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DNAzymes are promising agents for theranostics and biosensors. Sodium dependent DNAzymes have
been developed for sensing and imaging of Na*, but these DNAzymes have low catalytic activity. Herein,
we demonstrate that a molecular crowded environment containing 10 to 40 wt% PEG enhanced the cata-
lytic activity of a Na*-dependent DNAzyme, EtNa, although dextran did not. The cationic copolymer poly
(L-lysine)-graft-poly(ethylene glycol) at 0.03 wt% (0.3 g L™) enhanced the reaction rate of EtNa by
10-fold, which is similar to the acceleration induced by 15 wt% (150 g L™) PEG. A cooperative impact of
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acceleration effect. Thus, the use of a cationic copolymer and a crowding agent is a promising strategy to
improve the activity of Na*-dependent DNAzyme-based nanomachines, biosensors, and theranostics,
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1. Introduction

DNAzymes are DNA molecules that can catalyze various reac-
tions such as site-specific RNA cleavage."™ Due to their pro-
grammability, excellent stability, and low cost, DNAzymes are
used in nanotechnology applications,*” biosensors,® " and
theranostics."”* The RNA cleavage by a DNAzyme involves the
formation of a DNAzyme/substrate (ES) complex, chemical
cleavage, and product dissociation. Like ribozymes, DNAzymes
usually require divalent metal ions such as Mg>*,"® Pb**,'® and
Zn>" ac cofactors.”” Sodium-dependent DNAzymes have also
been identified for sensing of Na*;'®>' however, low catalytic
activities of these DNAzymes have limited their applications.
The environment within a living cell differs significantly
from that of aqueous solution. High concentrations (20%-—
40%) of various macromolecules, such as proteins and nucleic
acids, create a molecularly crowded cellular environment that
is abundant in nucleic acid-protein interactions,>** which
impacts various biological processes including enzymatic reac-
tions. In vitro experiments are usually conducted in dilute
aqueous solutions that do not accurately mimic the cellular
environment. Molecular crowding can affect the kinetic and
thermodynamic properties of nucleic acids, thereby improving
the catalytic efficiency of nucleic acid enzymes. For example,
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especially in environments lacking divalent metal ions.

the presence of a molecular crowding agent such as polyethyl-
ene glycol (PEG) was shown to increase the reaction rate of a
hairpin ribozyme by enhancing the stability of the docked,
active state, which is a compact conformation.** The addition
of PEG also increased the catalytic activity of the 17E DNAzyme
by enhancing the stability of the active conformation.>

Our group has studied the interactions between nucleic
acids and the cationic copolymer, poly(i-lysine)-graft-dextran
(PLL-g-Dex), which is composed of a cationic main chain and a
hydrophilic side chain (Fig. 1A, for a recent review see ref. 26).
PLL-g-Dex enhances the catalytic activities of two kinds of diva-
lent metal ion-dependent DNAzymes, 8-17 and 10-23, by pro-
moting the DNAzyme/substrate association under multiple-
turnover conditions.>”*® Herein, we describe our investigation
of the effects of cationic copolymers and molecular crowding
on the Na‘-dependent DNAzyme EtNa. The EtNa DNAzyme,
reported by Liu and coworkers, is highly specific for Na*, and
its activity is significantly promoted in an alcoholic environ-
ment."® We found that the cationic copolymer and molecular
crowding effectively accelerated the reaction rate of EtNa, and
a cooperative effect was observed.

2. Materials and methods
2.1 Materials

Poly(i-lysine hydrobromide) (M,, = 1.5 x 10*) and PEG were pur-
chased from Sigma-Aldrich. Dextran (M, = 8.0 x 10°-1.2 x 10%)
was provided by Funakoshi Co. NaCl was obtained from
Nacalai Tesque, Inc. MES was purchased from DOJINDO
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Fig. 1 (A) Chemical structures of cationic copolymers, PLL-g-Dex and
poly(L-lysine)-graft-poly(ethylene glycol) (PLL-g-PEG). (B) Secondary
structure of EtNa DNAzyme.

Laboratories. All oligonucleotides were HPLC-grade and pur-
chased from Fasmac Co., Ltd. The cationic copolymers were
synthesized by reductive amination according to our previous
publication.>® Synthesis is described in detail in the
Experimental Methods section of the ESI.f PLL-g-Dex with
90 wt% grafted dextran and PLL-g-PEG with 80 wt% grafted
PEG were used in this study.

