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ABSTRACT RNAs that undergo a rapid site-specific
cleavage at low pH have been selected by in vitro selection (the
SELEX process). The cleavage does not require the addition
of any divalent metal ions, and is in fact inhibited by divalent
metal ions, spermine, or high concentrations of monovalent
metal ions. This low pH catalyzed cleavage results in a
2*,3*-cyclic phosphate at the 3* end and a free hydroxyl at the
5* end. The reaction proceeds with a calculated rate of 1.1
min21 at room temperature in cacodylate buffer at pH 5.0. The
rate of cleavage is dependent on the pH and shows an optimum
around pH 4.0. The rate constant is independent of RNA
concentration, indicating to an intramolecular reaction. Au-
tocatalytic cleavage at low pH, in the absence of a metal ion
requirement, adds to the reaction possibilities that may have
existed on the prebiotic earth.

The discovery that certain RNAs are capable of carrying out
catalytic functions that had once been attributed solely to
protein enzymes (1, 2), has changed our view of nucleic acids
as mere bearers of genetic information. Chemical reactions
occurring in the presence of RNA within biological systems,
such as RNA splicing or protein synthesis, may at least in some
cases occur with RNA participating as a catalytic component.
Evidence that 23S rRNA is at least partially responsible for the
ribosomal peptidyl transferase activity has recently come to
light (3). Several types of catalytic RNA molecules (ribozymes)
that have the ability to undergo specific self-cleavage or
self-ligation reactions within biological systems have been
described (4–8). The SELEX§ (systematic evolution of ligands
by exponential enrichment) protocol (reviewed in ref. 9), using
a large number of random sequences, has brought to light a
whole array of newly discovered reactions that RNA is capable
of catalyzing outside the cell (10–12). Whether or not any of
these reactions are catalyzed by RNA in any biological system
remains to be seen. SELEX provides a useful approach to the
generation of RNAs with novel catalytic activities. This report
describes an unusual catalytic property of RNAs derived from
a SELEX experiment in which the RNA undergoes a rapid,
site-specific cleavage under low pH conditions, without a
requirement for metal ions. To our knowledge, this is the first
instance of RNA self-cleavage observed under these condi-
tions, and highlights the expanding catalytic capacity of RNA.

MATERIALS AND METHOD

Enzymes and Chemicals. T4 polynucleotide kinase, calf
intestinal alkaline phosphatase, and T4 RNA ligase were from
New England Biolabs; avian myeloblastosis virus reverse tran-
scriptase from Promega; and Taq DNA polymerase from
GIBCO/BRL. T7 RNA polymerase was generously provided
by NeXstar Pharmaceuticals. Nuclease P, RNase T1, RNase
inhibitor, and T4 polynucleotide kinase lacking the 39 phos-

phatase activity were purchased from Boehringer Mannheim.
Up (uridine 39-monophosphate) and U.p (uridine 29,39-cyclic
monophosphate) were from Sigma. Polyethyleneimine–
cellulose thin-layer chromatography plates were obtained from
Machery & Nagel.

Selection Protocol. Selection and amplification followed a
protocol described earlier (13, 14) and was, in fact, the control
for our work on the T4 RegB endonuclease (14). Our aim was
to select for RNA molecules that undergo spontaneous, site-
specific phosphodiester bond cleavage. The RNA pool was
comprised of T7 RNA polymerase transcripts (15) carrying a
30-residue contiguous tract of randomized nucleotides.
Briefly, the RNA transcripts from a DNA library with a
complexity of about 1014 molecules were ligated into intramo-
lecular circles in 50 mM Hepes (pH 7.5), 3 mM DTT, 10 mM
MgCl2, 10 mg/ml BSA, 10% dimethyl sulfoxide, 1 mM ATP,
and 1 unit/ml T4 RNA ligase for 2 hr at 37°C. Circular products
were isolated from polyacrylamide gels under denaturing
conditions. The selection step has been carried out uninten-
tionally during the extraction of circular RNA from the gel in
0.5 M NaOAc buffer (pH 5.2). Molecules that underwent a
single cleavage event are now linearized and were isolated
from unreacted circles by PAGE under denaturing conditions.
Reacted RNAs were dephosphorylated and kinased to get the
ends compatible for ligation and then re-ligated to generate
the complete randomized region as described earlier (14). The
selected RNAs were reverse transcribed, PCR amplified, and
the selection was continued for 12 rounds. RNAs from the
round 12 pool were cloned and sequences analyzed using
standard protocols.

