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ABSTRACT

Replacing the sugar-phosphodiester backbone of nucleic acids with a
pyrrolidine-amide backbone results in an oligonucleotide mimic POM 1 which
binds with high affinity and specificity to complementary DNA and RNA.
Unlike other modified oligonucleotides, POM binds much more rapidly to
single stranded RNA than DNA.

Backbone modified oligonucleotides are of considerable interest as potential
therapeutic agents, probes in molecular biology as well as models to study nucleic
acid structure, recognition, function and evolution. To date only a few de novo
modified oligonucleotides have been reported with positively charged backbones
(1). In this paper we introduce a novel pyrrolidine-amide oligonucleotide mimic
(POM) 1 (scheme 1) which is cationic at physiological pH due to protonation of
the backbone pyrrolidine ring. X-ray crystal structures and molecular modelling
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Scheme 1.

studies reveal that the protonated pyrrolidine ring in POM adopts a preferred con-
formation which closely resembles a typical C3′-endo ribose ring in native RNA
(2). In addition, the rigid amide linkage has been shown to be a good replacement
for the phosphodiester linkage in DNA (3).

Initial investigations were carried out with a pentamer, T5–POM 2, which
was synthesised, in solution, by alkylation of the phthalimide (Phth) protected
pyrrolidine 3 with bromoacetamide 4, both of which were derived from trans–
4–hydroxy– L–proline (4) (scheme 1). Boc deprotection of the resulting dimer 5
(n = 1) and a second coupling with 4 gave the trimer 5 (n = 2). Repeating these
steps to the pentamer 5 (n = 4), followed by treatment with dilute HCl resulted
in T5–POM 2. UV thermal denaturation experiments were then carried out with
an equimolar mixture of T5–POM 2, and poly(rA) (42 µM each in bases) with
initial cooling from 93◦C to 15◦C followed by heating to 93◦C at 0.2◦C/min.

At pH 7, 0.12 M K+ a melting temperature (Tm) of 49◦C was determined from
the first derivative of the slow heating curve. In comparison, native d(T)5 showed
no hyperchromic shift with poly(rA), above 8◦C under identical conditions, whilst
d(T)20 formed a duplex with poly(rA) with a Tm of 42◦C. Peptide nucleic acid (PNA)
lys–T5–lysNH2 exhibited only slightly higher affinity for poly(rA) (Tm 56◦C). In
addition, no melting was observed between T5–POM 2 and non–complementary
poly(rC), (rG) and (rU), whilst Job plots of 2 with poly(rA) revealed a 1:1 binding
stoichiometry consistent with the formation of a Watson–Crick base paired duplex.

Upon increasing the ionic strength, whilst maintaining the pH at 7, slightly
higher TmS for 2 with poly(rA) of 52, 54 and 55◦C were observed at 0.22, 0.62
and 1.20 M K+ respectively. In contrast, other cationic modified oligonucleotides
have been shown (1) to form less stable duplexes and triplexes with RNA and DNA
at higher salt concentration, which is attributed to a reduction in the electrostatic
attraction between the oppositely charged backbones (1). The TmS of 2 with poly(rA)
were also highly dependent on pH (TmS = 45, 46, 54 and 57◦C at pH 8.0, 7.5, 6.5 and
6.0 respectively with constant ionic strength 0.12 M K+). This indicates that more
stable duplexes are formed at lower pH, suggesting that the extent of protonation of
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the nitrogen atom of the pyrrolidine ring, is important for binding to RNA. However,
factors other than electrostatic attraction, perhaps conformational changes brought
about by protonation at lower pH, are more likely to be the cause of increased
duplex stability.

