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An RNA catalyst that reacts with a mechanistic inhibitor
of serine proteases†

Sandeep Ameta and Andres Jäschke*

The enzymatic catalysis of difficult chemical reactions often requires the utilization of mechanisms

completely different from those used in the uncatalyzed reaction. The catalytic triad of the serine

proteases is an illustrative example for the cooperation of functional groups to achieve the hydrolysis of

a very stable peptide bond via a covalent intermediate. Ribozymes for this demanding reaction that use

similar mechanisms have neither been discovered nor developed to date. Here, we challenge a

combinatorial RNA library with an active site-directed mechanistic inhibitor of serine proteases in order

to identify RNA molecules with a chemical reactivity comparable to the residues in the catalytic center

of thrombin. The adduct formed by this inhibitor is thought to mimic the first transition state in a

complex reaction pathway and contains a weak electrophile. Indeed, various RNAs are enriched that

accelerate their covalent attachment to the inhibitor, and several of them share a common motif that

features a four-way junction. These RNAs specifically alkylate the N7-position of one particular

guanosine, precisely recognizing structural features of the inhibitor. The selected RNAs may represent a

valuable starting point for the further evolution of ribozymes with protease activity.
Introduction

Ribonucleic acids exhibit a considerable breadth of catalytic
activities. While the naturally occurring ribozymes catalyze only
a few different reaction types, namely hydrolysis,1 trans-
esterication,2 and peptide bond formation,3 articial ribo-
zymes discovered by combinatorial chemistry accelerate a much
wider range of reactions, including C–C,4,5 C–N6 and C–S7 bond
formations, various bond cleavage reactions,8 redox chemistry,9

isomerizations,10 and amino acid chemistry.11,12

For nding rare catalytic RNA species in combinatorial RNA
libraries, two main concepts have been exploited so far: in a
direct selection, the RNA library is incubated with a potential
reactant that is chemically derivatized to contain a purication/
immobilization tag (e.g., a biotin). RNA species that accelerate
their own reaction with this reactant get covalently tagged and
can be isolated. Variants of this approach are based on altered
electrophoretic or chromatographic mobility as a result of a self-
modifying reaction.13,14 Later, the direct selection approach was
expanded to RNA–tether–substrate conjugates in combination
with a tagged reactant, leading to the discovery of multiple-
turnover catalysts for true bimolecular reactions; e.g., for Diels–
Alder cycloadditions between small-molecule dienes and dien-
ophiles.4,15 The second concept uses immobilized transition
echnology, Heidelberg University, 69120
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state analogs and selects for tight-binding RNAs (aptamers)
against these targets.10,16 In some cases, the selected aptamers
indeed catalyze a reaction that proceeds through the respective
transition state.10

Most of the ribozyme-catalyzed reactions discovered so far
are mechanistically rather simple, have low activation barriers,
and occur at measurable rates even in the absence of a catalyst.
Most importantly, we are not aware of a single example of
covalent catalysis by in vitro selected ribozymes, a catalytic
strategy used oen by protein enzymes that is characterized by
the transient formation of a covalent bond between enzyme and
substrate to give a reactive intermediate. This strategy allows a
single step with a large activation barrier to be broken down
into two steps that each have a smaller activation barrier.17,18 An
open question is therefore, how one can evolve RNA catalysts for
difficult reactions that benet from the use of covalent catalysis.
In this context, a very challenging and mechanistically difficult
task is the hydrolysis of peptide bonds, a reaction of high bio-
logical signicance carried out by protease enzymes. Several
laboratories have reported limited success in their attempts to
nd nucleic acid enzymes for this reaction.19–21 The hydrolysis of
peptide bonds is difficult for three reasons: (i) amide bonds are
very stable due to resonance stabilization; (ii) water is a poor
nucleophile; and (iii) amines are poor leaving groups.22 The
half-life for the hydrolysis of a typical peptide at neutral pH is
estimated to be between 10 and 1000 years, and protein
enzymes had to evolve sophisticated strategies to accelerate this
reaction.24 Serine proteases do this very efficiently by covalent
catalysis; the rate acceleration for peptide hydrolysis is about
Chem. Sci., 2013, 4, 957–964 | 957
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10 orders of magnitude. They use a mechanism that is clearly
different from the uncatalyzed reaction: an active-site serine,
assisted by histidine as a general base, attacks the carbonyl of
the peptide substrate, leading to an anionic tetrahedral inter-
mediate, which collapses with expulsion of the leaving group
and formation of a covalent acyl-enzyme intermediate. This
much more reactive intermediate, an ester, is then attacked by
water, again assisted by the same histidine base. The second
tetrahedral intermediate collapses to release the active site
serine and the carboxylic acid product (Fig. 1a).22,25

