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PNA-RELATED OLIGONUCLEOTIDE MIMICS
AND THEIR EVALUATION FOR NUCLEIC ACID
HYBRIDIZATION STUDIES AND ANALYSIS

V. Efimov,"* M. Choob,!? A. Buryakova,' D. Phelan,>
and O. Chakhmakhcheva!

'Shemyakin & Ovchinnikov Institute of Bioorganic Chemistry,
117871 Moscow, Russia
2 Active Motif, Carlsbad, California 92008

ABSTRACT

DNA mimics containing phosphonate analogues of PNAs (pPNAs), particu-
larly PNA-pPNA hybrids as well as hetero-oligomers consisted of pPNA units
and PNA-like molecules on the base of trans-4-hydroxy-L-proline (HypNA)
have been synthesized. The evaluation of their effectiveness in assays based on
the hybridization technique in the comparison with natural oligonucleotides
and classical PNAs has shown a high potential of these mimics as sensor
molecules for nucleic acid based diagnostics and as molecular probes for mRNA
isolation.

INTRODUCTION

Last years, synthetic oligonucleotides (ODNs) attracted increasing interest as
effective tools for many molecular biology applications based on the hybridization
technique. However, some problems still remain, which are connected with their
biological instability and a relatively low thermal stability of their duplexes. Among
DNA analogues developed to improve the affinity and specificity of the target-probe
interaction, peptide nucleic acids (PNAs) and their derivatives are currently of much
interest due to their excellent binding properties and enzymatic stability (1,2). PNAs
consist of achiral monomer units derived from N-(2-aminoethyl)glycine bearing
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nucleoside heterocyclic bases and connected by amide bonds. PNAs can hybridize
to complementary DNA or RNA chains forming very stable duplexes and triple
helixes, and their application as sensor molecules and molecular probes leads to
a simultaneous increase in both specificity and sensitivity of the analysis, because
of their higher affinity and ability to discriminate single base pair difference better
than DNA probes (3). Moreover, PNAs can hybridize to complementary regions
of nucleic acids in low salt concentrations that prevents a target nucleic acid from
intra-strand folding and increases the accessibility of target sequences. Neverthe-
less, the biological applications of PNAs are limited by their poor water solubility,
tendency to self-aggregation and sedimentation in low salt concentrations, as well
as inability to activate RNAase H (4,5). To improve the potency of PNAs, we
have developed novel oligonucleotide mimics representing phosphonate analogues
of peptide nucleic acids (pPNAs), a set of chimeric oligomers containing pPNA
and PNA residues (6,7) as well as hetero-oligomers constructed of pPNA units
and PNA-like monomers on the base of trans-4-hydroxy-L-proline (HypNA) (8)
(Fig. 1). The investigation of their properties revealed that these PNA-related mim-
ics are fully stable to the action of nucleases, and the introduction of negative charges
into the PNA backbone led to the excellent solubility characteristics. The combi-
nation these properties with high hybridization characteristics makes PNA-pPNA
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Figure 1. General chemical structures of PNA-related oligonucleotide mimics and the building
blocks for their solid phase synthesis.
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and HypNA-pPNA chimeras very promising for evaluation as potential anti-sense
and anti-gene therapeutic agents as well as specific molecular probes and sensor
molecules.

RESULTS AND DISCUSSION

To construct PNA-related oligomers, the procedures to obtain corresponding
pPNA, HypNA, PNA monomers as well as PNA-pPNA and HypNA-pPNA dimer
building blocks has been developed (7-9). The building units depicted in Figure 1
have a combination of blocking groups compatible with the solid phase DNA phos-
photriester synthesis using the intra-molecular O-nucleophylic catalysis (7), and
the dimers with mixed PNA-pPNA or HypNA-pPNA backbone contain the inter-
nal amide bond between the corresponding monomer residues. A synthetic route,
which was used to assemble PNA-pPNA or HypNA-pPNA chimeric oligomers on
a CPG support included stepwise coupling these units with the necessary changing
a unit type during the chain elongation (8,9).

In the hybridization experiments, PNA-pPNA and HypNA-pPNA chimeras
demonstrated strong binding to complementary nucleic acid chains (7,8). Thus,
HypNA-pPNA chimeras with 1:1 ratio of alternating monomer units exhibit a high
thermal stability of their complexes with DNA (RNA) targets, which was very close
to that of complexes formed by pure PNA oligomers (8). The especially interesting
aspect of the complex formation between PNA-related mimics and nucleic acids
is the influence of a salt concentration on melting temperatures (Ty,) of their com-
plexes. It is known that, by virtue of a neutral backbone of classic PNAs, the stabil-
ity of their complexes with nucleic acids is fairly independent on ionic strength, in
contrast to DNA/DNA or RNA/DNA duplexes (3). Moreover, the Ty, of PNA/DNA
(RNA) duplexes has a tendency to decrease with increasing salt concentration
(0.01 — 0.5 M NaCl), whereas the Ty, of natural DNA and RNA duplexes increases
(10). Similar to classic PNAs, T, values of complexes between DNA(RNA) and
hetero-oligomers composed of alternating PNA (HypNA) and pPNA residues in
1:1 or 1:2 ratio are not dependent on ionic strength. The decrease of a salt concen-
tration has only a weak destabilizing effect on duplexes and triplexes formed by
these mimics that, probably, is a consequence of the partial intra-molecular neu-
tralization of negative pPNA charges by the interaction with amide groups of a
backbone. Nevertheless, the hybridization properties of pure pPNA oligomers and
their chimeras containing less than 30% PNA (or HypNA) residues were similar to
those of natural oligonucleotides, and at low salt concentrations we observed the
decreasing Ty, values of their complexes (Fig. 2) (11).

