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Abstract

DNAzymes are DNA molecules capable of catalytic activity. The catalytic
core of DNAzymes can be separated and conjugated with target binding arms to
create allosteric DNAzymes known as multi-component nucleic acid enzymes
(MNAzymes). Two widely used DNAzymes are the 10-23 and the 8-17
DNAzymes. These DNAzymes differ in catalytic core structures, cleavage sites,
and reactive metal ion cofactors. Previously we showed that the presence of a
cationic comb-type polymer poly(.-lysine)-graftdextran (PLL-g-Dex) improved
activities of the 10-23 DNAzyme and MNAzyme by facilitating assembly of the

catalytic complex. In this work, we demonstrate that PLL-g-Dex enhances
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activities of the 8-17 DNAzyme and MNAzyme; poly(allylamine)-graft-dextran and

cationic homopolymers did not enhance activities. Metal ion and pH

dependences were observed in the presence of PLL-g-Dex, suggesting that the

cationic copolymer did not impede the interaction between metal ion and the

DNA-based enzymes. Thus, PLL-g-Dex has chaperone-like activity for

DNAzymes and MNAzymes regardless of structures, cleavage sites, and

cofactors.

Introduction

The spread of infectious diseases such as severe acute respiratory

syndrome (SARS), Middle East respiratory syndrome (MERS), and, most

recently, the coronavirus-caused disease COVID-19, has focused attention on

outbreak control. Critical to epidemic control is timely diagnosis; therefore, simple,

fast, and accurate methods to detect pathogens are required. In addition to

conventional PCR-based methods, simpler isothermal amplification methods

such as rolling circle amplification and loop-mediated isothermal amplification can

also be used for the detection of pathogen genetic materials or disease

Page 2 of 35



Page 3 of 35

Biomaterials Science

markers.’-3 These strategies often have complicated designs and require specialized
equipment.

Deoxyribozymes (DNAzymes), originally introduced by Breaker and Joyce
in 1994, are DNA molecules capable of catalyzing a reaction such as
phosphodiester bond cleavage. DNAzymes offer several advantages over
ribozymes and protein enzymes including high stability and straightforward
preparation.® The RNA-cleaving DNAzymes consist of a catalytic core and
substrate binding arms that can be customized to bind and cleave an RNA
substrate of a desired sequence.® One of the ongoing DNAzymes applications is
metal sensing.” DNAzyme applications were broadened by development of
multicomponent nucleic acid enzymes (MNAzymes). MNAzymes are allosteric
DNAzymes with activities that can be regulated via target binding.2 MNAzymes
are engineered by splitting the catalytic core of a DNAzyme into two parts and
conjugating each part with a target binding arm.® In the presence of target nucleic
acid, the MNAzyme complex assembles to form a catalytically active structure
that can cleave multiple substrates. MNAzymes have been used to amplify signal

isothermally. Because MNAzymes are simple to design and highly specific for
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particular substrate and target sequences, they have been integrated as
detection units in DNA-based nanotechnologies including biosensors.0-13

Our group has extensively studied the cationic comb-type copolymer
poly( -lysine)-graftdextran (PLL-g-Dex) (Fig. 1A), which is composed of a
cationic backbone and hydrophilic graft chains (reviewed in '4). The copolymer
exhibits nucleic acid chaperone-like activity as it is capable of promoting
hybridization of complementary strands'®-'8 and facilitating strand exchange
reactions.'®22 We recently reported that the copolymer remarkably enhances the
reaction rate of 10-23 DNAzymes?324 (Fig. 1B) and 10-23 MNAzymes?>26 (Fig.
1C) when Mn?* is the metal ion cofactor. The copolymer stabilizes 10-23
DNAzyme and 10-23 MNAzyme complexes without slowing dissociation;
consequently, the copolymer improves turnover rate under multiple-turnover
conditions. This is a unique feature of PLL-g-Dex, as in the presence of another
cationic comb-type polymer, poly(allylamine)-graft-dextran (PAA-g-Dex) (Fig.
1D), the activity of the 10-23 DNAzyme is reduced.?*

Like the 10-23 DNAzymes, 8-17 DNAzymes are also widely used RNA-
cleaving DNAzymes (Fig. 1E).> MNAzymes have also been designed based on

the 8-17 DNAzyme catalytic core (Fig. 1F). The 10-23 MNAzymes are more
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catalytically active than are the 8-17 MNAzymes, whereas the corresponding
DNAzymes cleave substrates with similar efficiencies.®?” The 10-23 DNAzyme
catalytic core is composed of an unstructured loop, whereas that of the 8-17
DNAzyme is composed of a three base-pair stem, an AGC trinucleotide loop, and
a WCGR(A) loop (where W=A/T, and R=A/G).28 Tertiary structure formation is
crucial for catalytic efficiency of DNAzymes. We reasoned that PLL-g-Dex should
facilitate the association and stabilization of the more complicated structures of
8-17 MNAzymes, as it does that of the 10-23 MNAzyme, and improve the reaction
rates.