Irreversible protease inhibitors have been invaluable tools
for elucidating enzymatic reaction mechanisms, and represent
important drugs for different therapeutic indications.26 Their
action is based on the covalent nature of the intermediate: like
the substrate, the inhibitor is accepted by the enzyme, and a
covalent intermediate is formed. Due to structural and/or elec-
tronic differences between inhibitor and substrate, however, the
covalent bond cannot be broken, and the inhibitor remains
bound to the enzyme. Capitalizing on this property, irreversible
Fig. 1 Scheme of peptide bond cleavage by serine proteases and the concept of
the current in vitro selection. (a) Representation of the steps and intermediates
involved in peptide bond cleavage by serine proteases. (b) In vitro selection
scheme to select RNAs that catalyze the site-specific reaction with a mechanistic
inhibitor used as a substrate in selection. The adduct formed by this mechanistic
inhibitor is thought to mimic the first transition state in the cleavage of a peptide
bond by serine proteases.22,23

958 | Chem. Sci., 2013, 4, 957–964
inhibitors have recently been used in the discovery of new
enzymes, using a technique termed activity-based protein
proling (ABPP).27–29 This technique uses active site-directed,
irreversible mechanistic inhibitors of certain known enzymes in
order to discover — from proteomes — unknown enzymes that
use the same mechanism and therefore form covalent bonds
with the inhibitor. For serine and cysteine proteases, hal-
omethyl ketones are an important class of mechanistic inhibi-
tors that form a covalent tetrahedral adduct with the serine
hydroxyl or cysteine thiol group and a second covalent bond
with a histidine ring nitrogen. The structure of this tetrahedral
adduct is thought to strongly resemble the rst transition state
in the peptide cleavage reaction.23,26 Chloromethyl ketone
peptides were successfully used in ABPP of mammalian
apoptotic cells to identify the caspases (proteases) involved in
the process.30

We reasoned that such active-site directed mechanistic
enzyme inhibitors might also be useful to probe the catalytic
potential of RNA in a way that is not possible with the two
approaches outlined above. This may eventually allow tackling
mechanistically more demanding reactions with covalent
intermediates, like the cleavage of peptide bonds. We therefore
decided to challenge a combinatorial RNA library with a bio-
tinylated version of PPACK, a well-known active site-directed
mechanistic inhibitor of thrombin-like serine proteases.26,31,32

This approach permits the isolation of RNA species that possess
an exceptional reactivity comparable to the active site functional
groups in serine proteases (Fig. 1b). We observe that various
RNAs are enriched that accelerate their covalent attachment to
the inhibitor, and several of them share a common structural
motif. These RNAs are found to specically modify the N7-
position of one particular guanosine.
Results and discussion
In vitro selection

The peptidyl chloromethyl ketone chosen as the substrate for in
vitro selection has a D-Phe-Pro-Arg sequence as the recognition
motif and a chloromethyl ketone group as the reactive moiety.
Chloromethyl ketones are considered weak electrophiles, and
react in proteases only with active-site (i.e., strongly nucleo-
philic) cysteines and serines. The substrate was appended with
biotin as the purication tag via a tetra (ethylene glycol) spacer
(Fig. 2 and S1†). In vitro selection was performed using a 252 bp
dsDNA starting pool having two randomized regions of 100 and
70 bp and a complexity of �1014 different sequences (Fig. S2†).
The DNA was transcribed into RNA using T7 RNA polymerase,
and the puried transcripts were incubated with the substrate
for two hours, aer which biotinylated RNAs were isolated using
streptavidin-agarose.

