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Abstract

Ligation of an adapter oligonucleotide to a single-stranded cDNA is central to many molecular biology techniques. Current single-
stranded ligation approaches suffer from low efficiencies and are strongly inhibited by preexisting DNA secondary structure. We develop
an approach for ligating low concentrations of single-stranded DNAs to a DNA adapter with near-quantitative efficiency, unaffected by
secondary structure in the target DNA. This efficient DNA ligation reaction will facilitate development of robust procedures for quantify-
ing small amounts of highly structured cDNAs and their RNA templates.
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Many molecular biology manipulations, focused espe-
cially on analyzing RNA sequences and structures in cells,
require that an adapter oligonucleotide be ligated onto
either the 5’ or 3’ end of a target cDNA derived from an
RNA of interest. Important methods in this class include
mapping the 5 or 3’ terminus of an RNA [1,2] and per-
forming in vivo analysis of RNA structure [3,4]. A serious
shortcoming of current adapter ligation reactions is that
the efficiency for direct ligation of an oligonucleotide to a
single-stranded ¢cDNA is variable and is often quite low.
Ligation efficiencies also decrease significantly with increas-
ing target DNA length [5]. Thus, useful but complex
approaches, involving nucleotide tailing steps prior to liga-
tion with a double-stranded DNA adapter, have been
developed [4,6]. The ligation and tailing steps are dependent
on the accessibility and lack of base-paired structure at the
end of the target cDNA. The recovery of a ligated product
is then governed by both the abundance of a particular tar-
get cDNA and the net efficiency of adapter ligation and any
nucleotide tailing steps.

We sought to ligate an adapter oligonucleotide to single-
stranded cDNA-type targets at high efficiencies, indepen-
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dent of the secondary structure in the DNA. Using a ther-
mostable enzyme with DNA ligase activity [7], we
developed an approach for ligating single-stranded DNA
targets with complex secondary structures at nearly quanti-
tative efficiencies.

Materials and methods
Oligonucleotides

Oligonucleotides (synthesized by Midland Certified) for
cDNA ligation were as follows: DNA adapter, 5'-p-
ATCGA CAACA ACTCT CCTCC TCCGT GCG-(C3)-3’
(where p is a phosphate and C3 is 1,3-propanediol); DNA
target (119nt), 5-GGTAA GCTGG CCAGC AACTT
ATCTG TGTTT TTCCG ATTGT CTAGT GTCTA
TGTTT GATGT TATGC GCCTG CGTCT GTACG
TTCTG AACAC CCGGC CGCAA CCCTG GGAGA
CGTCC CAGG-3'. PCR primers: forward, 5'-GGTAA
GCTGG CCAGC AACTT ATCTG TGTTT TTCCG
AT-3'; reverse, 5'-CGCAC GGAGG AGGAG AGTTG
TTGTC GAT-3'. Reverse transcriptase primer for struc-
tured cDNA, 5'-GAACC GGACC GAAGC CCG-3'. Oli-
gonucleotides for 3’ end labeling by single nucleotide
extension: complement to DNA target, 5-AAACC
CTGGG ACGTC TCCCA GGGTT GCGG-3
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complement to reverse transcriptase primer, 5'-GGGTC
GGGCT TCGGT CCGGT TC-3'.

3" 3P end labeling of DNA oligonucleotides

The DNA target and cDNA reverse transcriptase primer
were 3’ end labeled using Klenow(-exo) polymerase and
annealing to a complementary strand that allows incorpo-
ration of a single nucleotide [8]. Reactions (20 ul, 37°C,
40 min) contained 4 uM DNA to be labeled, 4-8 uM com-
plement, 5U Klenow(-exo) DNA polymerase (New
England Biolabs), and 2.5 uM of either o-[**P]JdGTP or a-
[*?P]dATP. Reactions were quenched by dilution with
formamide and purified by denaturing gel electrophoresis
(10-20% [w/v] polyacrylamide, 90 mM Tris-borate, 2mM
ethylenediaminetetraacetic acid [EDTA],! 7M urea). DNAs
were recovered from the gel by passive elution at 37 °C for
2h and ethanol precipitation. Target DNA and ¢cDNA
reverse transcriptase primer were resuspended in water at
final concentrations of 0.1 and 0.3 pM, respectively.

Single-stranded DN A ligation

Ligation reactions (10pul, 68°C, 1h) contained 50 mM
Mops (pH 7.5), ImM dithiothreitol (DTT), 10mM KCI,
5mM MgCl,, 2.5mM MnCl,, 20% (w/v) polyethylene gly-
col 6000 (PEG 6000), 25 uM ATP, *P-labeled target DNA,
1 uM adaptor DNA, and 10U Thermophage DNA ligase
(Prokaria). Ligation products were resolved by denaturing
electrophoresis in 10% polyacrylamide gels and were quan-
tified using a Phosphorimager (Molecular Dynamics).