Cleavage Reactions. RNA was transcribed in vitro from
PCR-amplified DNA templates as described (14, 15) and
purified on 8% polyacrylamide/7 M urea gels. For the cleavage
reaction, RNA was internally labeled by including [a-32P]GTP
in the transcription reaction. RNA was recovered by crushing
the gel slice containing RNA in 100 mM TriszHCl (pH 7.4)/1
mM EDTA and precipitating in ethanol. The RNA pellet was
dried and resuspended in 10 mM TriszHCl/1 mM EDTA (pH
7.5). The cleavage reaction was typically carried out in 50 mM
sodium Mes (pH 5.5) or 50 mM sodium cacodylate (pH 5.0)
buffer at room temperature at a final RNA concentration of
1 mM. For some experiments, other buffer systems were used
for various time points as specified in the figure legends.
Reactions were stopped by placing on ice and adding de-
ionized formamide to a final 50%. Samples were heat dena-
tured at 70°C for 3 min, chilled on ice, and run on denaturing
polyacrylamide gels. Gels were dried and analyzed quantita-
tively using a Molecular Dynamics PhosphorImager.

For RNA sequencing reactions, RNA was radiolabeled at
the 59 end with [g-32P]ATP and T4 polynucleotide kinase and
purified by denaturing gel electrophoresis. Approximately 4
pmol of RNA was subjected to partial alkaline hydrolysis in 50
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mM NaOH for 30 sec at 94°C to obtain a ladder. A partial
RNase T1 ladder was obtained by treating RNA with 1 unit of
RNase T1 in 50 mM TriszHCl (pH 7.5), 4 mM EDTA, 3.5 M
urea, and 5 mg/ml tRNA at 37°C for 15 min.

Determination of the End Products of Cleavage. The ends
produced by the cleavage were determined using established
procedures (16) with some modifications. The truncated RNA
dtr31 was internally radiolabeled using [a-32P]ATP during
transcription, subjected to low pH-catalyzed self-cleavage, and
the six nucleotide long 59 product was isolated from a 20%
polyacrylamide/7 M urea gel. This product was completely
digested to mononucleotide 59-phosphates by treating with 0.3
unit of nuclease P in 50 mM ammonium acetate (pH 7.0)
buffer at 37°C for 30 min. The samples were spotted on
polyethyleneimine–cellulose thin-layer plates and developed
in 1 M ammonium acetate to a distance of 15 cm, along with
nonradioactive markers. Because we were unable to obtain a
commercial source of pUp (uridine 39,59-diphosphate) or
pU.p (uridine 59-monophosphate-29,39-cyclic monophos-
phate), these markers were synthesized by kinasing 100 nmol
of Up or U.p with 20 units of T4 polynucleotide kinase, which
lacks the 39-phosphatase activity, in 50 mM TriszHCl (pH 8.2),
10 mM MgCl2, 5 mM DTT, 0.1 mM EDTA, 0.1 mM spermi-
dine, and 200 nmol ATP at 37°C for 30 min.