2.2 Gel electrophoresis-based activity assays

A reaction mixture containing 2 pM DNAzyme and 1 pM FAM-
labeled substrate was incubated in MES buffer (50 mM MES,
120 mM NaCl, pH 6.0) at 25 °C in the absence or presence of
polymers. For the reactions in the presence of the cationic
copolymer (PLL-g-Dex or PLL-g-PEG), the molar ratio of posi-
tively charged amino groups of the copolymer to negatively
charged phosphate groups of DNA was fixed at 2. For the reac-
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tions with PEG or Dex, mixed reaction solutions were prepared
at different concentrations by weight (10-40%). For the reac-
tion with ethanol (EtOH), the mixed reaction solution was pre-
pared at different concentrations by volume (10-54%). After
indicated incubation times, 5 pL of the reaction mixture was
added to 20 pL formamide quenching buffer (95% formamide,
5% TrackIT Cyan/Yellow Loading Buffer). For the reactions in
the presence of the cationic copolymer, 5 pL of 1 mM anionic
poly(vinylsulfonic acid) was added to the sample. Then 10 pL
of sample was analyzed by 15% denaturing PAGE at 100 V for
70 min. Gels were visualized using a PharoFX molecular
imager (Bio-Rad) and quantified using Image]. The observed
reaction rate (kops) was calculated by fitting the percentage of
the cleaved substrate and reaction time (in hours) to the fol-
lowing equation:

Py = Poo(1 — e Koty

where P, is the reaction plateau, and P, is the cleavage percen-
tage at time ¢.

2.3 Measurement of melting temperature (7,,,)

The full-DNA substrate in which the deoxy A nucleotide
replaced the ribo A nucleotide was used to avoid the cleavage
reaction. The EtNa DNAzyme (1 pM) and the full-DNA sub-
strate (1 pM) were mixed in MES buffer (50 mM MES, 120 mM
NaCl, pH6.0) without any additives or with PLL-g-PEG, PLL-g-
Dex, 10% PEG or 10% EtOH as an additive, respectively. The
mixture was incubated at 20 °C for 30 min to form the ES
complex. The T, was determined by measuring the UV
melting curves on a V730 UV-visible spectrometer (Jasco).

2.4 Measurement of circular dichroism (CD) spectra

Samples containing a 2 pM EtNa/full-DNA substrate complex
without or with additives were analyzed on a J-820 CD spectro-
meter (Jasco) using a 1 cm quartz cell and a scan rate of
100 nm min~" at 25 °C. The CD spectra was obtained by aver-
aging over 5 accumulations for each experiment. The CD
spectra for two independent experiments were measured and
averaged.

3. Results and discussion

3.1 Effect of molecular crowding on DNAzyme activity

The catalytic core of the EtNa DNAzyme is composed of a
hairpin loop and two bulges (Fig. 1B). Its substrate strand con-
tains a single riboadenine (rA) linkage, which is the cleavage
site. This Na'-dependent DNAzyme has a reaction rate of
1.138 h™' in the presence of 54% ethanol (Fig. S17)."° In
aqueous solution with 120 mM NacCl, the activity of EtNa was
very low with a kops of 0.010 h™" (Fig. 2A, red line), which is
consistent with a previous report.'® The effect of molecular
crowding on EtNa was examined using PEG or Dex as the
crowding agent under single-turnover conditions with 2 pM
EtNa and 1 pM substrate. The reaction rates in 20% PEGs with
different molecular weights (PEG550, PEG2000, and PEG5000)
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Fig. 2 Effect of molecular crowding on DNAzyme activity. The dependence of the DNAzyme activity on the amount of (A) PEG or (B) Dex. Error

bars were derived from two independent experiments.

were almost the same (Fig. S27), indicating that the molecular
weight of the crowding agent does not influence the activity.
PEG2000 was used in the subsequent experiments. The activity
of EtNa was dependent on the concentration of PEG, as higher
concentrations of PEG led to an increase in DNAzyme activity
(Fig. 2A). Rate enhancement was minimal when Dex was
employed as the crowding agent (Fig. 2B). The analysis of T;,
and CD spectra showed that the presence of PEG did not influ-
ence the stability and conformation of the ES complex (Fig. S3
and S47). However, the presence of crowding agents alters the
physical properties, including the dielectric constant and vis-
cosity, of a solution.*®*' The electrostatic binding of metal
ions to nucleic acids is enhanced when the dielectric constant
is reduced. A 20% solution of PEG2000 has a relative dielectric
constant of ~60, the relative dielectric constant of 20% Dex is
~65, and that of pure water is ~80 at 25 °C.>* Thus, the pres-
ence of the crowding agent might increase the amount of the
catalytically active ES complex. Moreover, PEG has higher
immiscibility than Dex with DNA.?**° This property likely con-
tributes to a stronger excluded-volume effect of PEG compared
to that of Dex, making PEG a better inducer of the assembly of
DNA molecules.

