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atly increase the turnover of
a native hammerhead ribozyme†

Shu-ichi Nakano, *a Hirofumi Yamashita,a Kazuya Tanabea and Naoki Sugimotoab

Methods to facilitate the catalytic turnover of ribozymes are required for advancing oligonucleotide-based

technologies. This study examined tetraalkylammonium ions for their ability to increase the efficiency of

catalytic turnover of a native hammerhead ribozyme. Kinetic analysis showed that large

tetraalkylammonium ions significantly increased the turnover rate of the ribozyme and was much more

effective than poly(ethylene glycol) (PEG) and urea. The magnitude of the rate increase depended on the

concentrations of Mg2+ and tetrapentylammonium ions, and the rate was enhanced by more than 180-

fold at the optimal concentrations of these salts. The results provide physical insights into interactions of

ribozymes with large cationic molecules through electrostatic forces and steric hindrance.
Introduction

Self-cleaving RNA enzymes, called ribozymes, are found in
the RNA satellites of plant viruses and in human genomes.1–8

The catalytic reaction of ribozymes proceeds in the presence
of divalent metal ions, such as Mg2+, and even in the pres-
ence of Mg2+ complexes coordinated by amino acids or
diphosphate molecules.9,10 Since ribozymes can selectively
cleave RNA substrates, synthetic small constructs of trans-
acting ribozymes are useful for developing oligonucleotide-
based technologies, for example, for the in vivo inhibition
of gene functions and for the construction of biosensor
probes.11–13 To maximize applications of ribozymes for
biotechnology, it is important to develop methods to
enhance their catalytic performance. The strength and
specicity of substrate binding depend on the number of
base pairs formed between the ribozyme and its substrate,
and thus ribozyme constructs containing a long substrate
recognition sequence are useful for the recognition of target
RNA. However, the turnover of ribozymes with long
sequences is intrinsically difficult because of high thermo-
dynamic stability and slow dissociation of base pairs formed
between the ribozyme and cleaved products.14,15 In addition,
formation of the ribozyme–substrate complex is inhibited
when the RNA sequences form interfering intramolecularly-
folded structures, which is crucial for long sequences. It is
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supposed that the turnover of ribozymes can be enhanced
under conditions that decrease the stability of RNA base
pairing without signicant disrupting the catalytically active
conformation.

The hammerhead ribozyme constitutes a class of small
ribozymes that exhibit high RNA substrate cleavage activity in
the presence of metal ions, such as Mg2+. The structure and
catalytic mechanism of this ribozyme have well been studied,
and metal ions are known to play both structural and catalytic
roles: structural ions stabilize base pairing and the catalyti-
cally active conformation by electrostatic interactions, and
catalytic ions that bind to specic sites participate in chemical
reactions and electrostatic stabilization of a transition
state.16–22 The catalytic activity of hammerhead ribozymes also
depends on organic cations that affect RNA–RNA interactions
and catalytic mechanism. Polyamines, such as spermidine,
can increase the catalytic rate by effective electrostatic
screening of RNA charges.23 Conversely, polyamines also act
as an inhibitor by inducing RNA misfolding.24 Inhibitory RNA-
polycation interactions are also reported for coacervates made
with polycations, such as poly(diallyldimethylammonium
chloride) and oligoarginine.25 Furthermore, cationic additives
that stabilize RNA–RNA interactions are expected to disfavor
the dissociation of cleaved products, making the rate of
multiple-turnover cleavage slow down. There have been
reports of several-to several tens-fold enhancement in the
turnover of hammerhead ribozymes using RNA-binding
proteins,26 oligonucleotide facilitators,27,28 locked nucleic
acid nucleotides,29 poly(ethylene glycol) (PEG),30,31 and
aqueous droplet-based microuidics.32 In this report, we show
further improvements of the turnover rate of a long
hammerhead ribozyme construct by the use of tetraalky-
lammonium ions, with increases of greater than a hundred-
fold at optimal salt concentrations.
This journal is © The Royal Society of Chemistry 2019
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Experimental
Materials

The HH10 ribozyme was prepared by run-off transcription from
a DNA template duplex (the 60-mer ribozyme sequence linked to
a 17-mer T7 RNA polymerase promoter sequence) using T7 RNA
polymerase (GE Healthcare; Chicago, USA). The DNA oligonu-
cleotides and the RNA substrate labeled with 6-uorescein at
the 50-end were purchased from Hokkaido System Science
(Hokkaido, Japan). All reagents used to prepare buffer solutions
were purchased from Wako Chemicals (Osaka, Japan), except
for 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES)
and disodium salt of ethylenediamine-N,N,N0,N0-tetraacetic acid
(Na2EDTA) which were from Dojindo (Kumamoto, Japan).
Kinetic analysis of substrate cleavage

