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We present a novel method that covalently and sequence-specifically
attaches long DNA molecules to a surface that is compatible with high-
resolution atomic force microscopy (AFM) imaging. Surfaces prepared
with this approach are ideally suited for performing biophysical experi-
ments on single DNA molecules.

Techniques that probe DNA at the single molecule level have
provided unique insight into fundamental biological processes,
such as gene expression and DNA-protein binding. For many
techniques, including AFM force spectroscopy," optical tweezers,”
and single molecule fluorescence,’® it is necessary for a long DNA
molecule (>100 bp) to be attached at one end to a solid support. The
prevalence of surface-tethering can be attributed to the following:
tethering restricts the diffusion of the molecule, allowing for
extended observation; it isolates the molecule, preventing unwanted
interactions with neighboring molecules; and it provides a conve-
nient handle with which the molecule can be manipulated. Going
beyond existing approaches, the capability of attaching long
DNA molecules with different sequences to specific locations on
the surface would potentially allow researchers to perform high
throughput, multiplexed single molecule measurements on spatially
addressable nanoarrays.® Among the existing strategies to tether
DNA to a solid support, such as biotin-avidin recognition,* amide
coupling,' and gold-thiol chemistry,” several limitations remain.
Although covalent attachment methods are effective at tethering
relatively short DNA to a solid support, they become significantly
slower for longer DNA due to orientational constraints and diffusion
limitation of the reaction.® Existing covalent attachment chemistries
are also not sequence specific, ie., cannot selectively tether mole-
cules with different sequences, which is important for nanoarrays.
Often the surface has significant heterogeneity in topography and
chemical functionality, resulting in nonspecific interactions that
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introduce artefacts into measurements. Very little is known about
the heterogeneity in the local environment of the immobilized
molecules, as the surfaces are generally not compatible with high-
resolution AFM imaging, the only technique that is potentially
capable of characterizing these surfaces with sub 10 nm resolu-
tion.”® Typically, the surface interactions are either too strong to
allow for the conformational freedom that is needed for unper-
turbed reactions, or too weak to immobilize the molecules for
imaging.”® Existing AFM studies have relied on exchanging the
buffer solution to switch the binding affinities between DNA and
the mica substrate to allow for conformational freedom in a weakly
bound state and imaging in a strongly bound state.>'® However, the
biochemical reactions are heavily perturbed by surface interactions
even in the weakly bound state, as there must be sufficient surface
interactions to prevent irreversible desorption of DNA.'

Here we demonstrate that long DNA can be covalently and
sequence-specifically tethered to a surface that is compatible with
both high-resolution single molecule imaging and unimpeded
biomolecular interactions. This is accomplished by attaching short
DNA ‘anchor’ strands that bear an alkyne group to a surface that
can switch DNA-surface interactions on demand, allowing the
anchor strands to capture long ‘target’ DNA with a complementary
sequence, and then covalently crosslinking the strands via Cu(1)-
catalyzed azide-alkyne cycloaddition (CuAAC) (Fig. 1). Base-pairing
interactions have been previously used to bring reactive groups
into close proximity to facilitate reactions in a homogeneous
solution phase.>'* Here we show that the specificity and greater
efficiency of the base-pairing process can guide the covalent
attachment of long DNA strands to our switchable surface. This
novel approach may have broad utility in single molecule techni-
ques that require surface-tethering of long DNA, and may enable
the production of single molecule nanoarrays.

We employed the CuAAC reaction to crosslink the DNA strands
because it is efficient and orthogonal to a wide range of biochem-
ical reactions.'® Prior to performing the reaction on the surface, we
tested the approach by crosslinking two short, complementary
DNA strands in solution. This step was useful not only for
identifying conditions that would provide a suitable reaction yield,
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Fig. 1 Schematic illustration of the DNA-templated surface coupling
reaction. (a) The thiolated anchor strands bearing alkyne groups (purple)
are inserted into the defects of a self-assembled monolayer on a gold
substrate.”**2 The surface is then exposed to the target strand (blue)
containing a complementary single-stranded tail (red) with a terminal
azide group. (b) Upon hybridization of the target and anchor strands, the
azide and alkyne groups are placed in close proximity. (c) Cu() catalyzes
the crosslinking reaction, leaving the target DNA covalently tethered to the
surface. (d) AFM image of a 3679 base-pair (bp) DNA strand that has been
attached using this approach. Scale bar is 100 nm.