RESULTS AND DISCUSSION

Selection and amplification of RNA for a single cleavage event
has been described (13, 14). The isolation of active RNAs is
based on the ability of polyacrylamide gels to separate linear
from circular molecules of the same length. A starting RNA
repertoire of about 1014 unique sequences was subjected to low
pH conditions in which RNA is normally stable. The RNAs
that undergo a unique cleavage in low pH were selected and
amplified for 12 rounds. The ligands obtained from this
selection are listed in Fig. 1. Of a total of 22 clones sampled,
16 were found to be autocatalytic. Two of those sequences
undergo self-cleavage at neutral pH and are not shown here.
Clones 8, 9, 13, 22, and 5 and 17 have almost identical
sequences at the 39 end of the randomized region. The other
clones do not share extensive sequence similarities, suggesting
that low pH-catalyzed site-specific cleavage is probably not a
rarity.

Cleavage Is Site Specific and Requires Low pH. The cleav-
age pattern of one RNA, namely clone 8 RNA, in several
different buffer systems is shown in Fig. 2A. There is no
significant amount of cleavage with any of the buffers at
neutral pH; however, the RNA undergoes cleavage efficiently
and site specifically when the pH is lowered in the apparent
absence of any divalent metal ions. Cleavage is not dependent
on a particular cation or anion component in the buffer,
although the extent of cleavage may be affected considerably.
Ammonium acetate buffer is just as effective in cleaving the
RNA as sodium acetate buffer at the same pH (compare lanes
2 and 3). The same result is observed with sodium and

FIG. 1. Sequences obtained by cloning and sequencing after 12 rounds of selection for self-cleavage at low pH. The 59 and 39 fixed regions are
in lowercase letters and the randomized region is in uppercase letters. The site of cleavage for each sequence is indicated by an arrow. The sequence
that was studied in detail for this work appears within the bracketed area.

FIG. 2. (A) Self-cleavage of clone 8 RNA in the different buffer
systems studied. Internally labeled RNA was incubated at room
temperature in TE buffer at pH 7.5 (lane 1), 50 mM sodium acetate
buffer at pH 4.8 (lane 2), 50 mM ammonium acetate buffer at pH 4.8
(lane 3), 50 mM sodium citrate at pH 5.0 (lane 4), 50 mM sodium Mes
buffer at pH 6.7 (lane 5) or pH 5.5 (lane 6), sodium cacodylate buffer
at pH 7.4 (lane 7) or pH 5.0 (lane 8), potassium phosphate buffer at
pH 8.0 (lane 9) or pH 5.8 (lane 10) at a final RNA concentration of
1 mM (15). (B) Site of self-cleavage for clone 8 RNA. RNA labeled at
the 59 end was treated with 50 mM sodium cacodylate buffer at pH 7.4
(lane 1) or pH 5.0 (lane 2). To determine the cleavage site, samples
were run on a 10% polyacrylamide/7 M urea gel along with partial
alkaline hydrolysis ladder (lane 3) and partial RNase T1 digestion
samples (lane 4). (C) Effect of pH on cleavage of clone 8 RNA in 50
mM sodium citrate buffer. The rate of cleavage obtained at each pH
value was normalized to the maximum rate measured at pH 4.2.
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potassium phosphate buffers (data not shown). Sodium Mes
buffer is found to be more effective than sodium citrate or
sodium cacodylate buffers of the same pH in catalyzing the
site-specific cleavage (compare lane 6 with lanes 4 and 8).

