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Abstract

DNAzymes are catalytic DNA molecules which can perform a variety of reactions. Although
advances have been made in obtaining DNAzymes via /n vitro selection and many of them have
been developed into sensors and imaging agents for metal ions, bacteria and other molecules, the
structural features responsible for these enzymatic reactions are still not well understood. Previous
studies of the 8-17 DNAzyme have suggested conserved guanines close to the phosphodiester
transfer site may play a role in the catalytic reaction. To identify the specific guanine and
functional group of the guanine responsible for the reaction, we herein report the effects of
replacing G1.1 and G14 (G, pKn1 9.4) with analogs with a different pKj; at the N1 position, such
as inosine (G141, pK; N1 8.7), 2,6-diaminopurine (G14diAP, N1 pK, N1 5.6) and 2-aminopurine
(G14AP, pK;n1 3.8) on pH-dependent reaction rates. A comparison of the pH-dependence of the
reaction rates of these DNAzymes demonstrated that G14 in the bulge loop, not G1.1 next to the
cleavage site, is involved in proton transfer at the catalytic site. These results support general acid-
base catalysis as a feasible strategy used in DNA catalysis, similar to RNA and protein enzymes.
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INTRODUCTION

DNAzymes or deoxyribozymes are short single-stranded DNA molecules with catalytic
properties.}=7 Unlike naturally occurring ribozymes, DNAzymes have been obtained through
in vitro selection, a combinatorial technique that obtains DNA molecules with preferred
catalytic activity in the presence of a cofactor from a large library of sequences through
iterative screening and amplification steps. Even though many DNAzymes have been
obtained since their discovery in 1994,8 and some of them have been successfully developed
into sensors and imaging agents for metal ions, bacteria and other targets,®2° the
fundamental understanding of the structural features responsible for the catalytic activity and
the reaction mechanisms of these DNAzymes has lagged behind.

Among DNAzymes, RNA-cleaving DNAzymes are the most studied group of this enzyme
family.26 These enzymes accelerate RNA cleavage by catalyzing an internal phosphodiester
transfer reaction. The cleavage reaction is proposed to go through the internal nucleophilic
attack of the phosphodiester bond by the 2”-oxygen on the ribose ring forming a
pentacoordinated species, which evolves to form a 2”,3”-cyclic phosphate and a 5" -hydroxyl
terminal to the RNA fragment, similar to those of ribozymes.2”: 28 The 8-17 DNAzyme is
the most well-characterized member of the RNA-cleaving DNAzyme family. It has been
obtained through multiple in vitro selection strategies carried out by different groups,29-32
one variant of which is shown in Figure 1.3 This DNAzymes catalyzes a phosphodiester
transfer reaction between a deoxyriboguanosine (G1.1) and a ribonucleotide adenosine
(rA18, Figure 1A), on the substrate strand (red arrow, Figure 1).

To understand the reaction mechanism of this DNAzyme, various biochemical probing
methods have been carried out.32-46 The 8-17 DNAzyme depends on divalent metal ions to
perform catalysis. Even though the 8-17 DNAzyme was selected multiple times under
different conditions and in the presence of different metal ions,2%-32 the highest activity
observed is in the presence of Ph2*, despite none of the /n vitro selections being carried out
in the presence of this metal ion. The activity rate of the 8-17 DNAzyme with respect to its
divalent metal ion cofactor is in the order of Pb2* >> Zn?* >> Mn%* ~ Co?* > Ni2* > Mg?*
~ Ca?* > Sr2* ~ Ba2*. Although the high specificity for Pb2* has allowed for the
development of highly selective sensors for this metal ion,%-12 the functional and structural
role of these metal cofactors in DNAzyme catalysis is not yet well understood, especially
when compared with what is known about the interaction of metal ion with nucleic
acids*’-55 and ribozymes.56-64

