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The Darwinian evolution of biomolecules is described as a
continuous process of mutation, selection, and amplifica-
tion.' According to a widely accepted hypothesis, the
spontaneous prebiotic generation of nucleic acid oligomers
evolved through a variety of possible combinations of
information building blocks. Over the past few decades,
several research groups have investigated various chemical
systems able to promote nonenzymatic oligonucleotide
ligation.”>’ Among the hypotheses investigated, it has been
postulated that the early-life selection process might have
taken advantage of reversible backbone linkages, which
provided a means to repair themselves or transform in
response to their environment.” Indeed, reversible chemical
connections in biomolecular species enable the development
of adaptive dynamic systems capable of responding to
external factors, such as temperature, the pH value, or
molecular-recognition events. So far, diverse dynamic
nucleic acid based architectures with specific constitutions
or activities have been reported,”! but only a few reversible
covalent reactions have been used to produce dynamic
informational nucleic acid based oligomers.*! Boronic ester
formation is a reliable reaction for the generation of
reversible covalent DNA linkages under enzyme-free con-
ditions. Because of their well-known mild Lewis acidity,
boronic acids have proved to be both sugar- and pH-
responsive, and undergo a reversible transformation into
cyclic esters in the presence of cis diols.” This ability has led
to unique applications, such as self-healing materials, ther-
apeutic agents, and sugar sensing.¥! Moreover, the discovery
of the thermal stabilization of ribose by borate minerals and
the demonstration that borate can be used as a phosphate
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mimic in enzymatic catalysis shed new light on the potential
prebiotic relevance of boron.”! In this context, our research
group recently described the synthesis of the complete set of
2’-deoxyborononucleotide analogues of natural nucleotide
monophosphates and the reversible formation of the corre-
sponding dinucleotides in the presence of uridine.'” Follow-
ing this study, we envisioned a dynamic and reversible DNA-
templated ligation that would occur through the reaction of
two oligodeoxynucleotides (ODNs), one with a boronic acid
at its 5" end, the other with a ribonucleotide at its 3’ end. The
resulting joined duplex would differ from natural DNA in the
replacement of a phosphodiester with a boronate internucleo-
side linkage. Herein, we report a new dynamic and program-
mable ligation of DNA sequences (Figure 1).

Our approach requires the synthesis of a oligodeoxynu-
cleotide with a boronic acid at its 5" end. This strand was
prepared from dT*[% by using standard phosphoramidite
chemistry (see the Supporting Information). Our experimen-
tal design involves a 14 mer template (ODN3), the suitably
modified 5'-boronic acid sequence (ODN1), and ODN2, a
DNA sequence bearing a ribonucleoside residue at the 3’ end
(Figure 1). The sequences exhibit purposefully major differ-
ences in affinity for the complementary strand ODN3
(Table 1, entries 3 and 4; T,,=14.9°C for ODN3/ODN1 and
T,,=48.5°C for ODN3/ODN2).

In thermal-denaturation studies, we then examined the
ability of the template to bring the two functions into close
proximity. Control experiments were carried out with (dT),
(ODN4), an analogue of ODNI1 without the boronic acid
modification. As expected, all curves featured a double
sigmoidal transition corresponding to ODN3/ODN1 and
ODN3/ODN2 half-duplexes. Our main goal was to explore
whether the ligation between ODN1 and ODN2 occurred as a
result of a selective recognition event. Since the boronic acid
functionality is carried by the less stable half-duplex, we
hypothesized that the formation of a novel boronate-linked
full duplex would mainly influence the lower transition.
Precisely this effect was observed, in support of our model
hypothesis.

The stability of the resulting duplex was subsequently
evaluated in the presence of various stimuli. It is well-known
that the equilibrium of formation of boronic esters is
dependent on the pH value.'!! Indeed, when the pH value is
increased, a thermodynamically stable hydroxyboronate
complex is formed, with a major release of angle tension as
a result of the rehybridization of boron from sp? to sp’. Thus,
we envisioned that it should be possible to control the
assembly of the boronate linkage by modulating the inter-
action between ODN1 and ODN2 through variations in the
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Figure 1. The dynamic and reversible DNA-templated ligation system investigated (T°" refers to boronothymidine, and bold letters represent RNA
residues). The ligation is reversible, whereby the direction of reaction depends on the temperature and the pH value.