The rate of substrate cleavage was measured using 5.0 nM
ribozyme and 100 nM substrate for multiple-turnover or 100 nM
ribozyme and 2.0 nM substrate for single-turnover reactions.
The reaction was performed in a volume of 20 mL of a buffered
solution consisting of 50 mM HEPES, 50 mM NaCl, and
0.10 mM Na2EDTA, adjusted to pH 7.0 at 37 �C.

The solution was annealed at 70 �C and subsequently incu-
bated at 37 �C for 10 min, followed by the addition of MgCl2 (the
nal concentration of 10 mM) to initiate substrate cleavage,
unless otherwise stated. Reactions were quenched bymixing with
90% formamide solution containing 100mMNa2EDTA, and then
loaded on 20% polyacrylamide gel containing 7.0 M urea. Aer
electrophoresis, uorescence emission of uorescently labeled
RNA fragments was visualized and the amounts of uncleaved and
cleaved fragments ([U] and [C], respectively) were quantied,
using a uorescent scanner at 473 nm excitation and 520 nm
emission (FLA-5100, Fujilm; Tokyo, Japan).

The cleavage rate and turnover frequency of ribozyme-
catalyzed substrate cleavage (molecules of cleaved substrate
per molecules of ribozyme, per hour) were analyzed by plotting
the fraction of RNA cleaved at the correct site to the total
amount of RNA substrate, [C]/([U] + [C]), against time. The
single-turnover rate was determined by tting the slow phase
data to a single exponential function, and the rate of multiple-
turnover kinetics and turnover frequency were determined by
tting to a linear function.
Results and discussion
Catalytic activity of the long hammerhead ribozyme construct

Native hammerhead ribozymes are composed of a conserved
nucleotide core anked by long stretches of base pairs, and the
stem regions consisting of base-paired and unpaired nucleo-
tides participate in tertiary interactions essential for fast
cleavage under physiological conditions.33–36 We investigated
the trans-acting ribozyme derived from an intronic ribozyme in
the human genome, HH10.7 This ribozyme forms long base
pairing with its RNA substrate, and the substrate is cleaved at
the scissile bond between two cytosines located at the junction
of three stems in the presence of Mg2+ (Fig. 1A).
This journal is © The Royal Society of Chemistry 2019
The substrate cleavage under the single-turnover condition
conducted with 10 mM MgCl2 at 37 �C was fast, yielding
a cleaved fraction of z0.4 within 10 seconds and reaching
greater than 0.8 aer a few minutes (Fig. S1, ESI†). The kinetic
curve did not t to a single exponential function because of the
presence of catalytically inactive conformations that required
refolding for becoming catalytic through a stepwise process.37

On the other hand, the substrate cleavage under the multiple-
turnover condition conducted with 10 mM MgCl2 at 37 �C was
extremely slow, taking 90 hours to show the turnover number of
about 6 (a cleaved fraction of z0.3) including a burst phase
during the rst turnover (a cleaved fraction of z0.05) (Fig. 1B).
The cleavage proceeded linearly with time, and the kinetic
analysis determined the turnover frequency to be 0.050 h�1

(molecules of cleaved substrate per molecule of ribozyme, per
hour) and the turnover rate to be 0.083 fmol min�1. The low
activity is attributed to the substrate recognition through a long
sequence whereas much faster turnover rates were observed for
short hammerhead ribozyme constructs (Fig. S2, ESI†), indi-
cating the trade-off between the extension of the substrate
recognition sequence and the low turnover activity, as reported
for HDV-like ribozymes.15

When the pH was dropped from 7.0 to 6.0, the single-
turnover rate of HH10 fell to 0.38-fold of the value at pH 7.0
whereas the multiple-turnover rate did not greatly change. The
results suggest that the substrate cleavage through an acid–base
mechanism is the rate-limiting step under the single-turnover
condition but not under the multiple-turnover condition.

