces. fE€neoligodeoxynucleotides (2
thiol-modified and 8 unmodified) were hybridizeddahe resulting solution was
deposited on mica and gold substrates. The modified lattice carrying two R[(t-
butyldithio)ethyl]-cytidine residues (one in eadop) was readily formed on gold
surfaces (Figure 2). As it can be seen from the Aiiflsiges in Figure 2 the vertical
columns of the lattice appear as stripes, whitheagposition of the loops of tile B*. The
spacing of the decorated columns was 26 + 1 nnghwikismaller than the expected
value of 32 nm. This may be due to the roughnesiseo$urface. The modified DNA

lattice was also observed on mica (Figure 3). Taeimg of the decorated columns on



mica was 32 £ 1 nm, which was the same value daseonmodified DNA lattices [4].
In contrast, the unmodified lattice carrying ah nmodified oligodeoxynucleotides
was formed only on mica. There was no evidenceéefdrmation of any unmodified
lattice on gold. This observation indicates thatititroduction of one single protected
thiol group in each loop of the B* DNA tiles induiga dramatic change in the affinity
of DNA to the surfaces. The affinity of thiol graaio gold surfaces facilitates the

attachment of the thiol-modified DNA crystals tddjo

Conclusions and further work.- DNA lattices were prepared using both B* loops
functionalized with one protected thiol residuethis way the DNA lattice can bind to
the gold surface at both sites. An interesting ibdgyg for future research would be the
preparation of asymmetric DNA lattices carryingratpcted thiol at one site (to bind to
a gold surface) and a molecule of interest at thercsite. Previous research has
demonstrated that it is indeed feasible to obtaiAlZzonjugates by removing the
butylthio group of the thiol group and reacting theulting free thiol with maleimido
groups [16].

Literature describes the use of self-assemblinggntaes of synthetic
oligonucleotides for the construction of periodicags on the nanoscale as a potentially
interesting technology [2-8]. There is a wide ran@éterature that describes a large
variety of periodic arrays and their specific patte[1-14]. The results of this study
demonstrate that DNA lattices carrying a singletguteed thiol group at specific internal
DNA sites can be assembled in aqueous buffershamdeposited onto gold surfaces
obtaining thiol-functionalized DNA arrays that marovide starting points to template
the deposition of molecules or nanomaterials wahametric precision. This result

opens new possibilities for the preparation of DiArplated periodic lattices on



electrical relevant surfaces as well as for th@gration of DNA-templated arrays of

molecules and nanomaterials of interest.
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Experimental Part

Oligodeoxynuclectide synthesis. Oligodeoxynucleotide sequences are shown in Thble
The syntheses were performed on the Applied BiesystModel 3400 DNA
synthesizer using a scale of Quaol and standard 2-cyanoethyl phosphoramidites as
monomers. The N[(t-butyldithio)ethyl]-2'-deoxycytidine phosphoramiditvas
prepared as described elsewhere [16]. After thenalsly of sequences, ammonia
deprotection was performed overnight at 55 °C. @lépxynucleotides were purified by

polyacrylamide gel electrophoresis (PAGE) (seewglo

Oligodeoxynucleotide purification. Oligodeoxynucleotides were purified using
denaturing gel electrophoresis. The gels conta®®8d acrylamide (19:1,
acrylamide/bisacrylamide) and 8.3 M urea, and weneat 55°C on a Hoefer SE 600
electrophoresis unit. The running buffer compri88dnM Tris base, 89 mM boric

acid, and 2 mM EDTA at pH 8.0. The sample buffertamed 10 mM NaOH, 1 mM



EDTA, and a trace amount of Xylene Cyanol FF tragkdye. Gels were stained with
ethidium bromide and the target band was excisddearied in a solution containing
500 mM ammonium acetate, 10 mM magnesium acetate] anM EDTA. The eluates
were extracted with-butanol, which removes the ethidium bromide, foka by

ethanol precipitation.

Formation of Hydrogen-Bonded Complexes and DNA lattices. Complexes were formed
by mixing a stoichiometric quantity of each stramtijch was estimated by measuring
the optical density at 260 nm. All 10 strands (A3-&nd B1-B5) were mixed in 10 mM
HEPES (pH 7.8), 12 mM Mggland 2 mM EDTA. The final concentration of DNA
was 0.2-0.4M. The final volume was 5(I. Mixtures were annealed from 90 °C to
room temperature for 40 h in a 2 litre water bagulated in a styrofoam box. Previous
to the array formation the correct assembly ofAiland modified tile B* was checked

by nature PAGE.

Atomic force microscopy (AFM) imaging. A sample of between 541 was spotted on
freshly cleaved mica (Ted Pella, Inc.) and goldpestively. The arrays were imaged in
tapping mode in a buffer. The sample was depo#itedl-3 min and an additional 38

of fresh buffer was added to both the mica and,guoid to the liquid cell. All AFM
imaging was performed on a NanoScope III (Digitetfuments) using commercial

cantilevers with SN, tips.
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Table 1 Sequences of oligonucleotides prepared.

# Name Sequence (5-3))

1 Al GATGGCGACATCCTGCCGCTATGATTACACAGCCTGAGCATTG
ACAC

2 A2 GTAGCGCCGTTAGTGGATGTC

3 A3 TGTAGTATCGTGGCTGTGTAATCATAGCGGCACCAACTGGCA

4 A4 GACTGCGTGTCAATGCTCACCGATGCAACCAG

5 A5 CTGACGCTGGTTGCATCGGACGATACTACATGCCAGTTGGACT
AACGG

6 Bl CGCTACCGTGCATCATGGACTAACCAGTGCTCGCTGATTTTTCA
GCGAGTTACCGCATCGGACTCGGACAGCAGC

7 B2 CGTCAGGCTGCTGTGCTCGTGC

8 B3 AGTACAACGCCACCGATGCGGTCACTGGTTAGTGGATTGCGT

9 B4 GCCATCCGTCGATACGGCACCATGATGCACG

10 B5 GCAGTCGCACGACCTGGCGTCTGTTGGCTTTTGCCAACAGTTTG
TACTACGCAATCCTGCCGTATCGACG

11 B1- CGCTACCGTGCATCATGGACTAACCAGTGCTCGCTGATXTTCA

thiol GCGAGTTACCGCATCGGACTCGGACAGCAGC
12 B5- GCAGTCGCACGACCTGGCGTCTGTTGGCTATGCCAACAGTTTG

thiol TACTACGCAATCCTGCCGTATCGACG

4 X =t-butyldithio-ethyl-dC



LEGENDS

Figure 1.Seps used in the formation of the thiol-modified A.B* DNA array. First the
phosphoramidite of \[(t-butyldithio)ethyl]-2’-deoxycytidine was prepareti]. Two
oligonucleotides carrying the*N(t-butyldithio)ethyl]-2'-deoxycytidine residues atth
apex of the topological loops of tile B* descridedWinfree et al. [4] were

synthesized. Annealing of these oligonucleotidas ®iunmodified oligonucleotides
described elsewhere [4] yielded the desired DNAckthat was then deposited on gold

and mica substrates.

Figure 2.Topological AFM image of the thiolated A-B* DNA lattice assembled on
template stripped gold. Brighter (taller) diagonal ridges corresponddws of the

topological marker (hairpins present on tile B*fdainter bands to DNA tile A.

Figure 3.Topological AFM image of the thiolated A-B* DNA lattice assembled on mica.
Brighter (taller) diagonal ridges correspond to saf the topological marker (hairpins

present on tile B*) and fainter bands to DNA tile A
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