Table 1: Results of UV thermal denaturation with ODN3 as the template.?!

caused by perturbation of the ribose

Entry Sequences” .7 sugar pucker.®*1% These results
pH pH PHindicate that the DNA-templated
7.5 8.5 9.5 . )
pH-controlled system is highly
1 ODN8 3. TTTTTTTCGCTGCC 63.5 63.5 627  effective and yields a completely
2 ODN4 3-TTTTTTT 15.1 15.1 149 hovel thermodynamically stable
3 ODN2 CGCTGCC-5 48.5 48.5 47.8 .
4 ODN1 3TTTTTTT 14.9 14.8 139 architecture. ,
54 ODN4+ ODN2 3.TTTTTTT CGCTGCC-S 123 122 11.0 Considering  the ~ reversible
6l ODNT1 + ODN2 3TTTTTIT CGCTGCC-5 19.1 23.8 26.7 nature of the boronate linkage, we
71 ODN1+ ODN5 3TTTTTTIT CGCTGCC-5 12.8 12.8 11.9 assumed that the addition of a diol
8t ODN1+ODN6 3-TTTTTTT*" UGCTGCCS 10.8 15.4 19.8  to the system might be another
9t ODN1+ODN7? 3-TTTTTTT CGATGCC-5 221 245 269 means of controlling the assembly
10 ODN1+ ODN2 3-TTTTTTT CGCTGCC-5' 30.3 - -

of the duplex. To test this assump-

[a] The template ODN3 is 5-AAAAAAAGCGACGG-3'. [b] T*" refers to boronothymidine. Bold letters
represent RNA residues, and mismatch bases are in italics. [c] Melting temperatures refer to the melting
of the corresponding sequence(s) with ODN3 and were obtained from the maximum of the first
derivative of the melting curve (absorbance at 260 nm versus temperature) recorded in a buffer
containing NaCl (1 M) and sodium cacodylate (10 mm). The concentration of each DNA strand was
3 uM. The curve-fit data were averaged from the fits of three denaturation curves. For values below 12°C,
uncertainty remains owing to the height of the low-temperature side of the baseline. [d] The T,, values
indicated refer only to the lowest temperature-dependent transition. [e] Data were obtained in the

presence of NaCN (3 mm).

pH value. At pH 7.5, the boronate-ligated duplex displayed a
higher melting temperature than that of the nicked dsDNA
(T,=19.1 versus 12.3°C, AT, =6.8°C; Table 1, entries 5 and
6). Moreover, at pH 9.5, the melting temperature of ODN3/
(ODN1+ODN?2) was 15.7°C higher than that of its nicked
counterpart (7, =26.7 versus 11.0°C, AT,,=15.7°C; Table 1,
entries 5 and 6). We hypothesized that this stabilization arises
from the formation of a relaxed tetrahedral sp® boronate
anion at pH > 7.5. This hypothesis was confirmed by molec-
ular-dynamics (MD) simulations (see the Supporting Infor-
mation). Control experiments performed in the presence of
ODNS, the corresponding 3’-deoxyribonucleoside analogue
of ODNZ2, showed no stabilization regardless of the pH value
and thus confirmed the significance of the cis-diol function-
ality in the recognition event (Table 1, entry 7). The boronate
junction is nevertheless destabilizing: an unmodified duplex
has a much higher melting temperature (7, =63.5 versus
19.1°C at pH 7.5; Table 1, entries 1 and 6). This destabiliza-
tion might be a result of the distortion of the DNA backbone
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tion, we added 1000 equivalents of
fructose to a solution of the ligated
assembled duplex at 4°C. This
experiment was carried out at
pH 7.5, 8.5, and 9.5. Examination
of the resulting thermal-denatura-
tion curves revealed that fructose
could not dismantle the ligated
duplex. However, when fructose
was added to a solution of ODNI1,
ODNZ2, and ODN3 at 90 °C, the pH dependency was inverted.
Whereas fructose had no effect at pH 7.5 (T,,=19.9°C for
ODN3/(ODN1+0ODN2), the T,, value decreased slightly to
19.7°C at pH 8.5 and further to 10.2°C at pH 9.5 (see the
Supporting Information). Thus, the formation of a boronate
ester between ODNI1 and fructose at pH 9.5 prevents the
DNA-templated ligation of the probes.

This first set of results was confirmed by nondenaturing
polyacrylamide gel electrophoresis (PAGE). Experiments
were carried out at pH 8.5 in a Tris/borate/EDTA (TBE)
buffer at 10°C (Figure 2; Tris =2-amino-2-hydroxymethyl-
propane-1,3-diol, EDTA = ethylenediaminetetraacetic acid).
These conditions do not permit the formation of a stable
ODN3/ODN1 half-duplex: the respective bands for ODN1
and ODN3 were clearly observed (Figure 2, lane 5). The
addition of ODN2 produced a new band corresponding to the
ligated product, with the total disappearance of the bands for
ODN3 and ODNI1 (Figure 2a, lane 6). On the other hand, no
ligated product was observed for the reaction of ODN3 with
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Figure 2. Analytical PAGE under nondenaturing conditions (UV shad-
owing). a) Lane 1: 14 mer control ODN3; lane 2: 7 mer control ODN2;
lane 3: ODN3/ODN2; lane 4: ODNT; lane 5: ODN3 and ODNT;

lane 6, ODN3/(ODN1+ODN2). b) Lane 1: 14 mer control ODN3;
lane 2: 7 mer control ODNS; lane 3: ODN3/ODNS5; lane 4: ODN1;

lane 5: ODN3 and ODNT; lane 6:
ODN3/ODNS5 and ODNT.