In 1997, Santaro and Joyce showed that the 10-23 DNAzymes cleave
almost any purine-pyrimidine bond (5’-RY-3’, where R=rA/rG, and Y=rU/rC) in an
all-RNA substrate but that the 8-17 DNAzymes are able to cleave only the
riboadenine-riboguanine linkage (5’-rArG-3’).5 Later studies showed that the 8-17
DNAzyme is able to cleave a single ribonucleotide-containing DNA substrate and
cleaves between more than half of all 16 dinucleotides, although the efficiency
varied considerably.?®30 The ability of the 8-17 DNAzyme to cleave many

dinucleotide junctions indicate that this DNAzyme and its corresponding
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MNAzyme should be more broadly applicable than the 10-23 DNAzyme and
MNAzyme.

In order to improve the cleavage activities of DNAzymes and MNAzymes,
the copolymer must not disrupt the interaction of a divalent cation with the
catalytic core and must not collapse the catalytically active structure.?® Here, we
demonstrate that PLL-g-Dex enhances the activity of 8-17 DNAzymes and 8-17
MNAzymes and enables recognition of DNA and RNA targets. Thus, despite the
differences between the 8-17 and the 10-23 enzymes in catalytic core structures,
cleavage sites, and metal ion cofactors, PLL-g-Dex facilitates complex assembly

and promotes turnover increasing the rates of the catalyzed reactions.
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Figure 1. (A) Structural formula of PLL-g-Dex. (B, C) Sequences and locations of
fluorophore and quencher on B) 10-23 DNAzyme and C) 10-23 MNAzyme used
in previous studies. Lowercase letters denote ribonucleotides and the red
triangles indicate the cleavage sites on the substrates. (D) Structural formula of
PAA-g-Dex. (E, F) Sequences and locations of fluorophore and quencher on E)
8-17 DNAzyme and F) 8-17 MNAzyme used in this study. Lowercase letters
denote ribonucleotides and the red triangles indicate the cleavage sites on the

substrates.
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Experimental

Materials

All HPLC-grade oligonucleotides in this study were obtained from Fasmac
and were used without further purification. Sodium hydroxide, sodium chloride,
magnesium sulfate, and lead (Il) acetate were purchased from Wako Pure
Chemical Industries. 2-[4-(2-Hydroxyethyl)piperazin-1-yllethanesulfonic acid
(HEPES) was obtained from Nacalai Tesque. Poly( -lysine) hydrobromide
(PLL-HBr, M,,= 7.5 x 103) was purchased from Sigma-Aldrich and poly(allylamine)
hydrochloride (PAA-HCI, M,= 5 x 103) was purchased from Nittobo. Dextran
(Dex, My,= 8.0 x 103 - 1.2 x 10%) was obtained from Funakoshi. The cationic comb-
type copolymers, PLL-g-Dex and PAA-g-Dex were prepared according to
previously published procedures.'” In brief, the copolymers were synthesized by
a reductive amination reaction of dextran with either PLL or PAA. The copolymers
were purified by ion-exchange chromatography column followed by dialysis and

lyophilization. Copolymers were characterized using '"H NMR and GPC.
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Methods

The cleavage of the substrate was monitored by observing Foérster
resonance energy transfer (FRET) under multiple-turnover conditions. Unless
stated otherwise, substrate (final concentration: 100 nM), DNAzyme or
MNAzyme parts (final concentration: 20 nM), and target (for MNAzyme only,
final concentration: 20 nM) were dissolved in a buffer containing 50 mM HEPES
and 150 mM NaCl at pH 7.3. The solution was pre-incubated at the desired
reaction temperature in a cuvette. After 5 minutes, the copolymer (ratio of
positively charged amino group of copolymer to negatively charged phosphate
group of nucleic acids (N/P ratio) of 2) was injected into the solution. N/P ratio of
2 allows complete complex formation between the copolymer and nucleic acids
(Fig. S1).24 The metal ion cofactors (Pb2* final concentration 0.2 mM; Mg?* final
concentration 25 mM) were injected at 1 minute after polymer injection to start
the reaction. The fluorescence intensity was measured using an FP-6500
spectrofluorometer (Jasco) at an excitation wavelength (A¢yx) 494 nm and an
emission wavelength (A.m) 520 nm. The substrate cleavage percentage (%
cleavage) over time was calculated using the following equation: % cleavage =