Notably no hyperchromic shift was observed between T5–POM 2 and equimo-
lar poly(dA) under identical conditions. Only after increasing the concentration of
both 2 and poly(dA) five fold (210 µM each in bases) followed by an extended
period of incubation at room temperature (48–96h) was it possible to observe
melting. This suggests that T5–POM binds much more slowly to poly(dA) than
poly(rA). Conversely the affinity of 2 for poly(dA) (Tm 57◦C, pH 7, 0.12 M K+) was
considerably higher than for poly(rA) whilst lys–T5–lysNH2 PNA exhibited a lower
affinity for poly(dA) (Tm 48◦C, pH 7, 0.12 M K+). Noticeably with 2 and poly(dA)
increasing the ionic strength (pH 7, 0.62 M K+) resulted in two transition melting
temperatures 42 and 66◦C consistent with the melting of a triple helix to a duplex to
single strands. Similarly at lower pH (pH 6, 0.12 M K+) two transition TmS, 35 and
64◦C, were observed. Job plots of 2 with poly(dA) indicated a 2:1 (T:A) binding
stoichiometry consistent of triplex formation.

The difference in the association kinetics of T5–POM 2 with poly(dA) and
poly(rA) was investigated by monitoring the change in A260 with time immediately
following mixing of equimolar amounts of the polyadenylates with 2 (Fig. 1a). At
pH 7, 0.12 M K+ and a base concentration of 42 µM for both poly(rA) and 2 (�)
a 29% hypochromic shift was observed with a t1/2 for association of ca. 7 min.
In contrast no hypochromic shift was observed with poly(dA), under identical
conditions (�), even after 15 h. Upon increasing the concentration of both T5–
POM 2 and poly(dA) fivefold (�) only a moderate 6% hypochromic shift was
observed with a t1/2 of at least 30 min. Clearly this shows that T5–POM 2 binds

Figure 1. a) Normalised UV absorbance (A260) of T5–POM 2 with poly(rA) and (dA) vs. time at
25◦C. 2 and Poly(dA) (42 µM each in bases), 0.12 M K+, pH 7 (�); 2 and Poly(dA) (210 µM),
0.12 M K+, pH 7 (�); 2 and Poly(rA) (42 µM), 0.22 M K+, pH 7 (�); 2 and Poly(rA) (42 µM),
0.12 M K+, pH 7 (�); 2 and Poly(rA) (42 µM), 0.12 M K+, pH 6 (�). b) SPR response (RU) vs. time
for T5–POM 2 injected across r(A)20 (�), d(A)20 (�), d(AGC TTC AGA GAT CGA TCG GAG AGA
GTA GTG-3′) (�) derivatised surfaces and an underivatised control surface (�).
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much more slowly to poly(dA) than poly(rA). From these experiments it was also
apparent that T5–POM binds faster to poly(rA) at lower pH and salt concentration,
indicating that electrostatic attraction increases the rate of association.

Surface plasmon resonance (BIAcore 2000 instrument) was used to confirm
the observed high affinity, sequence specific binding and relative rates of association
of T5–POM 2 with DNA and RNA. In these experiments d(A)20, r(A)20 and a
mixed sequence DNA 30–mer, biotinylated at the 5′–end, were immobilised via
streptavidin into a dextran matrix upon a gold sensor chip. The SPR response
was then measured against time following injection of T5–POM 2 (40 µM strand
concentration, pH 7, 0.12 M K+) across each surface (Fig. 1b). This revealed that 2
does bind strongly to both r(A)20 and d(A)20 but associates faster with r(A)20 than
d(A)20. Significantly, the response sensogram of the mixed sequence DNA was
identical to the control non-derivatised surface, confirming that no non-specific
interactions occur between POM and non-complementary DNA.

In conclusion we have introduced a novel class of modified nucleic acids
with a pyrrolidine-amide backbone and shown that the pentamer T5–POM 3 binds
sequence specifically to both ssDNA and ssRNA with an affinity that is much
higher than native nucleic acids and is similar to PNA. However unlike PNA,
T5–POM binds much faster to ssRNA than ssDNA. Other oligonucleotides such
as 2′,5′–linked RNA and DNA exhibit a thermodynamic binding selectivity for
native ssRNA over ssDNA (5), but as far as we are aware T5–POM is the first
modified oligonucleotide that can kinetically discriminate between the two. As a
consequence of this POM may have significant advantages as a therapeutic agent, as
an hybridisation probe in gel shift assays, in arrays for measuring levels of cellular
mRNAs (trancriptomics), or in the affinity purification of RNA.
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