The cleavage site was mapped to be at the U-A phosphodi-
ester bond 10 nucleotides downstream from the 59 end of the
randomized region (Fig. 2B). The cleavage sites of the other
clones have been similarly determined and are shown in Fig.
1. Although low pH is required for the reaction to occur
efficiently, all the RNAs exhibit a low level of cleavage at the
same site in neutral pH (Fig. 2B, compare lanes 1 and 2). With
the single exception in clone 19, low pH-induced site-specific
cleavage occurs predominantly at a pyrimidine-A dinucleotide.
Unusual susceptibility of pyrimidine-A phosphodiester bonds
to undergo site-specific self-cleavage in the presence of deter-
gents, high molecular weight polymers or various protein
factors at neutral pH have been reported (17–20). However,
site-specific cleavage of RNA at low pH has not been reported
previously. Furthermore, the reactions referenced above occur
at rates several orders of magnitude slower than the rates
obtained for the low pH catalyzed cleavage reaction described
in this study (see Fig. 4 A and B). Interestingly, all of our
selected clones carry two or more pyrimidine-A phosphodi-
ester bonds in the randomized region alone, but only a unique
pyrimidine-A phosphodiester bond is preferentially cleaved in
each case, indicating that the mere existence of a pyrimidine-A
phosphodiester bond is not sufficient for the rate enhancement
observed here. It has been proposed that pyrimidine-A phos-
phodiester bonds are inherently more susceptible to cleavage
and can be further destabilized by the structures adopted by
the RNA, such that spontaneous cleavage is greatly facilitated
(17, 18).

The origin of the faint band immediately 39 to the major
cleavage site was not investigated. It could have resulted from
the opening of the 29,39-cyclic ring of the 59 reaction product
(21) or from the possible heterogeneity of the full-length RNA
at the 59 end during transcription (22). The fact that the band
is not observed in the 59 cleavage product of the truncated
RNA dtr31 favors the second possibility.

Cleavage was studied at various pH values using two differ-
ent buffers to determine the optimum pH for the cleavage. The
rate of reaction increases with decreasing pH until an optimum
value is reached at around pH 4.2 in sodium citrate buffer, as
shown in Fig. 2C. Similarly, sodium acetate buffer shows a pH
optimum at about 4.0. Interestingly, the pKa values for N1 of
adenosine and N3 of cytidine residues fall in this range,
suggesting that a protonated base may play a structural or a
catalytic role (23). At low pH values, non-Watson–Crick
interactions may play important roles in determining the
structure of the self-cleaving RNA. The decrease in the activity
below the pH optimum may be due to changes in RNA
conformation upon protonation at alternate sites, or denatur-
ation of RNA. The pH profile of clone 8 RNA can be
compared with that of Neurospora VS RNA, the most active
natural ribozyme at low pH. VS RNA exhibits no change in
reaction rate in the pH range between 8.9 to about 5.5;
however, at pH 5.0, the reaction proceeds much slower (24). At
this pH, the hammerhead ribozyme shows no activity (16).

The pattern of cleavage 39 to a pyrimidine nucleotide raises
the doubt of whether this observation results from a trace
contamination of ribonuclease A, although that nuclease is less
active at low pH than at neutral pH (25). Furthermore,
prolonged incubation of RNA at neutral pH for up to several
hours did not cause further degradation (see Fig. 4A). How-
ever, to eliminate the possibility of a trace amount of nuclease
contamination, various reagents that degrade proteins were
included in the reaction. Cleavage was not abolished or even
diminished by extracting RNA with phenol/chloroform or
including proteinase K, SDS, or RNase inhibitor in the reac-
tion (data not shown). At the concentrations used in the

reaction, proteinase K, SDS, and RNase inhibitor were suffi-
cient to completely protect RNA from ribonuclease A degra-
dation.

Effect of Metal Ions on Cleavage. Cleavage reaction does not
require the addition of any divalent metal ions, although this
does not exclude the possibility of a trace quantity of a
contaminating metal ion being responsible for the reaction.