3.2 Effects of cationic copolymers on DNAzyme activity

Next, we investigated the effects of two kinds of cationic copo-
lymers, PLL-g-PEG and PLL-g-Dex (Fig. 1A), on the reaction
catalyzed by EtNa. The cleavage reaction of EtNa in the pres-
ence of 0.03 wt% PLL-g-PEG had a ks of 0.123 h™", which is
more than 10-fold faster than the rate without a copolymer
(Fig. 3) and comparable to that in a solution containing
15 wt% PEG (0.134 h™") (Fig. 4). This result demonstrated that
the cationic copolymer more effectively enhanced the cleavage
activity of EtNa DNAzyme than the crowding agent PEG. A
similar rate enhancement was observed upon the addition of
PLL-g-Dex (Fig. 3), indicating that the copolymer accelerated
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Fig. 3 Cleavage kinetics of EtNa DNAzyme in the absence or presence
of a cationic copolymer. Error bars were derived from two independent
experiments.

the DNAzyme activity by a mechanism that differed from the
enhancement due to PEG. The electrostatic interaction of the
cationic backbone of the copolymer with DNA likely played a
role in the acceleration, since the two copolymers have the
same cationic main chain.*® We previously reported that PLL-
g-Dex improved the activity of the 10-23 DNAzyme under mul-
tiple-turnover conditions.”” However, PLL-g-Dex does not
promote the chemical cleavage step of 10-23 since the
addition of PLL-g-Dex does not enhance the reaction rate
under single-turnover conditions.”” In contrast, the activity of
EtNa was enhanced ~10-fold by copolymers under single-turn-
over conditions.

The Ty, of the ES complex was 53 °C in the absence of a
copolymer, and the addition of the cationic copolymers
increased the T;, to more than 65 °C (Fig. S37), suggesting that

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Plot of kops values against the amount of PEG or EtOH in the
absence or presence of PLL-g-PEG. Error bars were derived from two
independent experiments.

the copolymer stabilized the ES complex. The reaction temp-
erature (25 °C) was much lower than the Ty, values, indicating
thorough association of DNAzymes with substrates under our
reaction conditions. Therefore, the copolymers promoted the
chemical cleavage step catalyzed by EtNa. The CD spectra of
the ES complex exhibited a negative band at ~250 nm and a
positive band at ~280 nm, and the presence of the copolymers
did not alter the CD spectra (Fig. S47), indicating that the con-
formation of the ES complex was not significantly influenced
by the interactions of the copolymers. However, the CD spectra
were not sensitive enough for the determination of the local
structures of the ES complex. It is possible that the binding of
the copolymer to EtNa alters the local microenvironment of
the ES complex, thereby promoting the cleavage reaction.

3.3 Cooperativity of cationic copolymers with crowding
agents

As the mechanisms of copolymer-mediated enhancement and
crowding agent-mediated enhancement of EtNa activity likely
differ, we speculated that the copolymer and the crowding
agent might act cooperatively. To test this, we analyzed the
EtNa-catalyzed reaction in the presence of PLL-g-PEG and PEG
or EtOH. The reaction rate was increased by the addition of
PLL-g-PEG when the concentration of PEG or EtOH was lower
than 30% or 20%, respectively (Fig. 4). The reaction rate
reached maxima in the presence of PLL-g-PEG with 30% PEG
(kobs of 0.464 h™") and with 20% EtOH (ks of 0.325 h™"). This
indicated that the cooperativity of the copolymer and crowding
agents resulted in a maximum acceleration effect of 46-fold
compared with that in the aqueous solution. Further increase
in the concentration of the crowding agent, however, resulted
in the decrease of the reaction rate. This might be due to the
excessively enhanced interactions of the cationic copolymer
with DNA in the solution with a low dielectric constant.
Consistently, the lysine homopolymer that has stronger inter-
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actions with DNA than the cationic copolymer inhibited the
cleavage reaction of EtNa (Fig. S57).

4. Conclusion

In this study, we investigated the impacts of molecular crowd-
ing and cationic copolymer on a Na'-dependent RNA-cleaving
DNAzyme, EtNa. Compared with its activity in aqueous solu-
tion, the cleavage activity of EtNa DNAzyme was enhanced in
the molecular crowded environment containing PEG, likely
due to the reduced dielectronic constant. The catalytic activity
of EtNa increased as the amount of PEG was increased. The
cationic copolymer enhanced the DNAzyme activity through its
electrostatic interaction with DNA. The copolymer at 0.03 wt%
accelerated the reaction rate of EtNa by 10-fold, similar to the
acceleration observed in the solution containing 15 wt% PEG.
The cationic copolymer and crowding agent act cooperatively
to enhance the reaction to a greater extent than that observed
with either additive alone. This finding suggested that both
the copolymer and crowding agents should be evaluated when
optimizing DNAzyme reaction conditions. Crowding agents
may have a distinct effect when the DNAzyme associated with
protein, a type of interaction usually stabilized by electrostatic
interactions. The use of the copolymer and crowding agent
may expand the application of DNAzyme into divalent metal
ion-deficient environments such as blood and the extracellular
environment.
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