The activity of the 8-17 DNAzyme is not only influenced by the identity of the divalent
metal ion cofactor, but also by pH. Studies of the pH-profiles (rate constant vs pH) of the
8-17 DNAzyme in presence of Zn?* 31 Mg2* 35 and Pb2* 36 have revealed a linear trend of
log k,ps When the pH is increased, showing a slope close to 1.0, suggesting that a single
proton transfer event is involved in the rate-limiting step of the reaction.3°. However, no
studies have yet focused on evaluating proton transfer from specific functional groups at the
catalytic core of the 8-17 DNAzyme.
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Independent Jn vitro selections32 and mutational studies,3* 44 have allowed the identification
of nucleotides essential for catalysis and conserved regions in the catalytic core of the 8-17
DNAzyme, including the G1.1-T2.1 wobble pair, located next to the cleavage site and the
bulge loop, where C13 and G14 were identified as conserved nucleotides (Figure 1).34 In
addition, photo-cross-linking studies have revealed that G14 is in closest proximity to the
cleavage site.41 These results have suggested that both G1.1 and G14 could participate in the
catalytic mechanism employed by the 8-17 DNAzyme.

While the above studies have identified G1.1 and G14 as playing important roles in
DNAzyme activity, the precise roles of the functional groups responsible for catalysis
remain unknown. In contrast, numerous studies of ribozymes have elucidated the key roles
several guanine residues play in general acid-base catalysis.84"7 For example, pH profile
studies of the hairpin and hammerhead ribozyme have demonstrated that the N1 proton from
guanine residues participate in general acid-base catalysis, even though its pKj is far from
the biological pH.87: 78. 79 Given the importance of the conserved G1.1 and G14 in catalysis,
we herein use a method previously employed in the study of ribozymes by replacing G1.1
and G14 (G, pK,n1 = 9.4) with its analogs with different p K values at the N1 position, i.e.,
inosine (G141, pKN1 = 8.7), 2,6-diaminopurine (G14diAP, pK;n1 = 5.6) and 2-
aminopurine (G14AP, pK; N1 = 3.8), in the interest of covering a wide pKj range of the N1
imino proton.’8 79 It has been shown that the 8-17 DNAzyme is active in the presence of
Mg?2*, Ca2* Zn2* and Pb2*.6. 9. 31, 35 We choose Mg?2* for this study, because it is the most
soluble 8-17 DNAzyme metal ion cofactor over the widest range of pH conditions, which
gives the opportunity to obtain the most complete pH profile and thus pK,. A comparison of
the pH-rate profiles found for the wild type DNAzyme and its variants has led us to suggest
that G14, not G1.1, is involved in a general acid-base catalytic strategy in the mechanism of
the 8-17 DNAzyme.

MATERIALS AND EXPERIMENTAL DETAILS

All oligonucleotides were obtained from Integrated DNA Technologies, Inc. (Coralville,
IA). The wild type sequences were purified by polyacrylamide gel electrophoresis (PAGE)
for kinetic assays and uranyl photocleavage, meanwhile the modified sequences were
purchased in HPLC purified form. [-y-32P]-adenosine 5’-triphosphate (ATP) was purchased
from Perkin Elmer (Waltham, MA) and T4 kinase was purchased from New England
Biolabs, Inc., (Ipswich, MA). All other chemicals were of at least ACS reagent grade and
were purchased from either Sigma-Aldrich (St. Louis, MO), Thermo Fisher Scientific, Inc.
(Waltham, MA) or Alfa-Aesar (Ward Hill, MA). Uranyl Nitrate hexahydrate was purchased
from Fischer Scientific. All other metal salts used were obtained from Alfa-Aesar and were
of Puratronic® grade (99.999% pure).