FIG. 3. (A) The effect of divalent cations and spermine on
self-cleavage of clone 8 RNA. The RNA was treated with 50 mM
sodium Mes buffer at pH 6.7 or pH 5.5, as indicated by 1 signs in the
absence of any added metal ions (lanes 1 and 2) or in the presence of
2 mM MgCl2 (lanes 3 and 4), 10 mM MgCl2 (lanes 5 and 6), 10 mM
MnCl2 (lanes 7 and 8), 10 mM CaCl2 (lanes 9 and 10), or in the
presence of 0.5 mM spermine (lanes 11 and 12). (B) The effect of
EDTA or increasing concentration of NaCl on self-cleavage. Reac-
tions were carried out as described above in the absence of added metal
ions (lanes 1 and 2) or in the presence of 50 mM NaCl (lanes 3 and 4),
250 mM NaCl (lanes 5 and 6), or 5 mM EDTA (lanes 7 and 8).
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The addition of EDTA up to a final concentration of 5 mM
does not inhibit the reaction (Fig. 3B, lanes 7 and 8), suggesting
that a trace metal ion is probably not involved in the cleavage
reaction. Furthermore, metal ion-catalyzed RNA cleavage
proceeds faster with increasing pH (16, 26). The effect of
including various divalent metal ions in the reaction is shown
in Fig. 3A. The Mg21 ion inhibits the cleavage reaction in a
concentration-dependent manner, allowing the reaction to
occur to a lesser degree at 2 mM and completely inhibiting at
10 mM (Fig. 3A, compare lanes 3–6 with lanes 1 and 2). Other
divalent metal ions such as Mn21 and Ca21 (lanes 7–10), and
Co21 and Cu21 (data not shown), exhibit the same inhibitory
effect on cleavage.

Divalent metal ions play a dual role in promoting RNA
folding and, in certain instances, catalyzing chemical reactions
(27–29). Polycations such as spermine and spermidine are also
capable of stabilizing RNA folding by neutralizing the charges

on the backbone. Inclusion of spermine in the reaction results
in the inhibition of cleavage similar to the effect of divalent
metal ions (Fig. 3A, lanes 11 and 12). The presence of
monovalent cation Na1 shows the same concentration-
dependent inhibitory effect as the divalent ions, but at a much
higher concentration (Fig. 3B, compare lanes 1 and 2 with
lanes 3–6). This observation is consistent with the fact that
divalent metal ions are much more effective in stabilizing RNA
structure compared with monovalent ions. At about 0.5 M
NaCl, the reaction is mostly inhibited (data not shown); this
concentration range is about equally effective in stabilizing
RNA structure as 10–20 mM MgCl2 (16). Collectively, these
data suggest that the structure that is responsible for the
cleavage reaction is accessible in low salt, and agents such as
spermine, divalent and monovalent metal ions at higher con-
centration probably stabilize the RNA in a different confor-
mation that is not susceptible to cleavage.

FIG. 4. (A) Time course of cleavage for truncated dtr31. Reactions were carried out in the presence of 50 mM sodium cacodylate buffer at pH
5.0 (lanes 1–6) or pH 7.4 (lanes 7–17) for the times indicated, and the samples were separated on a 20% polyacrylamide/8 M urea gel. (B) The
fraction of the RNA remaining uncut was plotted against time using data from an experiment similar to A. The fraction of molecules remaining
at each time point was calculated and the background at zero time was subtracted from each value. Solid and open symbols indicate the reactions
at pH 5.0 and pH 7.4, respectively. (C) The rate of cleavage reaction was plotted as a function of RNA concentration. (D) Thin-layer chromatography
of nuclease P-digested 59 reaction product of dtr31 on polyethyleneimine–cellulose plates to determine the ends of cleavage. The positions of
nonradioactive markers are indicated alongside.
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Implications for a Secondary Structure. Attempts were
made to truncate the RNA molecule to assess the minimal
length sufficient and necessary to catalyze the reaction. The
sequence of dtr31, the shortest truncate (a 31-mer) able to
catalyze the reaction at the highest level is given in Fig. 1. It
lacks a 28-nucleotide region from the 59 end, leaving only a
6-nucleotide stretch 59 to the cleavage site and a 21-nucleotide
region from the 39 end of the full-length RNA molecule (an
80-mer). Deleting five nucleotides from the 39 end of dtr31
results in a drastic reduction of activity (data not shown).
Deleting a further five nucleotides completely abolishes the
reaction. The addition of two guanosine residues to the 59 end
of dtr31 for better transcription efficiency results in a very
significant reduction of catalytic activity (data not shown). The
reaction is completely inhibited in denaturants such as 50%
formamide or 6 M urea (not shown). These results imply the
involvement of a secondary structure that is important for the
reaction to occur.