but also for assessing the extent of damage to the DNA by the
presence of copper. It has been shown that the in situ generation of
Cu(1) catalyst by ascorbate reduction of Cu(u) can damage DNA by
generating reactive oxygen species.'® Protective Cu-binding ligands
have been used in bioconjugation reactions to minimize the oxida-
tive damage,"” and it was found previously that the structure of the
ligand can profoundly affect both the reactivity and biocompatibility
of the Cu catalyst.'® We compared the performance of TBTA, a
ligand commonly used in the literature, with two alternative ligands
that show improved aqueous solubility and an increased reaction
rate (Fig. 2). To perform the coupling reaction in solution, the two
strands were first hybridized by heating to 70 °C and slowly cooling
to room temperature in a hybridization buffer. Next the Cu(i)
solution was added to initiate the reaction, and aliquots of the
solution were removed at predetermined time points and added to a
quenching buffer to stop the reaction. The yield at different time
points was assessed by denaturing polyacrylamide gel electrophor-
esis (D-PAGE). As shown in Fig. 2, the reactants appeared as two
separate bands due to different mobilities in the gel. The product,
corresponding to the crosslinked DNA, appeared as a third, slower
moving band, and was easily distinguished from the reactant bands.
By using the normalized intensity of the product band, we were able
to quantify the yield of the crosslinking reaction. D-PAGE was also
useful for monitoring the extent of damage due to reactive oxygen
species, which led to streaking in the gel and a decrease in the
product band intensity (ESIT). By varying conditions such as Cu(n)
and ascorbate concentrations, solvent, ligand type, and ligand: Cu
ratio, and measuring the resulting reaction yield, we identified a set
of conditions in which the reaction was apparently complete within
5 minutes with minimal degradation of the DNA.

After determining suitable reaction conditions in solution, we
tested whether the coupling reaction could be used to covalently
and sequence-specifically crosslink long DNA to the surface. As
demonstrated in Fig. 3, our method consists of a simple three-step
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Fig. 2 Use of denaturing polyacrylamide gel electrophoresis to quantify the
DNA-templated crosslinking reaction yield in solution. (top) Sample gel image.
Lanes 1 and 2 are the target and anchor strands, respectively. Lanes 3-7 are a
series of time points from a mixture of both strands after hybridization and
reaction with the Cu() catalyst under one set of conditions tested. Lane 8 is a
control where the Cu() catalyst was omitted. (bottom) Reaction yield with
three copper-chelating ligands as a function of time. The decrease in yield at
longer times can be attributed to oxidative degradation of the DNA. We found
that degradation could be significantly reduced by minimizing the amount of
oxygen present and by using an excess of the ligand.