These RNAs were then reverse transcribed and PCR-ampli-
ed, and the enriched pool served as the input for the next
round of selection. A small amount of 32P-labeled nucleotides in
the transcription mixture allowed quantication of the amount
of immobilized RNA. In total, 13 rounds of selection were
carried out. Over the rst 7 cycles, the amount of retained RNA
stayed in the range of the background signal, as is commonly
This journal is ª The Royal Society of Chemistry 2013
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Fig. 2 Progress of the selection. Selection progress was measured by % immo-
bilization of RNA on streptavidin-agarose beads after reaction with the substrate
(bar chart). Apparent rate constants kapp were calculated from the immobilization
values (line chart). Substrate concentration c and reaction time t for each round
are indicated below the diagram. The inset shows the biotinylated peptidyl
chloromethyl ketone used as the substrate in the in vitro selection.

Fig. 3 Predicted secondary structure of the conserved regions found in active
selected sequences. Size and sequence of the extensions of stems I to IV were
different in different sequence families (ESI, Fig. S3†). Nucleotides in red are found
to be conserved in all families. Nucleotides in black belong to the 50- and 30-primer
binding regions. Nucleotides in dark gray (N) are found to be variable. The G
nucleotide highlighted in green was found to be the reaction site in RNA 19.
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observed in such selections.33 In rounds 8–10, however, an
increase in immobilization to 9.3% was observed (Fig. 2). At this
point, selection pressure was increased by decreasing the
reaction time as well as the substrate concentration to facilitate
the enrichment of the most efficient catalysts. The round 13
RNAs showed an apparent k (kapp) of 412 M�1 h�1 (calculated
from the amount of immobilized RNA, ESI†), indicating a rate
enhancement of 570-fold over background immobilization
(Fig. 2). DNA from round 13 was then cloned, sequenced and
sequences were analyzed to nd conserved motifs (ESI†).
Fig. 4 Michaelis–Menten kinetics of RNA 19. (a) Time-dependent product
formation at 800 mM of substrate and 10 mM of RNA. (b) Michaelis–Menten
kinetics using 10 mM of RNA 19 at different concentrations of substrate. Product
formationwas calculated from streptavidin-based gel shift assays. For both assays,
data points were taken in triplicates and mean values were plotted with standard
deviations.
Sequence analysis

Out of 55 unique sequences, 38 were found to efficiently react
with the substrate, out of which 26 were signicantly faster than
the average activity of the round 13 pool RNAs considered
together. An 11mer sequence stretch, 50-UUCUCCGACAA-30, was
found to be conserved in most of the active sequences. When
500 sequences from next-generation sequencing data of the
round 13 DNA (ESI†) containing this motif were analyzed by
computational secondary structure analysis (Mfold), four inde-
pendently evolved major sequence families were discovered all
sharing a common structure that features a four-way junction
(Fig. 3 and ESI†). Both the 30- and 50-end of the RNA (which were
not randomized, as they have to serve as primer binding sites in
the enzymatic amplications) are suggested to be essential.

Key elements of the proposed secondary structural motif
were conrmed by truncation and deletion analysis. In one of
the fastest clonal RNAs, RNA 19 (Fig. S3†), stems I, III and IV
were very short, while stem II contained an insertion of >100 nt.
When this extension was removed, a minimized 128 nt variant
(Fig. S4†), RNA 19a, was generated that showed 19% of the
parental activity and conrmed the importance of the four-way
junction motif. When base-pairing between the 50- and
This journal is ª The Royal Society of Chemistry 2013
30-terminus was perturbed by further shortening of the RNA
19a, activity was completely abolished, demonstrating the
relevance of the conserved termini (ESI†).
Reaction kinetics

RNA 19 was chosen for further biochemical characterization.
Applying a streptavidin-based gel shi assay, RNA 19 was found
to obey Michaelis–Menten kinetics34 with a KM of 1450 mM �
90 mM and a kcat of 2.9 � 0.1 � 10�2 min�1 (Fig. 4). kcat/KM for
RNA 19 was found to be 1200 M�1 h�1. When a random 233 nt
RNA was subjected to the same assay, no product formation was
observed even aer 48 h of reaction, yielding a conservative
upper estimate for the rate of the uncatalyzed background
reaction of 0.13 M�1 h�1 and a rate acceleration of at least
10.000-fold.35 RNA 19 as well as other selected RNAs were also
analyzed for their ability to cleave model peptide and ester
substrates, such as arginine p-nitroanilide, arginine p-nitro-
benzyl ester, and peptidyl coumarins, but no signicant
increase above the background reaction could be measured
(Table S1†).
Chem. Sci., 2013, 4, 957–964 | 959
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Substrate recognition characteristics