Effects of conventional additives

It has been reported that an addition of PEG, conventionally
used as a molecular crowding agent, alters the catalytic activity
of several types of ribozymes, including hammerhead ribo-
zymes.38,39 We observed here that PEGs with average molecular
weights of 200 (PEG200) and 8000 (PEG8000) in a concentration
range from 10% to 30% by weight increased the turnover rate of
HH10 by 4.3–6.4-fold (Fig. 1C and D). Urea, which is widely used
as a nucleic acid denaturant, in a concentration range from 1.0
to 4.0 M also increased the turnover rate by 3.7–5.8-fold
(Fig. 1E). Therefore, these conventionally used additives, which
affect the strength of RNA interactions by various factors, such
as changes in the solution properties (e.g., water activity) and
disruption of the helical conformation of RNA,40,41 can enhance
the turnover of the native hammerhead ribozyme that forms
long base pairing with its RNA substrate.

Effects of tetraalkylammonium ions

Tetraalkylammonium ions are monovalent cations that
modulate the stability of Watson–Crick base pairs in a size-
dependent manner. Small cations stabilize base-paired RNA
structures by preferential electrostatic binding to densely
packed structures. In contrast, bulky cations, such as tetra-
butylammonium (TBA) and tetrapentylammonium (TPeA)
ions, have the ability to destabilize base pairing.42–44 This
unique property of bulky cations is caused by steric effects that
reduce the accessibility to base-paired regions but can
RSC Adv., 2019, 9, 35820–35824 | 35821
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Fig. 1 (A) Secondary structure of the complex of the HH10 ribozyme (red) and the RNA substrate (blue) investigated in this study. The site of
cleavage is indicated by an arrow. (B) The kinetic trace of the ribozyme-catalyzed substrate cleavage under the multiple-turnover condition
(5.0 nM ribozyme and 100 nM substrate) conductedwith 10mMMgCl2 at 37 �C in the absence of additives. (C–E) Increases in the turnover rate by
the addition of different amounts (weight per volume) of PEG200 (C), PEG8000 (D), or urea (E) to the reaction solution.
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electrostatically interact with unpaired regions such as single
strands.45 It is also remarkable that the large tetraalky-
lammonium ion affects metal ion binding to RNA, resulting in
a change in metal ion requirements for catalysis by several
types of ribozymes and deoxyribozymes.46 Here, we tested
different-sized tetraalkylammonium ions containing methyl,
ethyl, propyl, butyl, or pentyl groups for the turnover of HH10.
Tetrahexylammonium ion could not be tested due to low
aqueous solubility.

The addition of tetramethylammonium (TMA), tetraethy-
lammonium (TEA), or tetrapropylammonium (TPrA) at
a concentration of 100 mM only slightly increased the turnover
rate, as observed using NH4

+. Remarkably, TBA substantially
increased the rate by 12-fold (the turnover frequency was 0.61
h�1), and TPeA greatly increased the rate by 43-fold (frequency
¼ 2.1 h�1) (Fig. 2 and S3, ESI†), indicating that the bulky cations
play the same function as PEGs and urea in enhancement of the
catalytic turnover, with a much lower quantity. A rapid increase
Fig. 2 (A) Kinetic traces for the substrate cleavage under the multiple-
turnover condition in the presence of 100 mM TBA (blue triangles) or
100 mM TPeA (red closed squares). In one case, 100 mM TPeA was
added 3 h after the addition of MgCl2 (indicated by an arrow) to initiate
substrate cleavage, represented by open squares. (B) Relative rate
increases (relative to control) of multiple-turnover cleavage (black) and
single-turnover cleavage (gray) by the addition of 20% PEGs, 2 M urea,
100 mM NH4

+, or 100 mM tetraalkylammonium ions.

35822 | RSC Adv., 2019, 9, 35820–35824
in the cleavage yield by the addition of TPeA was also observed
3 h aer the addition of MgCl2 (Fig. 2A). The turnover frequency
in the presence of TPeA did not change signicantly (1.7 h�1),
when the ribozyme concentration decreased from 5.0 to 1.0 nM.
In contrast, these tetraalkylammonium ions, including TBA and
TPeA, produced only small effects in the single-turnover rate
(Fig. 2B) and did not promote the cleavage in the absence of
Mg2+, indicating that the cations themselves possess no
intrinsic RNA cleavage activity. It is mentioned that our previous
study showed TBA-induced reductions in the single-turnover
rates of lead-dependent ribozyme and 17E deoxyribozyme
especially under low metal ion concentrations.46 Because these
nucleic acid enzymes consisted of short sequences, their cata-
lytically active conformations were likely to be easily disrupted
by TBA. In contrast, the catalytically active conformation of
HH10 is relatively stable, as indicated by the observation of
efficient substrate cleavage even in the presence of large
amounts of urea.