approach in which the long target DNA strand binds to, and then
reacts with, a short, complementary anchor oligonucleotide on the
surface. First the thiolated anchor strands are inserted into surface
defects of a self-assembled monolayer (SAM) on a gold substrate.®
Next the anchor surface is exposed to a solution containing the
target DNA strands, which then hybridize with the surface anchors.
Importantly, only strands bearing a single-stranded tail with the
complementary sequence will bind during this step. Once hybri-
dization has occurred, the surface is rinsed and exposed to a
catalytic Cu(i) solution. At this point the target strands should be
covalently crosslinked to the surface by the triazole product.
High-resolution AFM imaging would be a powerful means to
directly measure the conformation and spatial distribution of indi-
vidual biomolecules attached to surfaces, as well as the molecular
scale morphology of their local environments. However, high-
resolution imaging has not been possible on most existing biofunc-
tional surfaces due to the weak surface interaction that is required to
allow unimpeded biomolecular reactions and prevent nonspecific
adsorption. Here, we overcome this challenge by covalently attaching
the DNA to a carboxyl-terminated SAM.® The covalent anchoring and
precise SAM surface chemistry allow us to use electrostatic repulsion
to lift up the anchored DNA into a solution-like environment. In
contrast to existing studies on mica, we no longer have to compro-
mise between minimizing the surface interaction to allow reactions
and ensuring sufficient binding to prevent irreversible desorption.’
Imaging was then performed in a divalent cation buffer that strongly
immobilizes the DNA due to charge inversion of the surface.® As
shown in Fig. 3, after hybridizing with the surface anchor strands,
the 396 bp DNA target strands appear as 2 nm tall worm-like features
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Fig. 3 AFM images taken after each step of attaching 396 bp DNA to the
surface. (a) The azide-labeled DNA targets are hybridized with surface
anchor strands containing an alkyne group. (b) Next the surface is exposed
to Cu(), catalyzing the formation of the triazole product. (c) To verify that
the DNA is covalently crosslinked, the surface is exposed to alkaline
conditions so that any unreacted DNA is denatured and rinsed away. (d—f)
The same hybridization, reaction, and denaturation steps, respectively, but
with the azide group omitted. In this case, >99% of the DNA was removed
after denaturing. Scale bar is 100 nm.

with the expected contour length of ~120 nm; hence hybridization
is facile on this surface. The surface was then exposed to a catalyst
solution containing Cu(u), the sodium ascorbate reducing agent, and
a Cu(r)}-binding ligand. The kinetics of the surface reaction is slower
than that in a homogeneous solution and an increased reaction time
of 25 minutes was used to ensure a good yield. AFM imaging
revealed that the DNA was still present on the surface after the
reaction. Statistical analysis of the DNA chain conformations before
and after the reaction indicates that oxidative degradation of the
DNA during this step is minimal (Fig. S7, ESIt). To verify covalent
crosslinking, the surface was next exposed to an alkaline NaOH
solution (pH 12), which is known to disrupt the hydrogen bonds in
base pairs and denature double-stranded DNA."® The majority of the
molecules remained bound to the surface, consistent with the DNA
being linked to the surface through a covalent bond in addition to
base pairing. By counting molecules over a large area before and
after denaturation, we determined the yield of the crosslinking
reaction to be 83%. Note that the denaturing pH was selected such
that the base pairing between the single-stranded tail and the
anchor strand is melted (Fig. 3c) but the double-stranded seg-
ment of the target DNA remains intact due to its higher melting
temperature. When a higher pH was used, the anchored target
strands were completely melted into single-stranded DNA
(Fig. S12, ESIt). In control experiments where either the azide
or alkyne group is excluded, the targets indeed hybridized with
the surface anchors, and were still present on the surface after
exposure to the Cu(i) catalyst. However, after exposure to dena-
turing conditions, >99% of the DNA molecules were rinsed away,
confirming that base-pairing alone is not sufficient for stable
attachment to the surface under these conditions (Fig. 3f and
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Fig. S10, ESIT). Finally, to verify the sequence-specificity, we
repeated the experiment using sequence-mismatched DNA
anchors and target strands containing the alkyne and azide
groups. None of the mismatched DNA was found on the surface
after hybridization, confirming that the crosslinking reaction
can be programmed by the base sequence (Fig. S11, ESIT). Using
the above strategy, we have attached both single- and double-
stranded DNA ranging in size from 396 to 3679 bases to the
surface.

Our new approach to link long DNA molecules to highly
ordered SAMs will enable AFM studies of biochemical reactions
that are difficult on traditional mica substrates. In addition, it
potentially has broad utility in other single molecule techni-
ques®? because it can reduce measurement artefacts that are
caused by nonspecific surface interactions and heterogeneity in
the local environment. Moreover, our method allows long DNA
that are difficult to pattern directly to be crosslinked to short
anchor strands that are readily patterned with existing techni-
ques.?°>* Therefore, it will pave the way for spatially addres-
sable nanoarrays that can allow the paralle] measurement of a
large number of single molecules.
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