ODN1 and ODNS (Figure2b,
lane 6). These results are consistent
with the data for UV thermal dena-
turation (compare entries 6 and 7 in
Table 1). In the absence of a DNA
template, no observable ligation
product was formed between
ODN1 and ODN2, even at high
concentration (see the Supporting
Information).

We undertook a preliminary
investigation into the sequence
selectivity of the ligation and stud-
ied the formation of the duplex
DNA with a boronate linkage in

0 ge
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simulations performed to explain these results suggested the
assistance of the RNA template in the formation of the
tetrahedral boronate ester (see the Supporting Information).
Surprisingly, at pH 7.5, the melting temperature of the RNA-
templated ligated duplex was 14.0°C higher than that of its
DNA-templated counterpart (7, =33.1 versus 19.1°C). The
pH-dependant stabilization is, however, less marked than that
observed for the DNA-templated system (7,,=35.6°C at
pH 9.5; Table 2, entry 5). To explain these results, we assume
that in the junction environment, the ligated duplex may
prefer an A-like over a B-like helical conformation. This
hypothesis is in accordance with NMR spectroscopic studies
performed on dinucleotides in which it was found that

Table 2: Data for UV thermal denaturation with ORN9 as the template.?

Entry Sequence! T4 [°C]
pH pH pH
7.5 8.5 9.5
1 ODN7 3-TTTTTTTCGCTGCC-5' 61.5 - -
2 ODN4 3TTTTTTT-S 12.0 12.0 115
3 ODNI1 3TTTTTTTO5 18.3 20.2 22.2
4 ODN4 -+ ODN2 3-TTTTTTT CGCTGCC-5 15.3 16.0 15.9
5l ODN1+ODN2 3-TTTTTTT CGCTGCC-5 33.1 34.1 35.6

[a] The template ORN9 is 5-AAAAAAAGCGACGG-3'. [b] T°" refers to boronothymidine, and bold letters
represent RNA residues. [c] Melting temperatures refer to the melting of the corresponding sequence(s)
with ORN9 and were obtained from the maximum of the first derivative of the melting curve
(absorbance at 260 nm versus temperature) recorded in a buffer containing NaCl (1 m) and sodium
cacodylate (10 mm). The concentration of each DNA strand was 3 uM. The curve-fit data were averaged
from the fits of three denaturation curves. For values below 12°C, uncertainty remains owing to the
height of the low-temperature side of the baseline. [d] The T, values indicated refer only to the lowest

the presence of singly mismatched
probes in which the position of the
mismatch was at the 3’ end (in ODNG6), corresponding to the
5’ side of the junction, or a CA mismatch was inside the 7 mer
diol probe (in ODN7). Thermal-denaturation analysis
revealed that the relative placement of the mismatch affects
the ligation. Whereas the stability of the resulting duplex was
mostly unaffected when the mismatch was inside the 7 mer
probe, the ligation proceeded only at pH >8.5 when the
mismatch was located at the 3’ end of the mismatched probe
and involved in the formation of the junction (Table 1,
entries 8 and 9). These results suggest that the ligation based
on boronic ester formation is able to display levels of
discrimination.

Boronic acids have also been known to form tight and
reversible complexes with cyanide ions.'” Indeed, experi-
ments performed in the presence of NaCN (3 mm) at pH 7.5
showed that the ligation proceeds efficiently (7, =30.3°C).
This outcome is significant, as it demonstrates the generation
of stable tetrahedral boronate ions at a neutral pH level
(Table 1, entry 10).

Finally, we evaluated the ligation in the presence of the
RNA template ORNY (Table 2). Interestingly, control experi-
ments revealed that the ORNY/ODNI1 half-duplex was
slightly more stable than the analogous half-duplex ODN3/
ODNI1, with an increase in the T, value of 3.4°C at pH 7.5.
Moreover, since an increase in the pH value had basically no
effect on the ODN3/ODN1 half-duplex, we were surprised to
observe a pH-dependent stabilization of ORN9/ODN1. MD
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temperature-dependant transition.

borononucleotides induce a favorable RNA-like conforma-
tion on the ribonucleoside partner through the formation of
the internucleosidic linkage.""’

In summary, we have developed a new dynamic and
programmable ligation system based on the reversible DNA-
templated formation of a boronate internucleosidic linkage.
This system has several significant features: 1) DNA-tem-
plated dynamic self-organization; 2) adaptative behavior in
response to external triggers (temperature, pH value, diol
concentration, or cyanide ions); and 3) dynamic selection of
the optimal building blocks. From a broader perspective, the
present results open the possibility to generate biologically
and prebiotically relevant dynamic systems that may also find
useful application in medicinal chemistry and the preparation
of biocompatible materials.
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