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We describe a gold nanoparticle based assay that can rapidly
determine the crosslinking of DNA duplexes by ligands. Such
compounds have potential in targeting highly compacted DNA
such as that found in the nucleosome.

Studies of ligand-DNA interactions tend to focus on naked
structures either through gel techniques' or, more recently,
through single molecule studies.” In cells, DNA is tightly
compacted into the nucleosome, where it is closely associated
with the histone proteins and where it is tightly wound so that
one duplex structure lies close to another.> There are few
studies of ligands binding to nucleosomal DNA, in part due
to the complexity in forming the core particle and also due to
the requirement for techniques such as footprinting’ and
crystallography® that allow the assessment of the results.
Surrogate techniques, that allow the study of histone-DNA
and DNA-DNA interactions and the effects of these on molecule
binding have not been disclosed and yet have the potential to
change the way ligand-DNA interactions are viewed and new
therapeutics are designed. One simple example is how small
molecules with multiple functions are affected by the presence
of both protein and other DNA strands when binding to a
duplex sequence. There have been several recent descriptions
of multinuclear platinum complexes, one of which has pro-
gressed into clinical trial® and which could potentially have
crosslinked protein to DNA or DNA duplex to DNA duplex.”
Pyrrolobenzodiazepine dimers such as the clinically tested
SJG-136° could potentially form crosslinks within the nucleo-
some that run along a minor groove from one duplex strand
to another. These studies suggest that a simple test for this
novel higher order interaction is required. Gold nanoparticles
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(ca. 16 nm in diameter) exhibit an intense red colour in aqueous
solution that changes upon aggregation of the particles.” The
colour change is due to the coupling interactions between the
surface plasmon fields of the particles. Various studies have
focussed on the combination of single stranded DNA with gold
nanoparticles to investigate sequence recognition properties'®
and even the ability of small molecules to stabilise the duplex."!
However, to our knowledge, there are no studies of double
stranded DNA (dsDNA) on nanoparticles to investigate duplex to
duplex interactions that may be crucial in nucleosome targeting.
In this paper, we describe a rapid colorimetric technique based on
the aggregation of dsDNA functionalised gold nanoparticles that
allows the identification of ligands that can crosslink two duplex
strands — a DNA to DNA crosslink (Fig. 1a). We have applied this
technique to the identification of a classical bisintercalator that
has previously only been shown to bind in a two base pair
sandwich fashion (bisacridine 1, Fig. 1b)** and to a second
molecule designed to form DNA to DNA crosslinks (bisacridine
2, Fig. 1b)." The monointercalator 9-aminoacridine (9-AA, Fig. 1b)
was used as a control since it does not have the ability to crosslink
the duplex and therefore, it should not produce aggregation of the
dsDNA functionalised gold nanoparticles (Fig. 1a).

Water soluble gold nanoparticles were prepared via the citrate
reduction method'* and were functionalised with thiolated DNA
using a pH-assisted method."” The thiolated DNA was added as a
pre-formed duplex. The dsDNA functionalised nanoparticles
formed a red suspension in phosphate buffer (10 mM, pH 7.4)
(Fig. 2) and were stable in the presence of NaCl as compared with
non-functionalised nanoparticles (Fig. S1 in ESIY).

9-Aminoacridine-4-carboxamides, such as compounds 1 and
2, are known DNA intercalating agents. The bisintercalator linked
through an eight methylene chain, compound 1, has previously
been shown to bind to and unwind supercoiled DNA and to have
a potent antiproliferative effect on tumour cells in culture.'”> We
have previously shown that the compound with a six methylene
linker is able to crosslink DNA duplexes,'® but the longer chain
allows for bisintercalation as a “staple” like structure similar
to natural products such as echinomycin."”” 9-Aminoacridine-4-
carboxamide exhibits some sequence selectivity, with a preference
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Fig. 1 (a) Schematic representation of: (i) the aggregation of the dsDNA
functionalised gold nanoparticles in the presence of a bisintercalator and (ii)
non-aggregation of the dsDNA functionalised gold nanoparticles in the presence
of the monointercalator; (b) chemical structure of compound 1, compound 2 and
9-aminoacridine.
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Fig. 2 UV-Vis extinction spectrum of dsDNA functionalised gold nanoparticles
(PB 10 mM, pH 7.4) after addition of increasing concentrations of: (a) 1; (b) 9-AA;
and (c) 2 and (d) Eppendorf tubes containing dsDNA functionalised gold
nanoparticles after addition of: (1) no compound; (2) 1 (17.2 uM); (3) 9-AA
(34.5 uM); and (4) 2 (17.2 pM). All of the samples were shaken by hand for 1 min
prior to measurement.