(e 1)/ (I.— 1), where /s the fluorescence intensity at reaction time £ /.is the
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fluorescence intensity at complete reaction, and /yis the initial fluorescence
intensity before metal ion injection. The observed rate constant (4,.s) was

calculated by fitting the experimental data to the following equation: /= /y + (/.-

Io)(1-e~ Fers).
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Results and discussion

Copolymer and metal ion cofactor influence DNAzyme rate-determining step

In order to examine the effect of cationic copolymer on the catalytic core
functions, we initially used the 8-17 DNAzyme variant usually known as 17E (Fig.
1E).2728 The 8-17 DNAzymes were developed through an in vitro selection
procedure and their cleavage activities are Mg?* ion dependent.5 In order to
examine the influence of the copolymer under the similar ionic concentration to
our prior works, we firstly investigated the effect of PLL-g-Dex in the presence of
25 mM Mg?* (as previously used in our earlier study25) under multiple-turnover
conditions. At the optimal temperature, 40 °C, the observed rate constants (Ayps)
without and with the copolymer were 2.20 x 10" min-' and 2.04 x 10" min-',
respectively (Fig. 2A). The fact that these rate constants did not differ
considerably indicated that when Mg2* was metal ion cofactor, the rate-limiting
step was the cleavage reaction rather than turnover. Under these conditions, the
cationic copolymer may facilitate DNAzyme-substrate complex assembly, but the
overall reaction rate is limited by the rate of the cleavage reaction.

Although 8-17 DNAzymes were originally reported to be Mg?* dependent,

Pb2* is a better metal ion cofactor for 8-17 DNAzymes.3! Since the maximum Pb2*

11
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concentration used with 8-17 DNAzymes was 0.2 mM 27, we monitored the
reaction in the presence of 0.2 mM Pb?* in the presence and absence copolymer
under multiple-turnover conditions (Fig. 2B). Without the copolymer, A5 in the
presence of Pb?* was 2.29 x 10" min-!, which was not significantly different from
that in the presence of Mg?*. However, in the presence of copolymer, the
DNAzyme activity almost quadrupled to 8.94 x 10" min' at the optimal
temperature. With Pb?* as the metal ion cofactor in the absence of copolymer,
the rate-limiting step was formation of DNAzyme-substrate complex. The addition
of cationic copolymer promoted DNAzyme-substrate complex assembly, which

consequently enhanced the reaction rate under the multiple-turnover conditions.

12
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Figure 2. (A, B) Percent cleavage over time by the 8-17 DNAzyme at pH 7.3 under
multiple-turnover conditions at 40 °C in the absence (dotted line) and presence
(N/P=2) (solid line) of PLL-g-Dex with A) 25 mM Mg?* and B) 0.2 mM Pb?*. (C)
Percent cleavage over time by the 8-17 DNAzyme under the multiple turnover
conditions at pH 7.3 at 40 °C in the absence of polymer (grey line) and in the
presence of PLL-g-Dex (black line), PLL (blue line), and PAA-g-Dex (red line) at

N/P =2.
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PLL-g-Dex enhances 8-17 DNAzyme activity, whereas PAA-g-Dex inhibits it

We next compared the effects of PLL-g-Dex, the homopolymer PLL, and
the cationic comb-type copolymer PAA-g-Dex (Fig. 1D), which has a
polyallylamine backbone, on the 8-17 DNAzyme activity under multiple-turnover
conditions in the presence of 0.2 mM Pb?*. Compared to the reaction without
polymers, the addition of PLL-g-Dex increased the reaction rate, whereas the
addition of PLL homopolymer decreased the reaction rate (Fig. 2C). The lower
reaction rate in the presence of PLL was due to the aggregation of the DNA
strands caused by interaction with this cationic homopolymer.32 Interestingly,
PAA-g-Dex inhibited the reaction to a greater extent than PLL, although the
former caused no aggregation of DNA.