Recently, we have tested the PNA-related mimics as sensor molecules in the
construction of arrays for nucleic acid hybridization analysis using assay formats
utilizing polyacrylamide-based technique as a test system (12,13). For the attach-
ment of bio-molecules to polyacrylamide (PAA) supports, we used an approach
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Figure 2. Influence of a salt concentration on the stability of complexes formed by mimic oligomers
with their complementary targets. A - Thy;s/rA;s complexes; B -.complexes of oligomers with mixed
purine-pyrimidine sequences.

including the polymerization of acrylamide-modified oligomer probes into
acrylamide-based copolymers. A convenient scheme for the solid phase synthesis
of 5’- and 3’-acrylamide conjugates of oligonucleotides and mimic oligomers via an
universal intermediate have been developed (12). According to this scheme, mimic
oligomers were synthesized from the appropriate monomer and dimer units using
a CPG support derivatized with the properly protected 1-deoxy-D-ribofuranose as
schematically shown in Figure 3.

The acrylamide-containing mimics were used for the construction of soluble
PAA-oligomer conjugates as well as polyacrylamide gels (PAAG) with tethered
oligomer probes. To obtain soluble polymers, an acrylamide-mimic conjugate and
acrylamide were co-polymerized in 1:100 molar ratio. The addition into the reaction
mixture of bis-acrylamide allowed to obtain PAAGs containing mimic probes. To
obtain polymers modified with specific functional groups, the apropriate activated
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Figure 3. Scheme for the synthesis of acrylamide conjugates with ODNs and mimic oligomeksarcer Dexxer, Inc.
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Figure 4. Approaches to the construction of PAA-oligomer conjugates and their attachment to a
solid surface with the use of activated acrylic acid derivatives.

R = solid support

acrylic acid derivatives, particularly p-nitrophenyl ester, or N-substituted acry-
lamides, N-aminoalkylacrylamide or its N-bromoacetamide derivative, were added
into the polymerisation reaction along with other components (Fig. 4) (12,13).
These functional groups can be used for the introduction of fluorescent labels or
side chains of other types to obtain multiple functionalized polymer, and for a
modulation of the polymer properties with respect to hydrophilicity and charge.
The reactive groups connected to PAA chains can be also used for the attachment
of polymers to solid surfaces. Thus, we used an approach to the derivatization of
solid supports with oligomer probes, which involves the attachment to the activated
surface of a preliminary prepared comb-type PAA precursor containing the tethered
oligomer in multiple copies and the corresponding reactive groups in side chains.
This technique provides connection of a polymer with a surface through the stable
chemical bonds (C—N and C—S) and results in high loading of an oligomer probe
(for example, 350-500 fmol/mm? in the case of glass supports) (12).

The examination of the binding selectivity of PNA-related mimics to nucleic
acids using melting experiments on solid phase has shown that the hybridization
of PAA-mimic conjugates occurred in a sequence specific manner, and we did not
detect the formation of complexes between mimic probes and non-complementary
targets. The introduction of one mismatch in the center of a mimic sequence gave
a significant drop in the melting temperature (17-23°C). Oligomers with two sepa-
rately situated mismatches were not able to form stable complexes with the targets.

The stability of duplexes formed by DNA target and pPNA-containing minics 6atr, inc.
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Fluorescence
intensity, RFU

Figure 5. Analysis of a mismatch effect in solid phase hybridization of the fluorescently labeled
oligonucleotide d(TCATGGTGTCCTTTGCAG) to the surface-immobilized PAA-oligomer conju-
gates with the complementary, mismatched in the 9" position and non-complementary sequences.

be described as being in general 0.72-0.89°C higher per base pair than that of
the corresponding DNA/DNA duplex, whereas for PNAs this value was 1.05°C at
the same conditions (Fig. 5). In general, PNA-pPNA and HypNA-pPNA chimeric
probes showed in ~1.5 times better mismatch discrimination factors than ODNSs,
and their characteristics were similar to those for PNAs (12).

For the examination of hybridization properties of mimics, we used affinity-
electrophoresis also. Oligomer capture probes were immobilized within fixed
regions of non-denaturing PAAG by co-polymerization similar to the procedure
described earlier (14). Electrophoresis of *?P-labelled complementary DNA sam-
ples through the gel resulted in hybridization-mediated capture of dilute comple-
mentary targets by the immobilized mimic oligomer probes, whereas ODNs with
non-complementary sequences had a migration behavior as in a gel lacking the
probe. The mismatched ODNs did not bind tightly to the probe and moved on a gel
on the bases of their decreasing affinity for recognition sequence. Following elec-
trophoresis, hybridized samples were detected by autoradiography or imaging (15).