The importance of certain structural features of the substrate
was probed by competition experiments. In these experiments,
RNA 19 was rst incubated with the substrate analogues to
block the active site and then reacted with the peptidyl
chloromethyl ketone substrate. While the halomethyl ketone is
indispensable for the chemistry of the reaction, themost critical
residue in the peptide is the arginine: an excess of free arginine
is able to efficiently inhibit the RNA-catalyzed self modication
reaction. In contrast, free homoarginine, lysine and ornithine
did not compete for the active site (Fig. 5 and S5†). Furthermore,
removal of biotin and the tetra (ethylene glycol) linker from the
substrate did not affect the RNA-catalyzed self modication
reaction (Fig. S6†).
Fig. 6 Reaction site analysis. 15% denaturing sequencing PAGE gel analysis of
the chemical RNA sequencing for a 36mer fragment of 30-32P-labeled RNA 19. The
right panel gives a schematic outline of the assay. Lanes: U ladder from hydrazine-
modified 36mer; G ladder from DMS-modified 36mer and subsequent treatment
with NaBH4; only RNA: 36mer with no modification and treated with NaBH4;
substrate-modified RNA: 36mer from substrate-reacted RNA 19 and subsequent
treatment with NaBH4. All samples were treated with aniline to achieve the
modification-dependent strand cleavage.
Identication of the reaction site

To learn at which type of nucleotide the modication reaction is
occurring, in four parallel transcriptions, either one of the four
nucleoside triphosphates (NTPs) were supplied as radioactive
a-32P-NTPs along with the other three non-radioactive NTPs.
Aer reaction with the chloromethyl ketone peptide substrate,
RNAs were hydrolyzed to mononucleotides using nuclease P1
and analyzed by gel electrophoresis. While mononucleotides
move very rapidly, the addition of the peptide causes a signi-
cant retardation that can be easily detected. Comparison of the
four differently labelled RNA hydrolyzates revealed that the
modication happens exclusively at a guanosine nucleotide
(Fig. S7†). To elucidate the number and positions of reacting
guanosines in RNA 19, we adapted a reaction from classical
chemical RNA sequencing.36 The sequencing reaction at G is
based on an alkylation at the N7 using dimethyl sulphate
(DMS). Upon reduction with NaBH4 and treatment with aniline,
the methylated guanosine undergoes specic depurination,
followed by strand scission right aer this G (Fig. 6).

We assumed that the N7-position is the most likely one to
react with the chloromethyl ketone, and we hypothesized that
the N7-alkylated guanosine resulting from this reaction would
show a chemical reactivity similar to N7-methylated G when
Fig. 5 Competition assay to probe substrate specificity. 10 mM of RNA 19 was
incubated with 3.5 mM of the competitor (analogous amino acids) and then
800 mM of the substrate was added. % product formation was calculated from
streptavidin-based gel shift assays and each reaction was done in duplicates
(mean values were plotted with standard deviations).

960 | Chem. Sci., 2013, 4, 957–964
treated with NaBH4 and aniline.37 When initially applied to full-
length RNA 19, this assay yielded a single, specic band close to
the 30-terminus, but it was impossible to resolve the position to
the mononucleotide level. Therefore we used — aer the reac-
tion with the substrate — a deoxyribozyme to cleave off a 36nt
RNA fragment from the 30-end of the RNA 19 (Fig. S8†). The
modication was found to reside in this small fragment, which
could now be easily analyzed by denaturing gel electrophoresis
(Fig. S9†). This analysis revealed that G222 is the reaction site
(Fig. 6), a nucleotide belonging to the conserved 30-primer
binding site and residing centrally within the proposed four-
way junction (Fig. 3).