A previous study showed that the cleavage rates of DNAzymes depend on
the helical conformation adopted by the DNAzyme-substrate complex. Higher
substrate cleavage rates were observed when the duplex formed by the
DNAzyme with the substrate was a B-form-like helix rather than an A-form-like
helix.33 In one of our early studies of cationic polymers, we found that PAA-g-Dex
induces B-to-A transitions of DNA duplexes by dehydrating the DNA strands,

whereas the DNA duplex remains in a B-form conformation in the presence of

14
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PLL-g-Dex.323% We speculate that the DNA duplex in the DNAzyme-substrate
complex undergoes a B-to-A transition in the presence of PAA-g-Dex, which
diminishes the DNAzyme catalytic efficiency (Fig. 2C). We previously reported
that PAA-g-Dex reduces the activity of the 10-23 DNAzyme.?* The inhibitory
effect of PAA-g-Dex on the 8-17 DNAzyme was significantly stronger than that
on 10-23 DNAzyme. These results suggested that the 8-17 DNAzyme is more
susceptible to conformational changes induced by interactions with cationic
copolymers than is the 10-23 DNAzyme.
PLL-g-Dex enhances allosteric 8-17 MNAzyme activity

We next investigated the effect of PLL-g-Dex on the allosteric 8-17
MNAzyme (Fig. 1F). The target in this study was a DNA strand of 29 nucleotides.
The temperature dependence of MNAzyme reaction under the multiple-turnover
conditions in the absence and presence of cationic copolymer was evaluated. In
the absence of copolymer, reaction rates in the presence of 25 mM Mg?* were
higher than those in the presence of 0.2 mM Pb?* (Fig. 3A). This was not the case
in the 8-17 DNAzyme reaction. Because proper complex assembly is crucial for
catalytic activity of the MNAzyme, we speculate that reaction rates are higher in

25 mM Mg?*, conditions in which MNAzyme assembly is more effective than 0.2

15
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mM Pb?*.35 To further elucidate this assumption, we investigated the MNAzyme
reaction at lower Mg?* concentration. As expected, in the absence of the
copolymer, the reaction rates in 10 mM Mg?* were lower than in 25 mM Mg?*, but
still higher than in 0.2 mM Pb?* (Fig. S2A). We were unable to increase Pb?*
concentration, because precipitation of the nucleic acid occurs at Pb2*
concentrations higher than 0.2 mM.36

At the optimal temperature in 25 mM Mg?* in the presence of PLL-g-Dex,
the reaction rate was higher by approximately 3-fold than in the absence of
copolymer (Fig. 3B). Likewise, at the optimal temperature in 10 mM Mg?* in the
presence of PLL-g-Dex, the reaction rate was higher by approximately 2.5-fold
than in the absence of copolymer (Fig. S2B). The change in Mg?* concentration

did not drastically affect the enhancement ratio by the copolymer, since Mg?" was not

the most reactive metal ion cofactor, and was less effective than PLL-g-Dex as the

assembly facilitator. When Pb2* was the metal ion cofactor, the reaction rate at the
optimal temperature was higher by approximately 100-fold in the presence of
copolymer; the A,ps was 0.24 x 102 min-' in the absence and 2.39 x 10" min-'in
the presence of copolymer (Fig. 3C). PLL-g-Dex had considerably more effect on

activity of the MNAzyme than on that of the DNAzyme, especially when Pb?* was

16
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the cofactor. The cationic copolymer facilitated more profoundly the four-stranded

MNAzyme assembly than the two-stranded DNAzyme assembly.

17
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To determine whether the detection of target nucleic acid by the 8-17
MNAzyme is enhanced by the presence of PLL-g-Dex, we evaluated detection of
microRNA-21 (miR-21), a biomarker of several diseases including cancer.3’-39 |n
the detection system used, a fluorophore and a quencher in the substrate are
separated upon cleavage of the substrate, which only occurs upon proper
assembly of the MNAzyme on the target miR-21 (Fig. 4A). Under multiple-
turnover conditions with 0.2 mM Pb?* as a metal ion cofactor, the reaction rate
was 0.09 x 102 min' at the optimal temperature of 20 °C. In the presence of
copolymer, the rate was 6.54x 102 min-! at the optimal temperature of 35 °C (Fig.
4B); this is more than 70 times higher than the rate in the absence of copolymer.
The optimal temperature increased from 20 °C to 35 °C when the cationic
copolymer was introduced (Fig. 4B). We previously reported that PLL-g-Dex
increased the thermal stability of 10-23 MNAzyme.?6 The experiment described
here suggests that the copolymer also stabilized the 8-17 MNAzyme complex,

which in turn increased optimal reaction temperature and the reaction rate.26

19
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Figure 4. (A) Sequence and locations of fluorophore and quencher on 8-17

MNAzyme substrate and the sequence and structure of the MNAzyme bound to

the target miR-21. Lowercase letter denotes a ribonucleotide, and the red triangle

indicates the cleavage site on the substrate. (B) Temperature dependence of 8-

17 MNAzyme reactions under the multiple-turnover conditions with 0.2 mM Pb?*

as a metal ion cofactor in the absence (dotted line) and presence (solid line) of

