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Abstract

Self-cleaving ribozymes are RNA molecules that catalyze a site-specific self-scission reaction. Analysis of self-
cleavage is a crucial aspect of the biochemical study and understanding of these molecules. Here we describe
a co-transcriptional assay that allows the analysis of self-cleaving ribozymes in different reaction conditions
and in the presence of desired ligands and /or cofactors. Utilizing a standard T7 RNA polymerase in vitro
transcription system under limiting Mg?* concentration, followed by a 25-fold dilution of the reaction in
desired conditions of self-cleavage (buffer, ions, ligands, pH, temperature, etc.) to halt the synthesis of new
RNA molecules, allows the study of self-scission of these molecules without the need for purification or
additional preparation steps, such as refolding procedures. Furthermore, because the transcripts are not
denatured, this assay likely yields RNAs in conformations relevant to co-transcriptionally folded species
in vivo.
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1 Introduction

Discovered over 30 years ago [1-5], self-cleaving ribozymes are
catalytic RNA molecules that promote a site-specific self-scission
reaction. The most common mechanism of the self-scission reac-
tion is a general acid-base catalysis, where a transesterification
involves a nucleophilic attack by a 2’-oxygen on the adjacent phos-
phodiester bond, producing a 2’ — 3’ cyclic phosphate and a 5-
'-hydroxyl product [6-9], with metal ions and metabolites
employed as potential cofactors [6, 7, 10, 11]. To date, nine self-
cleaving ribozyme families have been discovered in nature, com-
prising the hammerhead [1, 2], hairpin [3], hepatitis delta virus
(HDV) [4, 12], glucosamine-6-phosphate synthase (gimS) [11],
Neurospora Varkud satellite (VS) [5], twister [13], twister sister
('TS), pistol, and hatchet motifs [14].
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Self-cleaving ribozymes are broadly distributed throughout all
branches of life [ 13-16]. Likely involved in several roles in biology,
some of the known functions include self-scission during rolling-
circle replication of RNA genomes, co-transcriptional processing of
retrotransposons, and metabolite-dependent gene expression reg-
ulation in bacteria [1, 2,4, 5, 11, 17-25]. Recently, it has also been
shown that metabolites may modulate the activity of self-scission of
some ribozymes [26]. Genomic locations of these ribozymes sug-
gest that they affect many other biological processes, some of which
may not be directly associated with RNA scission. Other examples,
including highly conserved mammalian ribozymes [27, 28], sug-
gest that many new biological roles are yet to be discovered.

The discovery and understanding of self-cleaving ribozymes
and their roles depend on the biochemical characterization of
these molecules. An important aspect of this characterization is
the kinetics investigation of self-scission under different conditions
and in the presence of metabolites, cofactors, and other potential
ligands, such as protein chaperones. The most common options in
the investigation of the kinetics of ribozymes are the study of
pre-purified ribozymes and the co-transcriptional self-cleavage
analysis. The first method typically uses denaturing PAGE to frac-
tionate transcripts of isolate uncleaved ribozymes, precipitation,
and a refolding step, although less harsh conditions such as
non-denaturing chromatography and precipitation-less concentra-
tion of the purified samples have been utilized [29]. A denaturing
step is best avoided as refolding of the ribozymes can lead to
conformations different from the co-transcriptional folding. This
may happen when the RNA loses the directional order of folding
(5" to 3') and the co-existence of different folding states is likely to
increase. For example, a comparison of the co-transcriptional fold-
ing and Mg**-initiated refolding after precipitation of the RNase P
ribozyme revealed that even though all folding processes have
kinetic traps and misfold, the Mg**-initiated refolding involves
residues in different regions of the molecule, while the
co-transcriptional folding allows the 5 region to fold before the
3’ region, eliminating major misfold traps [30]. Furthermore, it has
been shown that the co-transcriptional folding notably enhances
the self-scission of the human HDV-like ribozyme CPEB3 when
compared to a pre-purified sample [31], and that self-cleavage
transcripts of the HDV ribozyme with an attenuator in the 3’ end
could not be restored efficiently by renaturation [32]. Hence, the
use of the co-transcriptional self-cleavage analysis is preferred when
possible.