for GC rich sequences.'® The double stranded oligonucleotide
used to functionalise the gold nanoparticles (5'-CTACGTGGACCT-
GGAGAGAGGAAGGAGACTGCCTG) contains multiple sites for
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intercalation with compounds 1 and 2. Increasing concentrations
of compound 1 (from 0 to 17.2 uM) were added to a sample of the
dsDNA functionalised gold nanoparticles. The samples were slowly
shaken by hand for 1 min. The UV-Vis extinction spectrum of the
functionalised gold nanoparticle solution was measured before
and after addition of the corresponding compound 1 concen-
tration (Fig. 2a). Upon addition of increasing concentrations of 1,
the surface plasmon absorption band showed a significant red
shift from 525 to 578 nm and a decrease in intensity. Incubation of
the gold nanoparticles with 1 led to a rapid (<1 min) disappear-
ance of the red colour (Fig. 2d). These results suggest that the
bisintercalator 1 is causing aggregation of the dsDNA functiona-
lised gold nanoparticles through duplex to duplex crosslinking. A
similar titration was performed with phosphate buffer (PB) and no
colour change was observed (Fig. S2a in ESIT). The increase in the
extinction seen at 400-500 nm in Fig. 2a is due to the addition of
increasing concentrations of 1 (Fig. S2b in ESIf).

The observed colour change could be a consequence of simple
intercalation rather than crosslinking. In order to elucidate
whether crosslinking between 1 and the DNA was taking place,
the dsDNA functionalised gold nanoparticles were incubated
with 9-AA. Titration with 9-AA from 0 to 34.5 uM (i.e. twice the
final concentration of the bisintercalator) led to neither a change
in the UV-Vis extinction spectrum of the nanoparticles (Fig. 2b)
nor in the colour of the solution (Fig. 2d), suggesting that the
aggregation of the nanoparticles in the presence of 1 is not
simply a consequence of intercalation but rather a crosslinking.
The increase in extinction seen at 350-450 nm is due to the
addition of increasing concentrations of 9-AA (Fig. S2c in ESIf).

In a recent study, we described the use of click chemistry to
generate bisintercalators designed to bind to higher order DNA
structures.'®> Some of these compounds were designed to direct
the second chromophore away from the duplex, one such mole-
cule being the bisintercalator compound 2. When the dsDNA
functionalised gold nanoparticles were incubated with increasing
concentrations of 2 (0 to 17.2 uM) a red shift (from 525 to 554 nm)
in the surface plasmon absorption band was observed accom-
panied by a decrease in the extinction intensity (Fig. 2c). The
changes in the surface plasmon band led to the disappearance of
the red colour (Fig. 2d). The increase in the extinction seen at
400-500 nm is due to the addition of increasing concentrations
of 2 (Fig. S2d in ESIf). A summary of how the addition of
compound 1, 2 and 9-AA affects the intensity of the extinction
maxima can be seen in Fig. S3 in ESL

The surfactant sequestration technique has been utilised in
kinetic studies of drug-DNA interactions in order to assess
dissociation kinetics of ligands from the duplex.'® Surfactant
sequestration was applied to demonstrate the reversibility of the
ligand-DNA binding and, therefore, the reversibility of the aggre-
gation of the dsDNA functionalised gold nanoparticles. In an
initial step, dsDNA functionalised gold nanoparticles were treated
with 1 (3.5 uM) to induce aggregation of the particles. A red shift
in the surface plasmon absorption band of the nanoparticles from
525 to 560 nm (Fig. 3a) and a change in the colour of the solution
(Fig. 3b) were observed upon addition of 1. Increasing concentra-
tions of sodium dodecylsulfate (SDS) (from 34.8 to 442.9 pM)
were added to the solution of gold nanoparticles containing 1.