Kinetic assays

The substrate oligonucleotide (17S) was labeled at the 5”-end with [y-32P]-ATP using T4
kinase, purified on a C18 Sep-Pak® cartridge (Waters Corporation, Milford, MA), and stored
at —20°C. All kinetic assays were carried out at room temperature under single-turnover
conditions with 4 uM enzyme and 2 nM substrate, in a buffer containing 50 mM acetate (pH
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4.0 t0 5.0), 50 mM MES (pH 5.5 to 6.5), 50 mM MOPS (pH 6.75 to 7.0), 50 mM HEPES
(pH 7.25 to 8.0), and 50 mM Tris (pH 8.5 and 9.0) and 100 mM NaNQOs. Each buffer was
incubated with Chelex 100 resin to remove trace metal ion impurities. The sample solution
containing the enzyme and substrate in buffer was denatured at 95°C in a water bath for 3
minutes and then annealed by gradually cooling the container to room temperature over ~ 30
minutes. After annealing the solution, a 2 pL aliquot was added to 10 pL of stop solution
containing 8 M urea, 50mM EDTA, 1 x TBE, and 0.05 % wi/v each of bromophenol blue
and xylene cyanol in a 96-well plate. This was the ‘zero-point’ control before the initiation
of the reaction. Thereafter, appropriate volumes of MgCl, solutions were added to the
sample to initiate the reaction and 2 pL aliquots were taken at suitable time intervals and
added to the stop solution to end the reaction on the same 96-well plate. A final Mg2*
concentration of 20 mM was used for all activity assays. A denaturing 20% polyacrylamide
gel was used to separate the uncleaved substrate and the cleaved product. Gel imaging was
performed on a Molecular Dynamics Storm 430 phosphorimager, and quantified using
Image-Quant software (GE Healthcare, UK). The percent of cleavage product at time ‘t” was
calculated by taking the ratio of the 5’-cleaved product to the total of the cleaved product
and the uncleaved substrate, after subtraction of the background radioactivity on the gel.
Kinetic plots were created using Origin 8.5 software (OriginEab Corporation, North-ampton,
MA\) and fit to the equation

P = %Py + %P (1-¢) (1)

where % Py is the initial amount of product (at time, = 0), % P is the amount of product
formed at the endpoint plus the initial amount of product of the reaction (at = 00), % P is
the amount of product at time t, and A = k5, the observed rate constant under single
turnover conditions. All reported values are the average of at least two trials.

RESULTS AND DISCUSSION

The RNA-cleavage reaction rates, catalyzed by the 8-17 DNAzyme and its variants
containing G14 analogs, were measured under single-turnover conditions in presence of 20
mM MgCl, in 50 mM buffer, 100 mM NaNO3 between pH 4-10. Figure 2 shows log obs of
the 8-17 DNAzyme at different pH conditions. This pH-rate profile reveals a linear trend
with a slope of 1.02 and an incipient plateau at a pH close to 9, consistent with previously
reported results.31: 3536 Having reproduced the pH profile of the wild type 8-17 DNAzyme,
we measured the dependence of ks on the pH after substituting G14 with its analogs with
lower pKj values at the N1 imino proton to find out if the N1 proton of this G14 is involved
in general acid-base catalysis. As shown in Figure 2, the 17E-G141 mutant shows a
decreased cleavage rate and the linear dependency on the pH remains until a pH around 8.5,
displaying a slope of 0.99. Above pH 8.5, the rate of cleavage is almost constant.
Interestingly, below pH 5.5, replacing wild type G14 with the 2,6-diaminopurine analog
(17E-G14diAP) did not have a significant impact on the 8-17 DNAzyme activity. Above pH
5.5, however, this mutation lowered the activity dramatically by one to three orders of
magnitudes, reaching a plateau at conditions over a pH of 6. Finally, the 17E-G14AP mutant
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displayed a pH-rate profile almost parallel to the one found for the 17E-G14diAP construct,
except for the fact that the overall activity was decreased by two orders of magnitudes.