Standard co-transcriptional analysis relies on the study of the
self-cleavage reaction in transcriptional buffer, while transcription
occurs. This methodology is limited to the experimental conditions
compatible with RNA polymerase activity. Additionally, the con-
current synthesis of new molecules of RNA has to be accounted for,
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adding a second kinetic element to the analysis. Herein, we provide
an alternative co-transcriptional assay that allows the analysis of self-
cleaving ribozymes in different reaction conditions and in the
presence of desired ligands. The in vitro transcription is performed
under limiting amount of Mg>*, and the reaction is followed by a
25-fold dilution in desired condition of self-cleavage (buffer, ions,
ligand, pH, temperature, etc.). The limiting amount of Mg>*
reduces the self-scission reaction during the initial transcription.
Control experiments showed that a 25-fold dilution efficiently
prevents any new RNA synthesis; therefore, our co-transcriptional
kinetic analysis does not need to account for the kinetics of tran-
scription, contrasting with the previously described analysis of
co-transcriptional cleavage by Long and Uhlenbeck [33]. This
method allows study of self-scission of these RNAs without the
need of purification and a second kinetic parameter. This approach
is also useful to synthetic biology, as self-cleaving ribozyme can be
used as platforms to the development of new molecular biology
tools, particularly gene expression-regulating aptazymes [34]. The
method is also applicable to the study of other types of ribozymes,
such as self-splicing introns [35, 36].

For the illustration of the methodology, we present an example
of the HDV-like ribozyme drz-Fprau-1. Found in the human gut
bacterium Faecalibacterium prausnitzii, the ribozyme cleavage site
maps 106 nucleotides upstream of the phosphoglucosamine
mutase (glmM) open reading frame [15]. The enzyme glmM cat-
alyzes the transformation of glucosamine 6-phosphate (GIcN6P)
into glucosamine 1-phosphate (GIcN1P) [37]. It was shown that
GIcN6D, a natural metabolite, increases the self-scission rate of the
ribozyme when compared to a no metabolite control [26].

2 Materials

2.1 In Vitro
Transcription

Working with RNA requires care to avoid contamination by
RNases. All solutions should be prepared using double-distilled
RNase-free water (ddH,O) and analytical grade reagents. All solu-
tions should be tested for the presence of RNases before use.
Chemicals and reagents are purchased from commercial suppliers.
Radioactive [a-**P] ATP should be handled and disposed with
safety and according to current regulations of purchase, use, and
disposal.

1. 10x transcription buffer: 400 mM Tris-HCl or HEPES
pH 7.5, 100 mM DTT (dithiothreitol), 20 mM spermidine,
1% Triton X-100 (see Notes 1 and 2).

2. 100 mM MgCl, stock.
3. 25 mM stocks of each rGTP, rUTDP, and rCTD.
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22
Self-Cleavage Assay

2.3 Denaturing
Polyacrylamide Gel
Electrophoresis (PAGE)

4.
5.
6.
7.

2.5 mM stock of rATP.
[a-*2P] rATP.
T7 RNA polymerase.

Purified stock of DNA template of the ribozyme to be studied
with T7 promoter (sec Note 3).

The cleavage bufter depends on the system to be studied and also
on the experiment proposed. For the example illustrated here, a
physiological-like buffer is used.

1.

w N

2x  self-cleavage buffer: 100 mM Tris-HCl or HEPES
(pH 7.4), 20 mM NacCl, 280 mM KClI (se¢ Note 4).

. 100 mM MgCl, stock.
. Stocks of the metabolite(s) of interest (if applicable).
. 2% denaturing loading buffer: 8 M urea, 20 mM EDTA (see

Note 5) (ethylenediaminetetraacetic acid), 0.05% (w/v) bro-
mophenol blue, and 0.05% (w/v) xylene cyanol.

. 40% bis-acrylamide 19:1.
. Urea.
. 10x TBE: 890 mM Tris-borate, 890 mM boric acid, 20 mM

EDTA, pH 8.3.

4. TEMED (N,N,N’ N’-tetramethylethylenediamine).

. 10% (w/v) ammonium persulfate (APS).
. Polyacrylamide gel solution: 8 M wurea, 0.5x TBE, 15%

bis-acrylamide 19:1 (store away from light).

. Diluent gel solution: 8 M urea, 0.5x TBE.
. Set of small glass plates (16.5 x 22 cm) or medium glass plates

(16.5 x 28 cm) for PAGE, 1.5- and 0.8-mm Teflon spacers,
wide-toothed and narrow toothed combs to cast wells, cellu-
lose chromatography paper, and plastic wrap.