Ligation-mediated PCR

Aliquots (8 pl) from each ligation reaction were precipi-
tated with ethanol in the presence of 20 ug glycogen. Pellets
were resuspended in 74 ul water, and one-half of this mix-
ture was used in 100-ul PCR reactions (containing 20 mM
Tris-HCl [pH 84], 50mM KCI, 0.2mM each dNTP,
2.5mM MgCl,, 0.75uM forward primer, 0.84 uM reverse
primer, 2.5 U Taq polymerase). After 32 PCR cycles (94 °C,
30s; 60°C, 30s; 72°C, 1 min), products were analyzed on
1.4% (wlv) agarose gels.

Construction and analysis of 3' nested set of cDN As

tRNA transcripts were prepared as described previously
[9]. Random 2’-O-adducts were introduced by heating 12 ul
of 0.5uM RNA (in 5mM Tris [pH 8.0], 0.5mM EDTA) to
95°C for 1 min, adding 6 pul of 333 mM Hepes (pH 8.0), and
treating with 2pl of 65mM N-methylisatoic anhydride
(NMIA) for 1 min at 80 °C. Radiolabeled primer was added

' Abbreviations used: EDTA, ethylenediaminetetraacetic acid; DTT, di-
thiothreitol; PEG 6000, polyethylene glycol 6000; NMIA, N-methylisatoic
anhydride; SHAPE, selective 2'-hydroxyl acylation analyzed by primer ex-
tension.

(6l at 0.3 uM) and annealed at 65°C for Smin and then at
35°C for 20min, and primer extension reactions were per-
formed (in 40 pl) exactly as described previously [9]. RNA
was subsequently degraded by alkaline hydrolysis (0.2M
NaOH, 95°C, 5min). The 3’ nested set of cDNAs, produced
in the primer extension reaction, was initially resolved on a
denaturing 20% polyacrylamide sequencing gel. Extension
products were identified by comparison with an adjacent
sequencing marker, generated by dideoxythymidine nucleo-
tide incorporation during primer extension. cDNAs were
then excised from the gel in subsets containing approxi-
mately 20nt each (2040, 40-60, 60-80, 80-100, 100-120,
and 120-132nt in length). Each size-fractionated subset was
individually eluted from the gel (500mM sodium acetate
[pH 6.0], 1 mM EDTA, 37°C, 2h), concentrated by ethanol
precipitation, and resuspended in 10 pl water. Ligation reac-
tions were performed using 1pl of each cDNA fraction.
Ligation products were resolved on 14% denaturing poly-
acrylamide gels and visualized by phosphorimaging.

Results and discussion
Strategy for optimizing single-stranded DN A ligation

A model system for ligating a DNA adapter to a single-
stranded target DNA is shown in Fig. 1. Ligase enzymes in
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Fig. 1. End-selective single-stranded DNA ligation to create PCR tem-
plates. Dashed reaction arrow indicates ligation between 3’-OH and 5'-
phosphate (p) groups. Star indicates site of 3’ radiolabel used to visualize
ligation products (in Fig. 2A).
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the RNA ligase 1 family catalyze the ATP-dependent for-
mation of a phosphodiester bond between a nucleotide 3'-
hydroxyl nucleophile and a free 5'-phosphate group (Fig. 1,
dashed reaction arrow) [10]. The adapter oligonucleotide
was synthesized with a 5'-phosphate and a nonligatable 3'-
C3 (1,3-propanediol) group to enforce unique ligation
between the 3’-OH of the target DNA and the 5'-phos-
phate of the adapter (Fig. 1). The DNA target was radiola-
beled at its 3’ end and was intentionally designed to form
significant secondary structure at its 3’ terminus so that,
from the onset, the ligation reaction would be optimized
against an interfering secondary structure. The adapter oli-
gonucleotide was designed such that it lacks significant sec-
ondary structure and simultaneously forms an accessible
PCR primer binding site.

Efficiency of single-stranded DN A ligation

Our strategy for efficient single-stranded DNA ligation
involves four elements. Reactions were performed (i) at an
elevated temperature (68 °C) to reduce secondary structure
in the DNA target, (ii) in 20% (w/v) PEG 6000 to increase
macromolecular interactions between DNA substrates and
the ligase enzyme, (iii) at saturating adapter DNA and
ligase concentrations so that ligation efficiency is concen-
tration independent for low amounts of target DNA, and
(iv) with the use of an adapter DNA lacking significant self-
structure.