The changes observed in the pH-rate profiles of the 8-17 DNAzyme, caused by the
introduction of the guanine analogs, reveal the influence of the N1 imino proton on the
catalytic activity of the enzyme. When the pK, of the N1 is considerably decreased, such as
in the case of G14diAP and G14AP, the mutation leads to a plateau in the catalytic profile of
the enzyme at pH conditions higher than its pKj,. Interestingly, the calculated p K of the
8-17 DNAzyme and the G14 variants are in good agreement with the pK, values of the free
bases. Figure 3 shows the correlation between the calculated p K} of the 17E-G14 mutant and
the p K, of the free base. These results suggest the participation of the G14 N1 in proton
transfer.56. 67

Two possible scenarios could account for the observed catalytic behavior. The first is that
G14 is acting as a general acid. In this situation, when N1 is deprotonated over its pKj, this
functional group is no longer available to perform proton transfer. If G14 is acting as a
general acid, it would imply the existence of a general base with a pK; over 10. The second
possibility is that G14 operates as a general base. In this case, over the pK, of the N1, the
base would be completely deprotonated and therefore fully capable of executing proton
transfer. Consequently, G14 would no longer contribute to the acceleration of the cleavage
reaction.®® 67 This model would be consistent with the catalytic strategy used by different
ribozymes such as the hairpin and the hammerhead’® ribozymes or the recently discovered
twister’3 77 and Varkud satellite’® ribozymes, in which a conserved guanine residue plays a
direct role in proton transfer as a general base.

The results reported here for the 8-17 DNAzyme are similar to those previously reported for
the hairpin and the hammerhead ribozymes. Pinard et a/. evaluated the role of the conserved
guanine residue located at position 8 in acid-base catalysis for the hairpin ribozyme. By
constructing the pH-rate profiles of G8 mutants using analogs inosine, 2,6-diaminopurine
and 2-aminopurine, they found that activity was influenced by the pH in some variants.’8 In
another study, Han et al. mutated conserved G5, G8 and G12 at the catalytic core of
hammerhead ribozyme using the same guanine analogs, and showed that, while the
individual substitution of bases G5, G8, or G12 produced some level of inhibition, G5
variants were inhibited independent of pH, while G8 and G12 mutations showed pH-
dependent inhibition. The most dramatic effect was observed when G8 and G12 were
simultaneously mutated, showing a markedly different pH-dependence.’® In both studies,
when the corresponding guanine residue was replaced with inosine, a pH-rate profile similar
to the wild type ribozyme was observed, except the overall 4,5 values were much lower
than those of wild type ribozymes. In contrast, they found that the introduction of 2,6-
diaminopurine and 2-aminopurine displayed a pH-dependent activity, different from the
profile of wild type ribozymes.”8 79 These results revealed the direct role of guanine
residues in acid-base catalysis in the hairpin ribozyme and the hammerhead ribozyme,
respectively. The similarities between our results and those reported for these ribozymes
support the direct role of the guanine residue G14 in general acid-base catalysis in the 8-17
DNAzyme.
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While this work was under review, Liu et al. reported the first crystal structure of the 8-17
DNAzyme. While the sequence and conditions in which the crystal was obtained are not
identical to ours, structural information revealed from the crystal structural study also
suggests that G14 operates as a general base. Liu et a/. obtained the 8-17 DNAzyme crystal
structure with the ribonucleotide active site replaced by a deoxyribonucleotide in one
construct and protected with a 2"-OMe-G modification to improve the DNAzyme stability
during data collection in a second construct.8% The crystal structure confirms a variety of
biochemical assays that previously revealed the close proximity of certain conserved
residues to the cleavage site.34 41 In the pre-catalytic structure of the 2"-OMe-G modified
construct, an alignment between the nucleophilic 2”0 and the electrophilic P of the
phosphate of the 2"-OMe-G modified ribonucleotide is observed. This structure suggests
that phosphodiester transesterification occurs through an in-line attack by the 2”-O of the
phosphate located at the cleavage site. Furthermore, G14 (hamed G13 in the crystal
structural study) appears to form a non-canonical base pairing with A6 (named A5 in the
crystal structural study). This unusual interaction induces a conformation that enables the N1
of G14 to be located close to the 2”-O, possibly activating the nucleophilic 2’-O by acting as
a general base.