Our chemical sequencing assay would only detect ribozymes
modied at the N7-position of a guanosine (such as G222). To
provide evidence against the possibility that other nucleotides
form covalent bonds using other atomic positions, we created
G222A and G222U mutants by site-directed mutagenesis (with
and without co-substitution of the proposed base-pairing
partner, see ESI Fig. S3 and S10†) and measured their catalytic
activities. The reaction with the chloromethyl ketone peptide
substrate was completely abolished in all these mutants
This journal is ª The Royal Society of Chemistry 2013
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(Fig. S11†). All these results indicate that the substrate reacts
specically at the position N7 of the single G222 in the selected
RNA.35
Characterization of the reaction product

Finally, we needed to establish the chemical nature of the
alkylation product more rigorously. The 36nt RNA fragment did
not provide sufficient resolution for an unambiguous mass-
spectrometric assignment. Better results were obtained with a
13mer RNA fragment, cleaved off the 30-end of RNA 19 (both
with and without prior reaction with the substrate) using ribo-
nuclease H (ESI, Fig. S12 and S13†). The high-resolution mass
spectrometric data, including the isotopic patterns, are
consistent with the alkylation at N7 of the G and the loss of the
chloro-substituent. Two major species could be detected, cor-
responding to the alkylation product and its keto-hydrate
(Fig. 7, S14 and Table S2†). Both of these products have been
observed and characterized thoroughly in chloromethyl ketone-
inhibited serine proteases.26,38
Conclusions

The RNAs selected here catalyze a site-specic reaction with a
chloromethyl ketone mechanistic inhibitor of serine proteases,
and the chemical nature of the reaction product appears to be
similar to that in proteins. The reaction occurs specically at the
N7 of a guanosine residue in RNA. It is tempting to compare the
Fig. 7 Mass spectrometric analysis of the reaction products. High resolution ESI-
TOF (HR-ESI) analysis of a 13mer RNA fragment cleaved off the 30-end of RNA 19.
The isotopic patterns are consistent with the alkylation product (observed: m/z
5083.0021, calculated: m/z 5083.0263) and with its hydrate (observed: m/z
5101.0180, calculated: m/z 5101.0368). For further analysis, see ESI, Fig. S14 and
Table S2.†

This journal is ª The Royal Society of Chemistry 2013
reactive guanosine in RNA with the active-site histidine that gets
alkylated in proteases, as both involve an imidazole heterocycle,
although with largely different pKa values. In the serine prote-
ases there is an additional transient covalent bond between
inhibitor and enzyme, namely between the inhibitor’s carbonyl
carbon and the active site serine hydroxyl oxygen, which has
been very difficult to prove experimentally due to the labile
nature of this bond.26,38 For the selected RNAs, we could not nd
evidence for such a bond so far.

Self-alkylating RNAs have been selected earlier using potent
alkylating acetamides that contain iodo- and bromo-substitu-
ents as good leaving groups.37,39 In comparison, the chlor-
omethyl ketones used here are much less reactive and more
specic. In protein chemistry, this difference in reactivity is very
well known, and while iodoacetamides are considered as group-
specic reagents and are oen used to modify any free cysteine
thiol, halomethyl ketones are classied as mechanistic inhibi-
tors and require ne-tuned molecular environments for reac-
tion.26 This difference in chemical reaction behavior was
recently highlighted in different ABPP studies. ABPP using
chloroacetamides was found to target a broad set of mecha-
nistically different enzymes, some of which involve neither a
cysteine nor a serine in the reaction mechanism.40 In contrast,
chloromethyl ketones were reported to be highly specic to the
target proteases utilizing a serine/cysteine nucleophile and
possessing the required molecular recognition features.26,30 The
ribozymes discovered here are therefore chemically different
from those reported previously in that they can utilize a chlor-
omethyl ketone for a highly specic alkylation reaction.

The fact that the selected RNAs do not catalyze all the steps
of the hydrolysis of the peptide (and ester) substrates is not
surprising, as the cleavage of the covalent bond was not in the
selection query. The halomethyl ketone inhibitors are consid-
ered analogs of the rst transition state on the reaction coor-
dinate,23,26 and several steps follow before the catalytic cycle is
concluded. Considering that in vitro selected ribozymes have
been found to utilize almost all the catalytic strategies observed
in proteins, the question arises why covalent catalysis has not
been established so far. In our opinion, this is due to the more
complex nature of the task, and the related lower probability of
nding a molecule that can catalyze more than one chemical
step. The probability of an arbitrarily taken RNA to bind a
small organic molecule was estimated to be in the range of
�1 : 1010–13 (depending on polarity and aromaticity of the
target), and it may be assumed that binding to a single transi-
tion state has at best the same probability.41,42 Covalent catal-
ysis, however, involves at least two distinct steps with
chemically different transition states. The probability of a single
RNA molecule binding two different transition states would
therefore be beyond 1 : 1020. As the libraries used in combina-
torial RNA selections are limited in complexity to 1014 to 1016

