Enzymatic Synthesis of Cu'-responsive Deoxyribozymes
through Incorporation of Artificial Ligand-type Nucleotides
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Figure 1. Enzymatic synthesis of Cu"-responsive DNAzymes through incorporation
of hydroxypyridone (H) nucleotides. rA: adenosine ribonucleotide.

of the great potential for metal-dependent regulation of DNA functions,

metal-mediated unnatural base pairs have scarcely been applied to metal-responsive DNA materials. This is mainly
because chemical synthesis of artificial ligand-bearing oligonucleotides is often cumbersome and time-consuming.

Herein, I report efficient enzymatic methods to synthesize artificial DNA strands containing H nucleotides
(Figure 1). Enzymatic reactions were expected to incorporate hydroxypyridone nucleoside triphosphate (dHTP)
under mild conditions without any protecting group of the ligand moiety. I subsequently applied the enzymatic
synthesis to develop CuH-responsive deoxyribozymes (DNAzymes). H nucleotides were incorporated into reported
DNAzymes so that the formation of one H-Cu"-H base pair can regulate their catalytic activities.

2. Enzymatic synthesis of artificial ligand-bearing DNA strands

Polymerase incorporation of dHTP was first investigated using a natural DNA template. I expected that unnatural
H nucleotides can be introduced into an opposite site of natural nucleobases through misincorporation by a DNA
polymerase. An exonuclease-deficient Klenow fragment (KF exo—) was found to incorporate one dHTP in a
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after the H to afford a full-length product in over 90% yield. bearing H nucleotides utilizing a natural DNA template. (a)
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two-step primer extension allowed for the incorporation of a and aligase.

single H nucleotide into any sequences to afford H-containing DNA strands.

The incorporation of multiple H nucleotides was also accomplished using a polymerase and a ligase (Figure 2b).
H nucleotides were appended to the 3'-ends of DNA strands by KF exo— and the H-bearing strands were
subsequently connected through ligation by T4 DNA ligase.

In addition, I investigated the enzymatic synthesis of DNA strands containing consecutive H nucleotides. Dpo4
polymerase was found to incorporate three consecutive H nucleotides with the aid of Mn" ions as a cofactor.
H-oligomers (e.g. 5'-GHHHC-3") were also enzymatically incorporated into a DNA strand by T4 DNA ligase.

These enzymatic methods enabled the incorporation of H nucleotides at internal positions without any protecting
groups by using commercially available enzymes.
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divided into two strands, and H Figure 3. Development of a split Cu"-responsive DNAzyme (H-DNAzyme). (a) Original E5

nucleotides were incorporated into RNA-cleaving DNAzyme. (b) Reversible Cu'-dependent regulation of the DNAzyme
its stem site. The split DNAzyme activity by the formation of a H-Cu"-H base pair. (c) RNA-cleaving activity of the split
H-DNAzyme and the original E5 DNAzyme in the absence and in the presence of one
equivalent of Cu" ions. (d) Iterative switching of the activity of the H-DNAzyme by the
alternate addition of one equivalent of Cu" ions and a Cu'-binding peptide (GHK).
Cu" ions through the formation of [DNAzyme] = 1.0 uM, [substrate] = 10 uM, [CuSO4] = 1.0 uM in 10 mM HEPES (pH 7.0), 1
a H-Cu"H base pair (Figure 3b). M NaCl, 10 mM MgClz, 25 °C. N'= 3. Error bars indicate standard errors.

was expected to restore its
catalytic activity upon addition of

I prepared 11 H-bearing DNA stands by the two-step primer extension (Figure 2a) to investigate the optimal position
of the H-H pair. The CuH—dependent catalytic activity of each DNAzyme was evaluated with an equimolar substrate
in the absence and in the presence of one equivalent of Cu" ions. As a result, the highest on/off ratio (~5) was
observed with a DNAzyme containing a H-H at the third position, which is referred to as “split H-DNAzyme”.
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The RNA-cleaving activity of the split H-DNAzyme was examined with 10 equivalents of the substrate (Figure
3¢). The time-course analysis clarified that the split H-DNAzyme catalytically cleaved the substrate in the presence
of Cu" ions at the 5.5-times higher initial rate than that under the Cu"-free condition. No substrate cleavage was
observed with Cu" ions but without any DNAzymes, which evidenced that the DNAzyme activity itself was
enhanced by cu'.

The metal specificity of the split H-DNAzyme was examined with 11 kinds of transition metal ions. Among them,
only Cu" ions enhanced the activity while the other ions had no effect on the RNA-cleaving reaction.