PLL-g-Dex at pH 7.3 (black) and pH 8.3 (red).
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The reaction rate of 8-17 MNAzyme can be increased by tuning pH

A study of the Pb?*-dependent 8-17 DNAzyme activity over a range of pH
revealed that an increase in pH resulted in a faster reaction rate.3' The plot of
log(4ops) versus pH had a slope of 1.0, which suggests that a single deprotonation
at the cleavage site is the rate-limiting step. The mechanism of the DNAzyme-
catalyzed cleavage reaction is believed to be metal-assisted general acid-base
catalysis.?” Analysis of the crystal structure of the 8-17 DNAzyme indicates that
Pb?* coordinates a water molecule that serves as a general acid to facilitate
proton transfer involved in the cleavage reaction.4°

To the best of our knowledge, there has been no report of the pH
dependency of the reaction catalyzed by the 8-17 MNAzyme. We evaluate the 8-
17 MNAzyme activity at pH 7.3 and 8.3 (the pA; of hydrated Pb?* is 7.827). In the
presence of PLL-g-Dex, the rate constant at 40 °C was almost 3-fold higher at pH

8.3 (18.8 x 102 min") than at pH 7.3 (6.42 x 102 min-') (Fig. 4B). This result

21
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shows that the reaction rate of an MNAzyme can be increased by increasing the

pH of the solution above the pA; of the hydrated metal ion cofactor.

When the pH of the solution is increased, the rate of spontaneous

hydrolysis of the substrate is also increased. Further, the rate constants of the

MNAzyme reaction without miR-21 target were higher in the presence of PLL-g-

Dex than in the absence of the copolymer. Since PLL-g-Dex facilitated

hybridization of the complementary strands, the target-independent

MNAzyme-substrate complex assembly could occur more effectively than in the

absence of the copolymer. However, in the presence of PLL-g-Dex at both pH

7.3 and 8.3, the background signals from the spontaneous hydrolysis of substrate

and target-independent reactions were considerably lower than in the presence

of miR-21 target (Table 1). The highest signal-to-background ratio was observed

at pH 8.3 in the presence of PLL-g-Dex.

Table 1. Rate constants (4,s) of spontaneous hydrolysis reaction (Substrate),

MNAzyme target-independent reaction (Substrate + MNAzyme), and MNAzyme

22
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reaction in the presence of miR-21 target (Substrate + MNAzyme + Target) in the

presence of 0.2 mM Pb?* and signal to background (S/B)

PLL-g-Dex  Temp. pH kops /102 (min!) S/B ratio
Substrate + Substrate + MNAzyme +
N/P ratio Substrate MNAzyme Target
(Background) (Signal)
0 7.3 0.00 0.02 0.09 4.5
25°C
(No polymer) 83 0.03 0.03 0.15 5.0
7.3 0.01 0.09 6.42 71
2 40 °C
83 0.04 0.19 18.8 98

23
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Conclusion

We demonstrated that the cationic comb-type copolymer PLL-g-Dex
increased the reaction rate of 8-17 DNAzymes and 8-17 MNAzymes in
experiments designed to detect target nucleic acids under the multiple-turnover
conditions. There are three main differences between the 8-17 MNAzyme used
in this study and the 10-23 MNAzyme evaluated in our earlier studies.2325 The
first is the identity of the reactive metal ion cofactor. The 8-17 MNAzyme is more
reactive with Pb2* as a cofactor than with Mn2*, whereas the 10-23 MNAzyme is
more reactive with Mn2*. The second difference is in the cleavage site sequence
requirement. The third difference is in the structure of the catalytic core. The
catalytic core of the 8-17 MNAzyme includes stem and loop structures that are
more intricate than the structure of the 10-23 MNAzyme. Despite these
differences, the cationic copolymer PLL-g-Dex enhanced catalytic activity of both
in a similar manner: The copolymer facilitated hybridization of the complementary
strands and stabilized the nucleic acid complex. We infer that the binding of PLL-
g-Dex did not distort the inherent catalytic core structure, unlike PAA-g-Dex
(another cationic comb-type copolymer) and PLL (a cationic homopolymer),

which inhibit the substrate cleavage presumably because these polymers disrupt

24
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the catalytically active structures. Importantly, inherent metal ion- and pH-
dependences were observed in the presence of PLL-g-Dex. These results imply
that the association of the DNA-based enzymes with the copolymer did not
significantly influence interaction with the metal ion cofactor. We expect that
cationic copolymer-assisted nucleic acid enzymes will find application in
development of DNA-based sensors in various fields including the health-care

industry.
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Cationic copolymer acts as chaperone to facilitate multiple strands assembly and
enhance nucleic acid enzymes activities.