sequences, chances for nding such catalysts with the known in
vitro selection approaches are practically zero. We propose that
this problem can be circumvented by using step-wise selections
using different mechanistic inhibitors, taking care of one
mechanistic step at a time. Step-wise selections have been
successfully used for converting substrate binders into
Chem. Sci., 2013, 4, 957–964 | 961
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catalysts43 and for evolving new ribozyme activities starting
from known ones.44,45 For the system described here, the
discovered structural motif (Fig. 3) may provide a valuable
“refueling stop” on the way to a functional protease ribozyme,
as a new, highly diverse library can be synthesized based on this
motif and then be queried for the next mechanistic step of
peptide-bond cleavage.
Experimental section
In vitro selection

For the in vitro transcriptions, in each round of selections, 0.5
mM of dsDNA template was used in transcription buffer (40 mM
Tris pH 8.1, 1 mM spermidine, 22 mM MgCl2, 0.01% Triton-X-
100) along with 10 mM DTT, 0.01 mg mL�1 BSA, 4 mM of ATP,
CTP and UTP and 0.4 mM of GTP. The transcription reaction
was doped with 50–100 mCi of radioactive CTP (32P a-CTP,
10 mCi mL�1, Hartmann Analytics, Germany). 10 U mL�1 of T7
RNA polymerase was added (lab prepared stock) and the tran-
scription reaction was incubated at 37 �C for 4 h. The scale of
transcription was 3.5 mL in round 1, 600 mL in round 2, 400 mL
in round 3 and 200 mL in the subsequent rounds. The tran-
scription reaction was stopped by addition of gel-loading buffer
(10% TBE in formamide containing xylene cyanol and bromo-
phenol blue) and puried over a 8% denaturing polyacrylamide
gel using standard electrophoresis conditions (1X TBE buffer,
run at 25 W for 1.5 h). Transcript bands were excised, eluted in
0.3 M Na-acetate, pH 5.5, overnight and ethanol precipitated.
The pellets were dissolved in water (Millipore water, MilliQ) and
used directly for the reaction with the substrate. The dsDNA
starting pool had an approximate complexity of 1014 different
sequences. From the transcription product, 5.1 nmol of RNA
was subjected to the selection reaction, equivalent to�30 copies
of each unique sequence. For the reaction, 10 mM RNA was
mixed with 300 mM NaCl, 200 mM KCl, 5 mM MgCl2, 5 mM of
MnCl2 and 5 mM of CaCl2 solution, pH 5.5, and heated to 80 �C
for 3 minutes in a thermocycler. Then the temperature was
gradually decreased to 10 �C at a rate of 0.1 �C s�1 and substrate
was added in a 75-fold excess over RNA. The reaction mixture
was incubated at 25 �C for 2 h. The selection reaction was per-
formed in 15 � 34 mL scale in the rst round. In the subsequent
rounds, the scale of the reaction was adjusted according to the
transcription yield to give a nal RNA concentration of 10 mM.
Aer 2 h, RNA was ethanol precipitated to remove the excess of
unreacted biotinylated substrate and the pellets were dissolved
in immobilization buffer (10 mM HEPES, 1 M NaCl, 5 mM
EDTA, pH 7.2). This RNA solution was applied to streptadvidin-
agarose beads (2–3 pmol of RNA mL�1 of the beads, Thermo
Scientic) which were pre-incubated with 2mgmL�1 of tRNA (E.
coli total tRNA, Roche) to prevent non-specic binding. The
immobilization was performed at 25 �C for 1 h with 1000 rpm
shaking. The beads were washed ve times with wash buffer
(50 mM Tris–HCl, 8 M urea, pH 7.5) and the bound RNA frac-
tions on beads were counted using a scintillation counter
(Berthold) tomonitor the progress of the selection. The progress
of the selection was calculated as % of RNA immobilized to the
RNA used for the reaction. The beads were washed once with
962 | Chem. Sci., 2013, 4, 957–964
water before being subjected to the reverse transcription reac-
tion (RT reaction). The RT reaction was performed directly off
the beads by addition of 6 mM Primer B, 1 � 1st strand buffer
(Invitrogen, 50 mM Tris, pH 8.3, 75 mM KCl, 3 mM MgCl2),
0.5 mM dNTPs and then heating at 80 �C for 10 min. Aer
cooling down on ice, 0.5 mg mL�1 BSA, 5 mM DTT and 10 U
mL�1 of RT enzyme (SuperScript II, Invitrogen) were added and
the reaction was incubated at 55 �C for 60 min with 500 rpm
shaking. In the rst round, the RT reaction was performed on a
3 � 500 mL scale which was decreased to 200 mL from round
2 onwards. In the PCR reaction, the volume was always doubled
in comparison with the RT reaction. For PCR, to the RT reaction
(including streptavidin-agarose beads) 1� PCR buffer (Rap-
idozyme; 67 mM Tris, pH 8.8, 16 mM (NH4)2SO4, 0.01% Tween
20), 6 mM MgCl2, 4 mM of forward primer and 2 mM of reverse
primer, 0.25 mM of each dNTP and 0.1 U mL�1 Taq polymerase
(Rapidozyme) were added. DNA was amplied under the
following conditions: 92 �C/1 min, 62 �C/1 min, 72 �C/1 min
with 5 additional cycles from step 2 and a nal amplication at
72 �C/3 min. The PCR product was analyzed on a 2% agarose gel
(with ethidium bromide, using standard electrophoresis
conditions; 1� TBE, 180 V, 40 min). Prior to the start of the next
round, the RT-PCR product was puried via a Qiagen PCR
purication kit.