The reversible regulation of the DNAzyme activity was demonstrated by the addition and removal of Cu" ions.
The addition Cu" ions in the course of the reaction immediately increased the RNA-cleaving activity. When a
CuH—binding peptide (GHK) was added as a chelator, the activity was immediately diminished to almost the same
level as that in the absence of Cu' ions. Moreover, the two-cycle switching of the DNAzyme activity was
demonstrated by the alternate addition of Cu" ions and the CuH—binding peptide (Figure 3d).
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The RNA-cleaving activity of ss H-DNAzyme was monitored under the same condition as that of split
H-DNAzyme (Figure 4c). Upon addition of one equivalent of Cu" ions, the initial reaction rate was enhanced by
6.8-fold, which was comparable to the split DNAzyme. The activity of ss H-DNAzyme was also reversibly
controlled by the addition and removal of Cu" ions. Furthermore, I succeeded in developing other CuH—responsive
DNAzymes from different types of DNAzymes but based on the same design principle. Thus, the incorporation of H
nucleotides was proven to be a promising method to develop metal-responsive DNAzymes.

5. Multimetal-dependent regulation of DNAzyme activities

Based on its high metal specificity, the split H-DNAzyme was applied to metal-dependent orthogonal regulation
of DNAzyme activities using well-known Hg'-mediated thymine base pairs (T-Hg'—T) as well as H-Cu"-H (Figure
5a). A novel HgH—responsive DNAzyme (T-DNAzyme) was developed by introducing four T-T mismatches into E5
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DNAzyme. The metal-dependent activation of H-DNAzyme and T-DNAzyme was examined with a mixture of both
DNAzymes and their substrates. When one equivalent of Cu" ions was added, the activity of H-DNAzyme was
enhanced eight-fold while T-DNAzyme showed the same activity (Fig. 5b). On the other hand, the addition of HgII
ions selectively increased the activity of T-DNAzyme. In the presence of both Cu" and HgH ions, both DNAzymes
were activated by two- to three-fold. Furthermore, the selective deactivation of the DNAzymes was also
demonstrated by the removal of Cu" or Hg" ions using corresponding chelating agents. In this way, the orthogonal
regulation of the DNAzymes was achieved through the metal-specific formation of H-Cu'-H and T-Hg"-T base
pairs.

A DNAzyme that responds to two metal ions was also developed through the incorporation H nucleotides into a
reported Ag'-dependent RNA-cleaving DNAzyme'. In the absence of Ag' ions, no substrate cleavage was observed.
The addition of only AgI ions but without Cu" ions yielded little cleaved substrate. The activity of the modified
DNAzyme was restored only when both Cu'" and Ag' ions were added. Therefore, it displayed an AND-gate
behavior using the two metal ions as inputs, which is applicable to DNA-based logic gates, multiplexer, and
computing circuits.
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Figure 5. Orthogonal activation of a Cu'-responsive H-DNAzyme and a Hg'-responsive T-DNAzyme. (a) Design of the
orthogonal activation. (b) Metal-dependent activation of H-DNAzyme and T-DNAzyme. Cu" and/or Hg" ions were added to a
mixture of H-DNAzyme and T-DNAzyme. [H-DNAzyme] = [T-DNAzyme] = 1.0 uM, [substrate 1] = [substrate 2] = 2.0 uM,
[CuSO.4]=0o0r 1.0 uM (1 equiv for H-H), [Hg(ClO4)2] = 0 or 4.0 uM (1 equiv for T-T) in 10 mM HEPES (pH 7.0), 1 M NaNOs, 10
mM Mg(NOs),, 25 °C, 3 h. N = 3. Error bars indicate standard errors.

6. Conclusion

In my doctorial study, I have established the enzymatic synthesis of artificial ligand-bearing DNA strands and
developed Cu'-responsive DNAzymes. Compared to the conventional chemical synthesis, the enzymatic methods
allowed for the protection-free incorporation of hydroxypyridone (H) nucleotides without any specialized equipment.
CuH—responsive DNAzymes were synthesized by the enzymatic incorporation of H nucleotides. Because Cu" ions
rarely interfere with natural nucleotides and selectively bind to H nucleotides, the rational designs of
metal-responsive DNAzymes were accomplished. The RNA-cleaving activities of both split and single-stranded
DNAzymes were reversibly regulated by the formation of one H-Cu"-H base pair. Moreover, multimetal-dependent
regulation of DNAzyme activities was also demonstrated. The CuH—responsive DNAzymes developed here will be
utilized for the metal-triggered control of DN A-based molecular machines and logic gates.

The facile synthesis and design concepts would be applicable to other artificial ligand-bearing nucleotides.
Accordingly, this study would provide a powerful tool to develop DNA materials that respond to diverse metal ions.
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