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trans-Cyclopentane-modified PNA has been successfully uti-
lized as a target capture strand to improve the detection limit of
a known DNA detection assay, and provide high levels of
mismatch discrimination.

There have been intense efforts to develop methods that allow for
highly sensitive and selective detection of DNA targets. These
efforts have significant implications for the detection of genetic
diseases and infectious agents. Many assays have been introduced
based upon fluorescence, colorimetric, and electrochemical signal-
ling using either molecular or nanoparticle probes.! To date, the
most sensitive assays involve the polymerase chain reaction (PCR)
in conjunction with molecular fluorophores, or the use of
nanoparticle-based reporters in the scanometric format.> The
sensitivity of these assays can be limited by the molecular
recognition properties of DNA. Replacing DNA as the target
capture strand with a synthetic oligomer designed to have better
DNA-recognition properties could improve the sensitivity of these
assays.

Peptide nucleic acids (PNAs) are a class of nucleic acid mimics
with physical properties that could be beneficial as target capture
probes for DNA. PNAs, which were discovered by Nielsen and co-
workers in the early 1990s,® hybridize to complementary DNA
with significantly higher affinity than the natural oligonucleotides.
Interestingly, PNA-DNA duplex stability increases as the salt
concentration is reduced, contrary to the trend found with DNA
duplexes.* This ability to bind under low salt conditions allows for
denaturation of secondary and tertiary structures within the DNA
targets, thus providing access to a maximum number of binding
sites.” Furthermore, PNAs are stable to both nucleases and
proteases and have superior surface stability compared to DNA.%7
Despite these promising properties, aegPNA (Fig. 1) has shown
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Fig. 1 Structures of probes for DNA detection.

+ Electronic supplementary information (ESI) available: experimental
section. See http://www.rsc.org/suppdata/cc/b4/b418383e/
*appellad@niddk.nih.gov

mixed results when employed in chip based detection assays.® We
recently introduced a new class of peptide nucleic acids bearing a
trans-cyclopentane constraint within the PNA  backbone
(1cypPNA).” The rcypPNAs possess improved binding affinity
and sequence specificity for their complementary DNA targets
relative to aegPNA.'® These improved binding properties make
tcypPNA an attractive choice as a probe for DNA detection.

In this communication, we report the benefits with respect to
detection associated with rcypPNA as the target capture strand in
the highly sensitive scanometric DNA detection assay (Scheme 1).%

To demonstrate the utility of /cypPNA as a probe for nucleic
acid detection, a synthetic oligonucleotide sequence was selected as
a target that corresponds to that of the anthrax lethal factor
(5'-GGATTATTGTTA---AATATTGATAAGGAT-3’).  This
sequence is well studied in the literature and is relevant to bio-
warfare and bio-terrorism applications.” For the detection assay, a
15-mer PNA complementary to the 3’ end of the anthrax target
was synthesized bearing one scyp residue at the central position
and an 8-amino-3,6-dioxo-octanoic acid (mPEG) linker at the
N-terminus (C-TTATAACT ., ,ATTCCTA-mPEG-NH,). The
corresponding aegPNA analogue was also synthesized, and both
were examined in solution via UV thermal denaturation experi-
ments. As expected, the zcyp modified PNA possessed a greater
thermal stability and improved sequence specificity compared to
the aegPNA analogue (Table 1).

The scanometric DNA detection relies on oligonucleotide-
modified gold nanoparticles (NPs), which were prepared via citrate
reduction of HAuCl, and characterized using a Hitachi 8100
transmission electron microscope. The surface of the Au particles
was functionalized with 3'-thiolated DNA and salt stabilized to
afford DNA-modified nanoparticle probes complementary to the
5" end of the target DNA (NP-SH-A ;~CCTAATAACAAT-5").!!
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Scheme 1 Scanometric DNA detection. A) General detection scheme. B)

Detailed view of rcypPNA modified assay; * = C-terminus of PNA.
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Table 1 Melting temperatures of rcypPNA and aegPNA
tcypPNA aegPNA
Anthrax sequence’ T (°C)” ATy (CC)F°  Tm(°C)  ATwm(°C)
Full match 57 — 48 —
TC mismatch 36 —-21 33 —15
TG mismatch 41 —16 37 —11
TT mismatch 40 -17 36 -12
“The anthrax sequences correspond to either the fully

complementary anthrax target or the indicated mismatch opposite
the position of the cyclopentane residue
(5'-GGATTATTGTTAAATATTGXTAAGGAT-3').  * Conditions
for T,, measurement: 10 mM phosphate buffer, 150 mM NacCl,
0.1 mM EDTA, pH 7.0, UV measured at 260 nm from 90 °C to
15 °C, in 1 °C increments. © AT, represents the difference in melting
temperature between the complementary DNA and the DNA with
the indicated mismatch.