Reaction kinetics

For Michaelis–Menten kinetics, 10 mM of RNA was incubated
with different concentrations of the substrate, from 100 mM to
4000 mM in 1 � reaction buffer (10 mM Na2HPO4 pH 5.0,
200 mM NaCl, 100 mM KCl, 5 mMMgCl2, 5 mM CaCl2 and 5 mM
MnCl2). These reactions were performed in 40 mL volumes. At
each substrate concentration and time point, a 5 mL aliquot was
withdrawn from the reaction mixture and ethanol precipitated.
The pellet was dissolved in water and mixed with an excess of
streptavidin (New England Biolabs). Aer incubation at room
temperature for 1 min, samples were mixed with the gel loading
buffer and analyzed by streptavidin-based gel shi assays (ESI†).
The amount of the formed product was calculated as a ratio
between shied and non-shied RNAs by densitometry analysis
using ImageQuant soware (Molecular Dynamics). The KM and
VM values were obtained using Graph-Prism soware.46

Identication of the reaction site

Identication of the reaction site by chemical treatment was
performed following the protocol developed by Peattie aer
some optimizations.36 10 pmol of pCp labeled 36mer (ESI†),
with and without substrate attached, was mixed with 10 mg of
tRNA (E. coli total tRNA, Roche Diagonistics, Mannheim) and
ethanol precipitated. The pellets were dissolved in 10 mL of Tris–
HCl, pH 8.5, and mixed with 10 mL of freshly prepared 0.2 M
NaBH4. The reaction mixture was incubated on ice for 12 min in
the dark. The reaction was stopped by adding 100 mL of 0.6 M
Na-acetate, pH 4.5, 100 mL of 0.6 M acetic acid, pH 4.5, 165 mL of
water, 10 mg of tRNA and 1 mL of 100% ethanol. The mixture
was vortexed and centrifuged at 13 000 rpm, at �5 �C for 1 h.
The pellets were washed twice with 80% ethanol and then
This journal is ª The Royal Society of Chemistry 2013
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directly subjected to aniline-based strand cleavage. For the G
and U ladders, 10 pmol of pCp labeled 36mer RNA (without
substrate attached) was treated with dimethyl sulphate (DMS)
and hydrazine, respectively. For DMS treatment, 10 pmol of pCp
labeled RNA was mixed with 10 mg of tRNA and 300 mL of 50 mM
Na-cacodylate buffer, pH 6.0. Then, 0.5 mL of DMS (Sigma, Sure/
SealTM) was added, vortexed and incubated at 90 �C for 50 s (in
the dark). The reaction was quenched with 75 mL of DMS-stop
buffer (1 M Tris-acetate, pH 7.5, 1 M 2-mercaptoethanol, 1.5 M
Na-acetate, 0.1 mM EDTA) and supplemented with 10 mg of
tRNA and 1 mL of 100% ethanol and precipitated. The pellets
were washed twice with 80% ethanol, dried and subjected
directly to aniline-based strand cleavage. For hydrazine treat-
ment, 10 pmol of pCp labeled RNA was mixed with 10 mg of
tRNA and 10 mL of 50% hydrazine/50% water. It was vortexed
and incubated on ice for 12 minutes (in the dark). The reaction