. Electrophoresis power supply.
10.

Storage phosphor image screen.

3 Methods

3.1 In Vitro RNA
Transcription Under
Minimal Mg?*
Conditions

. Prepare 100 pL in vitro transcription mix by adding: 10 pL of

the 10x transcription buffer, 3.5 pL of the 100 mM MgCl,
stock, 4 pL of the 25 mM stock of each rGTP, rUTP, and rCTP,
10 pL of 2.5 mM stock of rATP, 1 puL of [a->?P] rATP, 1 unit of
T7 RNA polymerase, complete volume to 90 pL with ddH,O.-
Note that 10% of the solution is accounted for the DNA
template to be added in the next step. This mix can be saved
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3.3 Resolving
the Results
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at —20 °C prior to T7 RNA polymerase addition or at 4 °C
after T7 RNA polymerase addition for later use. The goal of
this step is to prepare an efficient transcription reaction under
conditions with most of Mg** chelated by the rNTDs, leaving
minimal Mg?* to promote ribozyme catalysis.

. Initiate transcription by adding 0.5 pL of the DNA template

with a T7 promoter of the ribozyme construct to be studied
(~0.5 pmol) into 4.5 pL of the in vitro transcription mix.

. Incubate the reaction at 24 °C (room temperature) for 10 min,

to initiate transcription (see Note 6).

. Prepare the self-cleavage mix by adding: 50 pL of the 2x self-

cleavage butffer, 5 pL of the 100 mM MgCl, stock, and desired
concentration of any metabolite(s) if applicable. Complete vol-
ume to 96 pL with ddH,O. Incubate at desired temperature of
self-scission assay (sec Note 7).

. Set up a cone-bottom well-plate to aliquot time-point fractions

and terminate reactions. Each well should contain 5 pL of
2 x denaturing loading buftfer.

. After 10 min of the in vitro transcription, withdraw a 1 pL

aliquot of the reaction mixture, and terminate its transcription
and self-scission by the addition of the 2x denaturing loading
bufter. This is the zero time-point, used as reference for the
kinetic analysis, showing the extent of the RNA production and
self-scission that occurred during the transcription period.
Control experiments showed that 10 min in vitro transcription
is enough time to make sufficient **P-labeled RNA without
significant self-scission catalysis.

. Transfer the remaining 4.0 pL volume of the transcription

reaction into the pre-incubated 96 pL of self-cleavage mix
(25-fold dilution) and start timing the self-cleavage reaction
under the new conditions. Collect aliquots of 5 pL at the
desired time-points, and terminate the self-scission by deposit-
ing the aliquots into the pre-prepared cone-bottom well-plate
with 5 pL of the 2x denaturing loading bufter.

Results are resolved using denaturing PAGE.

1. Prepare 50 mL of bis-acrylamide gel solution of the appropriate

percentage for the RNA sample. For a 10% polyacrylamide gel
solution, dilute the 15% bis-acrylamide gel stock solution with
the diluent gel solution (sec Note 8).

. Wash the glass plates, 0.8 mm spacers, and small-tooth combs

thoroughly with distilled water, then 70% ethanol solution.
With bottom and side spacers properly placed, clip the plates
together with clamps, making sure that there are no gaps
between spacers in the bottom corners of the plates.
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3. In a 15 mL tube, add 3 mL of the 15% bis-acrylamide gel

solution. Add 20 pL of TEMED and mix. To this, add 30 pL
of the 10% APS solution to initialize polymerization. Rapidly
mix and pour into the gel plate assembly to create a plug at the
bottom of the gel. Allow ~2 min for polymerization.

. Once the plug is polymerized, to the 50 mL of the

bis-acrylamide gel solution, add 50 pL. of TEMED and mix.
Next, add 500 pL of the 10% APS solution and mix to initialize
polymerization. Pour into the gel plate assembly. Insert combs
at desired depth and allow the gel to polymerize completely.

. Take off clamps and carefully remove the combs and the bot-

tom spacer. Move the assembly to an electrophoresis gel box.
Add 0.5 x TBE bufter to cover the top and bottom of the gel.
Rinse the wells and the room left by the bottom spacer to
remove air bubbles. Pre-run the gel at least for 30 min at
20 W (small plates) or 40 W (medium plates) before loading
the samples (ideally, the gel has to be hot when touching for
loading—this assures that the samples keep denatured during
loading).

