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Formation of a phosphorus—oxygen bond between phosphate
and hydroxyl termini of DNA in aqueous solution requires
chemical activation of the phosphate for nucleophilic substitution
and positioning of the hydroxyl for attack on the activated
phosphate in competition with water."™* This esterification re-
action is accomplished enzymatically by DNA ligases, which utilize
energy from an ATP or NAD cofactor to activate the phosphates.’
We report a nonenzymatic approach to ligation of double-helical
DNA employing a single-stranded template to align two duplex
strand termini in a local triple helix (Figure 1). A triple-stranded
complex is formed by association of a pyrimidine oligodeoxy-
ribonucleotide in the major groove of the Watson—Crick duplex
with sequence specificity derived from Hoogsteen hydrogen
bonding.*® Juxtaposition of the two DNA termini by a guide
sequence in a triple helix, accompanied by chemical activation
of the terminal phosphates, promotes ligation of the double-helical
DNA.

A 3.7 kilobase pair (kbp) blunt-ended linear DNA duplex
possessing a |5 base pair purine tract for triplex formation at each
end was constructed.” A 30 nucleotide template strand, com-
plementary in a Hoogsteen sense to the continuous 30 base pair
triplex site formed by apposing the termini of the double-helical
DNA, was also synthesized. In a triple-stranded complex formed
by association of the template strand with both ends of the dou-
ble-helical DNA, the linear DNA molecule would be circularized.
Upon chemical activation, the proximal 3’-hydroxyl and 5’-
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Figure 1. The 5"-phosphate and 3’-hydroxyl termini of two blunt-ended
DNA duplexes can be aligned for condensation by association of an
oligonucleotide template in a triple-helical complex.

15bp 15 bp
triplex triplex
site 3691 bp site

oligo (30 nt)

l

2
Zn’
N-cyanoimidazole ]

D OO D AD A A A A D D A A A D A A AT~

Figure 2. The substrate linear double-helical DNA can be covalently
circularized in a reaction that requires single-stranded template, purine
tracts on both ends of the double-helical DNA termini, and activation
by N-cyancimidazole (NCI) in the presence of Zn?*.

phosphate termini would be susceptible to covalent ligation on
one or both strands (Figure 2).

A mixture of double-helical DNA (1.7 nM), 30-mer template
(17 nM), and ZnCl, (20 mM) was allowed to react with the
condensing agent N-cyanoimidazole (0.1 mM).'%!""  After 7 h
(20 °C, pH 4.9), the reaction products resulting from single- and
double-strand ligations were separated by agarose gel electro-
phoresis in the presence of ethidium bromide (Figure 3). Covalent
closure of one strand of the linear DNA produces a circular
molecule (form II) that migrates more slowly in the gel than the
linear starting material (form III). If both strands of the plasmid
are covalently closed, the circular DNA is positively supercoiled
by intercalation of ethidium bromide (EB) contained in the gel.
The positively supercoiled DNA (form I°) migrates more rapidly
than the linear starting material (form III) and the negatively
supercoiled DNA isolated from bacteria (form I).

Several DNA products from the chemical ligation reaction are
observed (Figure 3, lane 7), with gel electrophoretic mobilities
identical with those produced by treatment of the linearized
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Figure 3. Ligation of linear 3.7-kbp DNA; analysis by electrophoresis
in a 1% agarose gel containing 0.4 mg/L ethidium bromide (EB). Lane
7: Plasmid DNA (0.8 ug) was linearized with Dral and Stul? depro-
teinized with phenol, desalted by elution through Sephadex G-25, and
treated in a total volume of 200 uL with 0.1 mM NCI, 20 mM ZnCl,,
and 17 nM single-strand template for 7 h at 20 °C (pH 4.9). The
reaction mixture was desalted with Sephadex G-50 and concentrated
under vacuum before loading on the gel. Control experiments: lane 1,
linearized DNA; lane 2, NCI was omitted; lane 3, single-stranded
template was omitted; lane 4, the single-stranded template was replaced
by the 30-nucleotide Watson—Crick complement of the plasmid purine
strand; lanes 5 and 6, Stul and Dral, respectively, were omitted from the
enzyme digest;® lane 10, Dral and Stul were both omitted from the
enzyme digest; lane 8: Plasmid cut with Dral and Stul was treated for
7 h at 20 °C with 2000 units of T4 DNA ligase (New England Biolabs)
in 200 pL of a solution containing 20 mM MgCl,, 50 mM Tris-HCI, pH
7.0, and 15 mM ATP. Lane 9: 0.8 ug of supercoiled plasmid DNA
(form I).