We have found that some intercalating fluorescent dyes, particularly ethid-
ium bromide and ethidium homodimer, are not able to bind single-stranded PNA-
related mimics in contrast to natural DNA(RNA) fragments. At the same time, in
contrast to PNAs (16), the duplexes and triplexes of the pPNA-containing mim-
ics with DNA(RNA) targets exhibit fluorescence under UV-light after the stain-
ing with these dyes (15). Thus, in the case of gel-immobilized mimic probes
the visualization of a duplex formation between a probe and its migrating tar-
get can be readily achieved by staining the gel with some dyes. Another dye
tested by us for visualization and recognition of mimic-target complexes was a
symmetrical cyanine dye 1-ethyl-2-[3-(1-ethylnaphtho[1,2-d]thiazolin-2-ylidene)-
2-methylpropenyl]naphtho[1,2-d]thiazolium bromide (“Stains all”). Practically, it
does not stain single-stranded PNAs and PNA-related mimics, whereas the success-

ful binding of the mimics to the target DNA sequence is reported by the dark blue: pexer, inc.
270 Madison Avenue, New York, New York 10016
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Figure 6. Analysis of target DNA or RNA samples using the affinity PAGE. The PAAG contains
a layer with immobilized HypNA-pPNA mimic oligomer as a capture probe. Detection by staining
with ethidium bromide. The probes contain: a complementary target-1,3; a mismatched target-2,4,6;
a mixed comp./mismatched target-5.

(or violet) color of a band. The application of a such visualization method in con-
junction with PNA-related mimics can be especially useful for the analysis of long
nucleic acid targets by affinity electrophoresis as it is shown in Figure 6, because
it does not require the preliminary radioactive or fluorescent target labeling.

PNA-related mimics were also tested for the construction of soluble branched
detection probes for signal amplification in sandwich hybridization assays (12).
The assay formats for sandwich hybridization consisted of a comb-type PAA-
oligomer capture probe immobilized on a glass surface and a comb-type PAA-based
detection-amplification probe. In general, this assay system with PNA-pPNA and
HypNA-pPNA probes capable of detecting 1-5 amol of a target with the use of
radioactively labeled amplifier probes (12) that is suitable for a variety of biology
testing applications. As a variant of the detection probe for sandwich hybridization,
we tested a mimic conjugate with the double-stranded DNA fragment of ~1000 bp-
length obtained by PCR. This detection format is based on the unique property of
single-stranded PNAs and the above-described PNA-relative mimics, which were
used as capture probes, do not interact with some intercalating dyes, particularly
ethidium homodimer, homodimeric oxazole yellow (YOYO) and thiazole orange
(TOTO) dyes. In contrast, these dyes selectively stain captured target DNA or RNA
fragments giving stable fluorescent complexes (17). Utilizing this nucleic acid assay
format and ethidium homodimer, the detection limit was estimated in the range of
0.01-0.1 fmol of a target, whereas with YOYO and TOTO the detection sensitivity
was ~10-fold higher (15).

Further extending the range of PNA-relative mimics applications is connected
with the optimization of mRNA isolation from cells or tissues for cDNA arrays,
libraries and RT-PCR (11). Current techniques for the isolation of mRNA in-

clude the hybridization of homo-T ODNs to the 3’ poly-A tailed mRNA:Highex, ixc.
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Figure 7. Principal scheme for mRNA isolation with the use of “linear” and “clamping”” homo-Thy
mimic oligomers bearing terminal biotin residue.

affinity to nucleic acid targets, good water solubility and nuclease resistance of
PNA-pPNA and HypNA-pPNA chimeras allow to improve the isolation proce-
dure. For this purpose, two types of triplex forming chimeric homo-Thy oligomers
representing “linear” and “clamping” molecules have been designed and synthe-
sized (Active Motif, patent pending). The latter molecule represented two linear
homo-Thy mimic chains connected with a neutral flexible linker (Fig. 7). Also, these
oligomers contained the N-terminal biotin residue, which allows the conjugation to
a streptavidin-coated surface, particularly magnetic beads, to isolate mimic/RNA
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complexes. It was demonstrated that both the “linear” and “clamping” chimeras
hybridize to poly-A sequence with a high degree of specificity and give very low
background binding of the probe to unwanted rRNA (18). The application of pPNA-
containing mimics in mRNA isolation has shown that these oligomers allow for
the isolation of high quality mRNA ensuring a representative mRNA population
including mRNA with short poly-A tracks (Fig. 8). Additionally, their advantages
over natural ODNs include reduced DNA contamination that is a consequence of
possibility of DNase treatment during mRNA preparation.

CONCLUSION

The investigation on the properties of PNA-relative mimics bearing negative
charges, particularly PNA-pPNA and HypNA-pPNA chimeras, demonstrated their
high potential as probes for nucleic acid isolation and analysis. In view of high
hybridization properties, biological stability and good water solubility, their use
gives rise to the sensitivity and effectiveness of the processes as compared to that
of natural ODNs without the increasing a background.
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