Encouraged by the results of probing G14 at the catalytic core of the 8-17 DNAzyme-
substrate complex, in addition to previous evidence that has shown the relevance of G1.1
located at the cleavage site, we replaced wild type G1.1 with its analog 2,6-diaminopurine
(G1.1diAP). We found that, although the pH profile of this construct was strongly shifted
down (Figure 4), the activity profile did not reveal any disruption from linearity over the
range of pH conditions studied, in contrast to what was observed when the same analog was
introduced at G14 in the enzyme strand. The lack of influence by pH over the activity of this
construct does not support the participation of the N1 from G1.1 in protonation events in the
reaction of the 8-17 DNAzyme. Recently reported structural data also confirms that G1.1
and T2.1 (named G+1 and T1, respectively in the crystal structural study) form a wobble
base-pairing. According to Liu ef a/. this pairing, in conjunction with a noncanonical pairing
between the ribonucleotide and A15 (referred to as Al4 in the crystal structural study),
forms a kink between G1.1 and the ribonucleotide exposing the 2"-O of the 2"-OMe-G
modified construct and favoring the formation of the DNAzymes catalytic conformation.8°
Furthermore, the crystal structure reveals that the N1 of G1.1 interacts with the O2 of T2.1,
and therefore would not be available to participate in proton transfer as shown in our results.
Consequently, the severe drop in the activity of 17E/S-G1.1diAP compared to the wild type
can be explained by the disruption of the GeT wobble pair since the carbonyl group on
guanosine responsible for interacting with the N3 of T2.1 is replaced with an amine group.

CONCLUSION

While a large body of work has been focused on in vitro selection and the application of
DNAzymes as sensors and imaging agents, the structural features and reaction mechanisms
employed by these DNAzymes to accelerate reactions, such as phosphodiester bond
cleavage, remain poorly understood. In this study, we have found that the N1 imino proton
of the guanine residue located at position 14, plays a direct role in the catalytic activity of
the 8-17 DNAzyme, probably by being involved in a proton transfer event. These results are
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good agreement with the recently reported crystal structure of this enzyme and allow for
eper insight into the structural features and the mechanism for this class of DNAzymes.
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Figurel.
A) A schematic representation of the secondary structure of the 8-17 DNAzyme (green

strand) and its substrate (black strand).3! The cleavage site is indicated by a red arrow. Blue
nucleotides indicate catalytically relevant guanines analyzed in this study. B) Guanine
analogs used in this study and the p K} of N1 for each of them.
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pH profile of 17E and 17E-G14 analogs. (M)17S/E wild type, (@)17E-G14l, (A)17E-
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G14diAP, (0)17E-G14AP. The rate-pH profile of 17E DNAzyme was fit to the equation

Kobs= Kmaxl[1+10"(pKrpH)].2 78. 79

Biochemistry. Author manuscript; available in PMC 2019 March 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Cepeda-Plaza et al.

O O

I ' I

o Calculated pKa
o Free Bases pKa

Q O

o

G

Figure 3.

2,6-diAP 2-AP

Page 13

p K values of the N1 proton of the 8-17 DNAzyme and G14 variants. White circles indicate
the pK; of free bases and grey squares show the calculated p K, of the G14 analogues in the
8-17 DNAzyme based upon the pH-rate profiles using the equation Apps= Kmaxd[1+107(p K-

pH)].56. 78,79
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Figure4.
Rate-pH profile of 17E wild type (M) and 17E/S-G1.1diAP (A).The rate-pH profile of the

8-17 DNAzyme was fit to the equation kobs= ka,/[1+10°(pK;-pH)].56: 78. 79
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