. Turn off the power supply. Rinse the wells and load samples.

Run the gel at 20 W (small plates) or 40 W (medium plates).
The time of run may vary according to the length of the
transcription product and fragments, and both dyes of the
loading buffer can be used to estimate where the RNA pro-
ducts are in the gel. In general, a 40 min run is enough for
constructs less than 110 nucleotides (se¢ Note 9).

. After the electrophoresis separation is done, turn off the power

supply, remove the plate assembly, and uncast the set of plates
carefully. Cover one side of the gel with cellulose chromatog-
raphy paper (this removes excess liquid in the gel, preventing
excessive sample diffusion during storage). Cover the entire gel
in plastic wrap and expose it to a phosphor screen. Place the
phosphor image screen cassette in a refrigerator during expo-
sure (up to an overnight exposure). If a longer exposure is
needed, the gel should be dried and then exposed to the
phosphor image screen (see Notes 10 and 11).

. Use a biomolecular imager system (like Typhoon series from

GE Healthcare) to retrieve the gel image from the exposed
phosphor image screen. Analyze the gel image by creating
lane profiles of each lane and measuring band intensities using
an appropriate software, such as ImageQuant (GE Healthcare)
or Image J (Open source—NIH). For self-cleaving ribozymes,
the single precursor RNA band (full length product) cleaves
into two visible bands (5" and 3’ products), which increases in
intensity over time as the self-scission reaction is allowed to
proceed.
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Fig. 1 Resolved denaturing (urea) PAGE gel of co-transcriptional self-scission of
the drz-Fpra-1 ribozyme. In vitro co-transcriptional cleavage kinetics were
performed in absence (control) and presence of 30 mM GIcN6P at a constant
Mg?* concentration (10 mM)

Figure 1 provides an illustration of a resolved gel image. In
vitro co-transcriptional cleavage kinetics of drz-Fprau-1 were per-
formed in presence and absence of GIcNGD.

Several data-fitting software packages are currently available to
perform data analysis. Herein, we explain how to analyze the data
utilizing Microsoft Office Excel (MS Excel). We utilize linear least-
squares optimization and the solver module of MS Excel to fit the
data. The retrieved band intensities of the self-scission experiment
are used to solve for the observed rates of self-cleavage (%) using
linear regression analysis of a mono-exponential decay function, as
shown below:

Fraction intact = A X e_kt +C

where A and C represent the relative fractions of the ribozyme
population cleaving with a rate constant % and remaining uncleaved
population, respectively.

1. In a MS Excel spreadsheet, horizontally, insert the band inten-
sities values for each time-point, starting at column B. Leave
column A for labeling the rows utilized: one for the single
precursor RNA band, and two for the cleaved bands. Use row
1 to label and reference each lane from the gel.

2. In a convenient location on the spreadsheet, print arbitrary
values corresponding to “A”, “%&”, and “C” for the mono-
exponential decay and residuals model. For this example, the
function and the cells used are: =$K$3*EXP(—$L
$3%B8) + $M$3. Where $K$3 represents the value for “A”,
$1.$3 represents the value for “k”, B8 represents the time, and
$MS$3 represents the value for “C”. The dollar sign ensures
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that the value in that cell is used regardless of where the formula
is pasted in the spreadsheet. Therefore, the time value will
change as the formula is pasted across the time-point columns.
This programming is important for utilizing the “Solver” tool.

. On the fifth row (=sum of bands), calculate the sum of the

bands (precursor + cleaved ones).

. On the sixth row (=time), insert the time-point for each ali-

quot withdrawn (use the same units for all time-points).

. On the seventh row (=fraction), calculate the fraction of pre-

cursor RNA band (full length) for each time-point by dividing
the value of the precursor band by the sum of the precursor and
cleaved bands at a single time-point (= precursor band /sum of
bands). The formula can be pasted into subsequent cells for
each time-point without retyping.

. On the eighth row (=model), as previously introduced, calcu-

late the model for each time-point where “#” is the time and

“A”, “k”, and “C” are arbitrary values for a mono-exponential
decay model: =$K$3*EXP(—$L$3*B8) + $M$3. The for-
mula can be pasted into subsequent cells for each time-point
without retyping, because time is the variable that will change.

. On the ninth row (=square difference), calculate the square of

the difference at each time-point between the model value and
the fraction cleaved [= (fraction — model)?].