plasmid with T4 DNA ligase and ATP (lane 8). The similarity
of products of the nonenzymatic and enzymatic reactions indicates
that they are the results of end-to-end ligation. In controls, no
reaction is observed in the absence of the oligodeoxyribonucleotide
‘template (lane 3); in the presence of an oligodeoxyribonucleotide
(30-mer) complementary in the Watson—Crick sense to the purine
tract of the plasmid ends (lane 4); and in the case of the plasmid
containing only one triple helix forming site at the termini (lanes
5 and 6)."? These requirements for triple-helix sites at both
termini and for the oligonucleotide complementary in the
Hoogsteen sense support a model in which the oligonucleotide
behaves as a template for ligation by combining the duplex termini
in a local triple helix. Requirement of the condensing agent
N-cyanoimidazole suggests that the circularization is covalent (lane
2).
One reaction product (15% yield) migrates slightly faster in
the gel than negatively supercoiled plasmid (form I).!* We assign
this band to positively supercoiled plasmid (form 1°). This product
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is circularized plasmid in which both strands have been ligated.
The predominant reaction product (45% yield) is identified as form
I1 DNA. This product may arise from circularization and ligation
of only one of the two strands or from nicking of the doubly ligated
product during the course of the reaction and workup.'

Approximately 15% of the 3.7-kbp DNA is converted into
products with slower gel mobilities than form II DNA (lane 7).
By comparison with the mobility of a DNA size standard (data
not shown), the most abundant of these can be identified as a
7.4-kbp linear dimer of the starting material. The other two bands
can be assigned to the circularized dimer, covalently closed on
one and both strands. Consistent with these tentative assignments,
the yields of the three products decrease with decreasing DNA
concentration in the reaction mixture.

Phosphodiester bond formation in the chemical ligation reaction
would afford a cleavage site for the restriction endonuclease Mn/l.
Mnll hydrolyzes the phosphodiesters on both strands of double-
helical DNA, seven base pairs to the 3’ side of the sequence
5’-CCTC-3’. Digestion of the products of the nonenzymatic
ligation reaction with Mnll reveals a set of restriction fragments
consistent with enzymatic cleavage at the ligation site.!® Cleavage
by a restriction endonuclease supports the identification of the
bonds formed in the ligation reaction as phosphodiesters.'®

In summary, we find that blunt-ended double-helical DNA can
be ligated on one and both strands by chemical methods. Because
this template-directed approach involves sequence information
from the double-helical substrate in the ligation reaction, the
nonenzymatic reaction supercedes in specificity the related en-
zymatic process.
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(14) Approximately 15% of the plasmid is nicked after treatment under
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otherwise identical plasmid with the sequence 5-CTTC-3 in the template
binding site replacing the Mnll site. Digestion of the products of this reaction
with Mnll and electrophoretic analysis confirmed that the linkages formed
in the ligation reaction are stable to the enzyme digestion conditions.
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sequence.!” However, the nonenzymatic ligation products can be grown in
Escherichia coli, confirming that at least some of the linkages formed are
phosphodiesters. We find that use of an alternate-strand binding template'®
enables template-directed double-strand ligation that re-creates a restriction
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lending further support to the conclusion that phosphodiester linkages are
formed in the nonenzymatic reaction reported here.
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