The stability of the catalytically active conformation of HH10
was studied by measuring the catalytic activity at different
temperatures. The turnover rate in the absence of additives
increased as the temperature was raised to z55 �C but
decreased at higher temperatures by thermal denaturation. The
temperature at which the rate began to decrease was reduced by
5–10 �C in the presence of TBA or TPeA (Fig. 3), indicating
destabilization of the catalytically active conformation, but still
higher than the temperature used in the above experiments,
37 �C. The destabilization has disadvantages in forming the
catalytically active conformation but has advantages in cleaved
product dissociation for catalytic turnover.

The large tetraalkylammonium ions have the properties
that are useful for increasing the turnover rate. The large
cations destabilize RNA base pairing by preferential inter-
actions with single strands and affect metal ion binding to
This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Temperature dependence of the turnover rate in the absence
(black circles) and presence of TBA (blue triangles) or TPeA (red
squares) at 100mM. Some error bars are within the size of the symbols.

Fig. 4 (A) Effects of the TPeA concentration on the turnover rate in the
presence of 10 mM (circles), 5.0 mM (triangles), or 2.5 mM MgCl2
(squares). (B) Effects of MgCl2 concentration on the turnover rate in the
presence of 100 mM TPeA. Data in the absence of TPeA are shown in
the inset. (C) The turnover rates at different concentrations of TPeA
and MgCl2, represented by the numbers and gray shades.
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RNA.43 Thus, it is probable that the mechanism for
increasing the turnover rate is different from those of PEGs
and urea: the large tetraalkylammonium ions can affect the
substrate cleavage in several ways, including destabilization
of the complex between the ribozyme and the cleaved prod-
ucts, destabilization of interfering RNA structures, and
changes in the property of Mg2+ binding to RNA. Further
research is necessary to understand the mechanism for
increasing the turnover rate in the presence of the bulky
cations, such as kinetic analysis of the rate of base pair
dissociation.

Search for optimum salt conditions for the multiple-turnover
cleavage

The addition of 100 mM TPeA provided a 43-fold increase in the
turnover rate with 10 mM MgCl2. Then, we searched for
optimum concentrations of MgCl2 and TPeA for the turnover of
HH10. At a constant MgCl2 concentration of 10 mM, the
magnitude of the increase in the turnover rate changed
depending on TPeA concentration, reaching 105-fold at
175 mM, but decreasing at higher concentrations due to
increased destabilization of the catalytically active conforma-
tion. The TPeA concentration that produced the highest rate
decreased as MgCl2 concentration decreased: 150 mM at
5.0 mM MgCl2 and 75 mM at 2.5 mM MgCl2 (Fig. 4A). On the
other hand, the magnitude of the increase at a constant TPeA
concentration of 100 mM varied with MgCl2 concentration, with
the greatest increase, reaching 110-fold at 5.0 mM MgCl2, but
decreasing at higher concentrations (Fig. 4B). These observa-
tions suggest competitive binding of TPeA and Mg2+ ions. It is
striking that the optimal conditions for multiple-turnover
cleavage lay on the diagonal of the MgCl2–TPeA concentration
matrix, as shown in Fig. 4C. The maximum increase in the
turnover rate was greater than 180-fold (9.1 h�1 or 16
fmol min�1 at 5.0 mM MgCl2 and 150 mM TPeA). These results
show that large tetraalkylammonium ions promote the turnover
much more effectively than PEG and urea and that the rate
increase under optimized salt conditions can be higher than
those reported using other additives. We suggest that bulky
cations provide a new method to enhance the catalytic perfor-
mance of the native hammerhead ribozyme, although it will be
important to optimize salt conditions for applying to other
nucleic acid enzymes that have different structural stability and
roles of metal ions in catalysis.
This journal is © The Royal Society of Chemistry 2019
Conclusions

This study showed that large tetraalkylammonium ions have an
ability to greatly enhance the catalytic turnover of the native
hammerhead ribozyme, like RNA chaperones. Because the large
tetraalkylammonium ions interact with RNAs through electro-
static forces and steric hindrance, our results provide physical
insights into interactions of ribozymes with large cationic
molecules, such as basic proteins. The study using tetraalky-
lammonium ionsmay be useful for understanding inuences of
RNA-binding proteins on the turnover of intracellular
ribozymes.
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