. Calculate the sum of all square differences by programming

using the SUM function in a new cell $J$11 (=sum of values of
row 9).

. Solver tool is an add-in which may need to be loaded into MS

Excel via the Excel options and Add-ins tab menu. Solver is a
tool for optimization and equation solving that finds the opti-
mum value in one cell by adjusting the values in the cells the
user specifies. Therefore, this tool can be used to solve the
regression of the data points to the model, resulting in the
kobs value for the particular ribozyme.

(a) In MS Excel under the Data menu, select Solver in the

Analyze subset.

(b) Set the target cell to the sum of the square differences by
selecting the cell containing that value ($J$11).

(¢) The goalis to minimize the value of that selected cell (sum
of square differences), therefore, set “To:” to “min.”

(d) “By changing variable cells”: should be set to the arbitrary
model values (A4, &, C; $K$3-$M$3 in our example).

(e) Click “Solve”. Allow the process to complete. The model
value cell $1.$3 should now contain the kg, value for the
particular ribozyme (the value for %).
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(f) The “Solve” processing can be visualized if both the cal-
culated model values and the fraction cleaved values are
plotted vs. time.

10. Alternatively, Solver tool is also available as an add-in for Goo-

gle docs spreadsheet.

Figure 2 shows the MS Excel spreadsheet used for the data

analysis of both kinetics experiments presented on Fig. 1.

4 Notes

. Make all buffers in a 5x or 10x concentration to facilitate the

preparation of the reactions. Store premade buffers at appro-
priate temperature.

. The in vitro transcription buffer used usually cannot be the

commercially available buffer supplied with the enzyme
because of the high amounts of Mg>*. However, the rNTPs
can be stretched to concentrations matching the Mg>* concen-
tration in the buffer to prevent significant ribozyme activity
during the initial transcription reaction.

. Do not forget to insert the T7 promoter sequence upstream of

the DNA templates. To increase transcription yield, consider
the sequence immediately downstream of the T7 RNA pro-
moter. The +1 to +3 promoter sequence with nucleotides GGG
or GGC affords the highest yield [38].

. For conditions requiring a consistent ionic strength, the buffer

and metabolite(s) stocks may have to be pH-adjusted by the
addition of KOH or HCI. Additionally, the contribution of
ions from the metabolite(s) stocks has to be tracked and con-
sidered in the final reaction composition. For example, glcN6P
is typically available as sodium salt. Thus, titration of this
metabolite has to be accounted for when determining the
ionic strength.

. Increase the EDTA concentration accordingly if reaction to be

quenched has more than 10 mM Mg?>* and/or another
divalent ion.

. You can reduce the in vitro transcription temperature (down to

16 °C) to decrease the self-cleavage reaction during transcrip-
tion. Note that the transcription yield will be reduced as well.

. Use a thermocycler with a heated lid to avoid condensation of

water on the lid of the tube. Solvent evaporation can drastically
change the concentration of solutes.
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Fig. 2 Data analysis of co-transcriptional kinetics using MS Excel. Calculated ks is highlighted at cell L3 for
both the no metabolite control (a) and the 30 mM GIcN6P experiments (b). Solver tool was used to find the best
parameters to fit a simple monoexponential decay (A—fraction reacted, k,ps—self-scission rate constant)
with an unreacted fraction (C) equation. The two graphs in each panel show identical data presented on
log-linear (early time-points for visual comparison of initial self-scission rate) and log-log scales. The data
derived from the PAGE images are shown with squares. The best-fit models are shown as dashed lines
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. Polyacrylamide gel percentage may differ according to the

length of products and fragments generated by the self-scission
reaction. In general, lower percentages of gels are used to have
greater separation of fragments with similar lengths.

It is important to design constructs in a way that will allow the
two product bands to be distinguishable by size separation.

Exposure time of the gel to the phosphor screen depends on
the amount of **P-labeled material on the gel. To increase the
labeling vield of [a-32P] rATP, you may reduce the concentra-
tion of the non-radioactive rATP to 0.1 mM or even 0.05 mM
in the in vitro transcription mix. Adjust the Mg?* concentra-
tion accordingly.

32P is a high energy p-emitter. Avoid exposure to the radiation
and radioactive contamination. Wear proper PPE to minimize
exposure to radiation. Dispose of radioactive waste in accor-
dance with the rules and regulations.
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