Under these optimized conditions, the target DNA was
ligated to the adapter oligonucleotide at efficiencies of at
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Fig. 2. Efficient single-stranded DNA ligation and selective PCR amplifi-
cation. (A) Ligation reactions as a function of target DNA concentration
(resolved by electrophoresis after adjusting all samples to equal 2P disin-
tegrations). (B) PCR amplification of target DNA adapter ligation prod-
ucts. Marker (M) is a double-stranded DNA ladder in 100-bp increments.

least 97% at DNA concentrations of 0.01-0.1nM (See
ligated product in Fig. 2A). The absence of a low-mobility
product in reactions omitting the adapter DNA demon-
strates that only linear ligated product, and not DNA cir-
cles, form in these reactions (Fig. 2A, see minus adapter
lanes). At the higher target DNA concentrations of 1 and
10nM, ligation efficiencies are 80 and 56%, respectively,
and can be increased to at least 90% by extending the reac-
tion time from 1 to 4 h (data not shown). Higher efficiencies
at lower target DNA concentrations support the design
principle that reactions should be performed at saturating
adapter and ligase concentrations.
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Fig. 3. Construction and secondary structure for cDNA target. (A)
Scheme for synthesis of 3’ nested set of cDNA fragments. Reverse trans-
criptase-mediated primer extension was performed using RNA fragments
carrying 2’'-0O-adducts generated by RNA SHAPE chemistry [9]. Site of
32P radiolabel in reverse transcription primer is indicated with a star. (B)
Calculated secondary structure for full-length cDNA target [12].
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PCR amplification of ligated single-stranded DN As

The products of the single-stranded DNA ligation can
be used directly for PCR (Fig. 1). Ligation reactions
(Fig. 2A) were recovered by ethanol precipitation and used
without further purification in PCR (Fig. 2B). After 32
cycles, a single product is clearly observable by PCR for the
ligated product formed from 10~>nM starting target DNA
(corresponding to 0.04 fmol DNA). PCR product synthesis,
as expected, requires both the DNA adapter and ligase
enzyme (Fig. 2B, control lanes). Thus, using an optimized
approach for ligation of single-stranded DNAs, we form
target DNA adapter products that are efficiently and selec-
tively amplified by PCR.

Single-stranded DN A ligation independent of target DNA
structure

We then evaluated the sensitivity of the single-stranded
DNA ligation reaction to the secondary structure present
at the 3’ end of a target DNA. We generated a set of DNAs
with a common 5’ end as a complete set of nested 3" exten-
sion products by performing a primer extension reaction
using a previously described RNA template [9] (Fig. 3A).
The RNA template was subjected to RNA selective 2'-
hydroxyl acylation analyzed by primer extension (SHAPE)
chemistry [9,11] under denaturing conditions to yield 2'-O-
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adducts at every internal RNA residue. These 2’'-0-adducts
prevent reverse transcriptase-mediated primer extension
beyond the site of the adduct to yield a complete set of
cDNA fragments containing every possible DNA from the
19-nt long primer to the 132-nt full-length product
(Fig. 3A). Although there is some variation in individual
bands, all expected extension products are observed as
bands of significant intensity in a sequencing gel (Fig. 4,
complete lane).

There are 113 different DNA products in the complete
nested set, and the 3’ ends of these products lie in both highly
structured stem loops and unpaired regions (Fig. 3B). For
analysis, the complete nested set was divided into subsets con-
taining approximately 20 DNA fragments each by excising
and purifying cDNA fragments from a preparative gel
(Fig. 4). Reactions were performed in the presence (+) and
absence (—) of the thermostable ligase and were resolved on
sequencing gels. For each size-fractionated cDNA subset,
ligation to the adapter oligonucleotide is detected as the disap-
pearance of a band in the (—) ligase lane and a shift to a prod-
uct 28nt longer in length in the (+) ligase lane. For clarity,
products longer than 60nt were subjected to extended electro-
phoresis to achieve improved resolution (Fig. 4, right panel).

In nearly every case, target DNAs are ligated at greater
than 95% efficiency. For example, in the reactions of DNAs
40-60, 60-80, 80-100, and 100-120nt in length, all bands
corresponding to the starting DNAs are quantitatively

Full length _ Fdel
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Fig. 4. Structure-independent ligation of nested structured cDNAs. Complete lane shows initial 3’ nested set of cDNA fragments; size-fractionated sets
shown in remaining lanes were created from this parent ensemble. All cDNAs have identical 5" ends but differ in length, as shown. cDNA fractions were
incubated with the 28-nt adapter oligonucleotide in the presence (+) or absence (—) of thermostable ligase. Sequencing marker (T) was generated by incor-
poration of dideoxythymidine during primer extension from the RNA template; positions of thymidine residues are indicated at the left of each panel.
Right-hand panel shows extended electrophoresis of selected reactions from main panel.
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converted to product DNAs (compare — and + ligase lanes
in Fig. 4). The main exception to quantitative ligation is the
experiment involving DNAs 120-132nt in length, where
the full-length extension product was ligated to approxi-
mately 50%; most shorter cDNAs in this group were ligated
at more than 80% efficiency.

Conclusion

Using a combination of a thermostable ligase, elevated
temperature, PEG-induced molecular exclusion, and the forc-
ing of product formation with saturating ligase and adapter
DNA concentrations, we achieved efficient ligation of single-
stranded DNAs independent of secondary structure in the
DNA target. This approach is directly compatible with, and
should yield immediate improvements to, many current strat-
egies for analyzing RNA structure via cDNA intermediates.
Efficient structure-independent cDNA ligation also represents
an important technology for our ongoing program directed
toward quantitative analysis of RNA structure in vivo.
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