The wcypPNA was spotted onto an amine-active slide
(Amersham Biosciences) using a DNA microarrayer. Following
overnight immobilization, the slide was washed, dried, and used
immediately. The slide was incubated with a solution containing
target DNA (at varying concentrations, 150 mM NaCl) and a
solution of DNA-modified nanoparticle probes for 2 hours at
40 °C and 1 hour at room temperature. This chip was then washed
and immediately exposed to silver enhancement solution. The
results were then read using a Verigene ID system (Nanosphere,
Incorporated, Northbrook, IL) which measures light scattering
from the silver enhanced spots to provide a permanent record of
the assay. Each assay was carried out three times on the same chip
and the data were processed and quantified using a graphical
software package (See ESI for additional detailst).

Microarray results were obtained after silver enhancement for
various target concentrations from 25 aM (aM = 10718 M) to
500 fM along with control samples (Fig. 2). This assay provides
semi-quantitative data over four orders of magnitude of target
concentration, thus providing access to a useful detection range
without the need for amplification of the DNA target. This result
represents a three order of magnitude improvement in sensitivity
over the original reports that placed the limit of detection at 50 fM,
when using DNA as the target capture strand.>*!> Furthermore,
the importance of the cyclopentane in the PNA capture strand was
evaluated by examining the same detection system using a regular
aegPNA sequence. Under the same conditions, the aegPNA
detection system showed little to no response (See ESI for resultst).

We postulated that the enhanced sequence specificity of
tcypPNA in solution would allow effective discrimination between
single base mismatches in the scanometric assay, an important
property for the detection of single nucleotide polymorphisms
(SNPs). With «cypPNA as a probe, all three mismatches opposite
the cyclopentane-modified thymine residue of the PNA capture
strand were assayed (Fig. 3). This was carried out by hybridizing
the mismatch DNA target (30 pL of a 500 aM sample) and the
nanoparticle probe on the slide for 15 minutes at 60 °C, followed

500 fM 50 fM 25 fM 5fM
500 aM 50 aM 25 aM Control

Fig. 2 Detection results using a /cypPNA target capture strand.
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Fig. 3 Single base mismatch experiments. Each mismatch corresponds to
the indicated mismatch as described in Table 1. The numbers associated
with each experiment correspond to the average signal intensity of the
three experiments.

by one hour at 50 °C. The stringency conditions were chosen by
careful inspection of the melting curves, where it was determined
that a hybridization temperature of 50 °C would allow for
maximum binding of the fully matched complement, while
excluding the mismatched targets. Immediate washing (with
0.5 M NaNO;) to remove all unbound oligonucleotides and silver
enhancement followed. The results show a strong positive signal
for the matched target and weak to undetectable signals for the
single base mismatch targets. Signal intensity is a minimum of
three times stronger for the fully matched complement relative to
the mismatch sequences when the control signal is subtracted,
allowing for facile discrimination of the intended targets. This level
of selectivity is slightly improved from that achieved using a Cy3
fluorophore label appended to a DNA probe. The fluorescent
system was shown to produce a 2.6:1 ratio in signal intensity
between the fully matched target and a TG mismatch sequence.
The popular fluorescent based systems however can not be tested
at 500 aM concentrations due to inadequate detection limits.*'*}

The enhanced DNA recognition properties of fcypPNA
compared to aegPNA were essential for successful application of
a PNA as the target capture strand in the scanometric DNA
detection assay. A single cyclopentane in the PNA backbone was
crucial for obtaining positive results in this assay. Future work will
focus on using scypPNAs for multiple target detection,'
incorporation into the more sensitive bio-bar code assay for
detection of both nucleic acids and proteins,?’ and the develop-
ment of an entirely PNA-based system in which the nanoparticle is
functionalized with zcypPNA.
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