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Introduction: Strand cyclization is a formidable 

problem facing most proposed pathways for the prebi-
otic formation of nucleic acid polymers. Specifically, 
short ligation-activated oligonucleotides (i.e. di- to 
octanucleotides) undergo efficient intramolecular liga-
tion (i.e. cyclization), limiting the potential for poly-
merization [1,2]. In general, when a nascent polymer 
becomes sufficiently long to sample conformations 
that allow for intramolecular bond formation, cycliza-
tion occurs, and polymer growth ceases. The persis-
tence length of single stranded nucleic acids is only 3 
to 6 nucleotides [3], and nucleic acids must be ca. five 
or more residues in length to form stable base-paired 
duplexes, even at high oligonucleotide concentrations 
(ca. 1 mM). Thus, given a pool of chemically activated 
di-, tri- and tetranucleotides, one would predict that 
such short oligonucleotides would cyclize efficiently. 
This prediction is borne out by experiment [1,2,4]. 
Clearly, strand cyclization would have inhibited the 
prebiotic production of nucleic acid polymers, unless a 
mechanism existed to increase the persistence length 
of oligonucleotides or to stabilize duplex formation 
during polymerization. 

Discussion: We have previously demonstrated that 
the free energy associated with duplex intercalation by 
small, planar molecules can promote the chemical liga-
tion of oligonucleotides [5,6]. However, our previous 
experimental systems were limited to the coupling of 
two mono-functional oligonucleotides that were incap-
able of polymer growth (i.e. polymerization), and 
therefore, they were not subject to the problem of oli-
gonucleotide cyclization. To determine if intercalation-
mediated assembly can also circumvent the strand cyc-
lization problem (Fig. 1), we investigated the chemical 
ligation of bifunctional oligonucleotides. 
 

Analysis of ligation products by HPLC has re-
vealed that chemically-activated tetranucleotides, with 
sequences designed to form “tiling” Watson-Crick 
duplexes, undergo efficient strand cyclization, with the 
primary products being cyclic tetranucleotides and 
cyclic octanucleotides. This result is consistent with 
the very short persistence length of single-stranded 
oligonucleotides. In contrast, when an intercalator is 
present, the same oligonucleotides produce linear 
products, over the same time period, with virtually no 
cyclic products being observed. 

Analysis by gel electrophoresis demonstrates that 
tetranucleotide ligation in the presence of an intercala-
tor results in the production of polymers of up to 100 
nucleotides in length (i.e. 24 linear couplings). In con-
trast, no linear polymers are detected by gel electro-
phoresis when chemical ligation is performed in the 
absence of an intercalator.  

An exploration of the range of tetranucleotide con-
centrations over which intercalation can promote po-
lymerization revealed polymerization at oligonucleo-
tide concentrations as low as 5 µM, whereas, in the 
absence of ethidium, polymerization is not observed 
even at a tetranucleotide concentration of 60 mM. 
Thus, small molecule intercalation of tetranucleotides 
can increase the concentration range over which poly-
merization is favored by at least a factor of 105. 

Summary: Base pair intercalation, which stabiliz-
es and rigidifies nucleic acid duplexes, reduces strand 
cyclization, allowing for chemical ligation of tetranuc-
leotides into duplex polymers of at least 100 bp in 
length. In contrast, when these reactions are performed 
in the absence of intercalators, almost exclusively cyc-
lic tetra- and octanucleotides are produced. Intercala-
tor-free polymerization is not observed, even at tetra-
nucleotide concentrations >10 000-fold greater than 
those at which intercalators enable polymerization. 
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Fig. 1. Schematic illustration of the strand cyclization 
problem (top route) and the circumvention of this prob-
lem by intercalation (bottom route). In the absence of 
intercalators, chemically-activated oligonucleotides cycl-
ize; in the presence of intercalators, they polymerize. 
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