was subjected to ethanol precipitation aer adding 10 mg of
tRNA, 230 mL of water and 1 mL of 100% ethanol. The pellets
were directly subjected to aniline-based strand cleavage aer
washing with 80% ethanol and drying. For aniline-based strand
cleavage, pellets were dissolved in 3 mL of water, mixed with
20 mL of 1 M aniline in acetate buffer, pH 4.5 and incubated at
60 �C for 15 min. Then, the reaction was stopped by freezing at
�60 �C. The mixture was lyophilized and dissolved in 50 mL of
water. The lyophilization process was repeated twice, and the
lyophilized samples were dissolved in 50 mL of water. 5 mL were
mixed with gel loading buffer and analyzed by 15% denaturing
sequencing (0.3 mm thin) polyacrylamide gel electrophoresis
using standard conditions (1� TBE, 38 W, 3–4 h run).
Characterization of the reaction product

13-nucleotides-long RNA fragments were generated from RNA
19 using ribonuclease H. �500 pmol of RNA 19 (with and
without prior reaction with the substrate) were subjected to
ribonuclease H cleavage and puried over a 18% denaturing
PAGE gel (ESI†). The respective bands were excised and eluted
overnight in 0.3 M Na-acetate, pH 5.5. The eluted fractions were
desalted using NAP-25 gel ltration columns (GE Healthcare)
using Millipore water as the eluent. The desalted fractions were
lyophilized and re-suspended in water, mixed with ve volumes
of 25 mM piperidine/25 mM imidazole (in water acetonitrile
3 : 1) solution and subjected to HR-ESI�. Analysis of the ESI-MS
measurements was done using DataAnalysis (Version 4.0, SP 4)
soware (Bruker Daltonics). MS-spectra were deconvoluted
using Maximum Entropy deconvolution. For high-resolution
mass spectra, internal calibration was performed (enhanced
quadratic mode) using ESI Tunemix (Fluka) as calibrant.
Calculated molecular weights refer to the m/z values given by
the DataAnalysis soware.
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4 B. Seelig and A. Jäschke, Chem. Biol., 1999, 6, 167–176.
5 T. M. Tarasow, S. L. Tarasow and B. E. Eaton, Nature, 1997,
389, 54–57.

6 T. W. Wiegand, R. C. Janssen and B. E. Eaton, Chem. Biol.,
1997, 4, 675–683.

7 G. Sengle, A. Eisenfuhr, P. S. Arora, J. S. Nowick and
M. Famulok, Chem. Biol., 2001, 8, 459–473.

8 R. R. Breaker, Chem. Rev., 1997, 97, 371–390.
9 S. Tsukiji, S. B. Pattnaik and H. Suga, Nat. Struct. Biol., 2003,
10, 713–717.

10 J. R. Prudent, T. Uno and P. G. Schultz, Science, 1994, 264,
1924–1927.

11 R. K. Kumar and M. Yarus, Biochemistry, 2001, 40, 6998–
7004.

12 M. Illangasekare, G. Sanchez, T. Nickles and M. Yarus,
Science, 1995, 267, 643–647.

13 P. J. Unrau and D. P. Bartel, Nature, 1998, 395, 260–263.
14 J. Rogers and G. F. Joyce, Nature, 1999, 402, 323–325.
15 A. Serganov, S. Keiper, L. Malinina, V. Tereshko, E. Skripkin,
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