This journal is © The Royal Society of Chemistry 2013
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Fig. 3 (a) UV-Vis extinction spectrum of dsDNA functionalised gold nanoparticles

(PB 10 mM, pH 7.4): (1) alone; (2) after addition of 1 (3.5 uM); and (3) after
addition of 1 (3.5 uM) and SDS (442.9 uM). (b) and (c) Eppendorf tubes containing
dsDNA functionalised gold nanoparticles (PB 10 mM, pH 7.4): (1) alone; (2) after
addition of 1 (3.5 uM); and (3) after addition of 1 (3.5 uM) and SDS (442.9 uM). All
of the samples were shaken by hand for 1 min prior to measurement.

a) | @

Fig. 4 TEM images of dsDNA functionalised gold nanoparticles (a) before and
(b) after addition of 1 (3.5 uM). Scale bars: (a) 20 nm and (b) 100 nm.

The samples were shaken by hand for 1 min and the UV-Vis
extinction spectrum was recorded (Fig. 3a). After addition of SDS
(442.9 pM), the extinction maximum shifted back to 525 nm
(Fig. 3a) and the colour of the solution turned to the initial deep
red (Fig. 3c). These results clearly demonstrate the reversibility of
the DNA-compound 1 crosslinking reaction. Addition of increas-
ing concentrations of SDS to a solution of DNA functionalised
gold nanoparticles without compound 1 had no effect on the
surface plasmon absorption band of the solution (Fig. S4 in ESIT).
The reversibility process was also confirmed by dynamic light
scattering that showed an increase in the hydrodynamic diameter
of the dsDNA functionalised gold nanoparticles after addition of
compound 1. The diameter of the aggregated particles decreased
when SDS was added to the solution containing 1, i.e., when the
aggregation was reversed (Table S1 in ESIY).

Further verification of the reversibility of the crosslinking
between the DNA and compound 1 came from the titration of a
solution of dsDNA functionalised gold nanoparticles containing
1 (3.5 puM, aggregated nanoparticles) with non-immobilised calf
thymus DNA (CT-DNA). When the CT-DNA is in excess, it
competes with the gold nanoparticles for ligand binding and
should lead to disaggregation as 1 is sequestered onto the non-
immobilised DNA. Upon addition of CT-DNA (97 uM base pairs),
the surface plasmon absorption band shifted back to 525 nm
and the extinction intensity increased (Fig. S5a in ESIT) confirm-
ing the reversibility of the ligand-DNA crosslinking. Addition of
the same concentrations of CT-DNA to a solution of dsDNA
functionalised nanoparticles without 1 produced no changes in
the surface plasmon absorption band (Fig. S5b in ESIf).

Transmission electron microscopy (TEM) was used to further
confirm the crosslinking between dsDNA functionalised gold
nanoparticles and compound 1. TEM images of the dsDNA
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functionalised particles showed dispersed gold nanoparticles
(Fig. 4a). In the presence of compound 1 the nanoparticles
aggregated forming large clusters as observed in Fig. 4b.

The ability of small molecules to crosslink duplex DNA (from
strand to strand) is well documented and studied - it forms the
basis for the clinically used antitumour agents such as cyclophos-
phamide - whereas duplex to duplex crosslinking is largely
unexplored and remains difficult to visualise by macroscopic
means, such as gel electrophoresis. As the move towards persona-
lised medicine and gene targeting continues, the ability to target
DNA that is compacted into the nucleosome and to study its
susceptibility to drugs and ligands is an imperative. In this paper,
we have shown that a compound previously demonstrated to bind
to one duplex structure is also able to form duplex to duplex
crosslinks. We have also demonstrated that it is possible to design
molecules with rigid linkers that can reach across from one DNA
strand to another, a potential benefit in a compact structure in the
cell. The use of gold nanoparticle conjugates to demonstrate
duplex to duplex crosslinking is a rapid colorimetric approach to
detection which could be extended to other molecules.
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