Kinetics of Cleavage Reaction. Time course of reaction for
dtr31 in cacodylate buffer at neutral and low pH at room
temperature is shown in Fig. 4A. At pH 5.0, a significant
amount of product is detectable as early as 10 sec and the
reaction is mostly completed at about 2 min. In contrast, at pH
7.4, RNA does not undergo any significant level of cleavage, up
to 6 hr, but by 24 hr RNA has begun to show degradation
products (lanes 16 and 17).

Using data from a similar gel, the fraction of molecules
remaining was plotted against time (Fig. 4B). About 4% of the
RNA population does not undergo cleavage even after pro-
longed incubation for 20 hr at pH 5.0 (data not shown). This
may represent molecules that carry misincorporated nucleo-
tides and are thus unable to cleave or may simply represent
molecules trapped in an alternate conformation(s) (30), which
does not support cleavage. The cleavage reaction proceeds
with a half-life (t1/2) of about 0.6 min, corresponding to a kobs
value of 1.1 min21 under the conditions specified above. The
rate of cleavage shows a pH optimum around 4.0 as shown in
Fig. 2C. We have not measured the rate of the truncated RNA
at this pH and, thus, the rate obtained here has been measured
under suboptimal reaction conditions. Although the rates of
cleavage for the several different hammerheads studied so far
vary by more than a thousand-fold, this t1/2 value compares
with those of the faster cleaving hammerheads (31). Similar
values for rates have been reported for the hairpin (26) and the
hepatitis delta (32) ribozymes. The data points are linear at the
earliest time points but adopt a definite curvature as the
reaction proceeds, suggesting that another factor influences
the reaction rate with time. This could be a conversion of an
alternate conformation into the one that is susceptible to
cleavage. The rate of cleavage was studied as a function of
RNA concentration, and as shown in Fig. 4C, the rate remains
unchanged over a hundred-fold difference in concentration
(between 0.02 and 2 mM), indicating that the reaction is
intramolecular.

The End Products of Cleavage. The ends produced by low
pH-catalyzed cleavage were determined using the truncated
RNA dtr31 for convenience, since this RNA yields a six-
nucleotide 59 product carrying a single adenosine residue.
Complete digestion of this 59 cleavage product with nuclease
P yielded two spots of equal intensity; one comigrating with pA
(AMP) and the other with pU.p (Fig. 4D), showing that the
cleavage results in a 29,39-cyclic uridine at the new 39 end and
a free hydroxyl group at the 59 end. This is the most common
end product of RNA cleavage observed in reactions catalyzed
by divalent metal ions and ribonucleases (4, 5, 16). These end
products are obtained when the cleavage is mediated through
an in-line attack by the ribose 29-OH on the adjacent phos-
phodiester bond.

In metal ion-catalyzed RNA cleavage, a water-hydrated
metal ion abstracts the proton from the ribose 29-hydroxyl

proton, rendering it more nucleophilic for attacking the elec-
trophilic phosphorous center (27). However, metal ions are not
necessary for the phosphodiester bond cleavages catalyzed by
certain protein enzymes. Ribonuclease A catalyzes RNA
cleavage by general acid base catalysis using a specific histidine
residue in the active site to abstract the ribose 29-OH proton
and another histidine or lysine residue to stabilize the devel-
oping negative charge on the 59 oxygen on the leaving group
by catalytic protonation (33). A similar mechanism may op-
erate in this case. It is evident from Fig. 2C that some
functional group is being titrated as the pH is dropped from
neutral pH to about 4.0. The protonation of this group could
cause a structural change in the RNA molecule to place
another group in close proximity to the ribose 29-hydroxyl
group to act as a general base. The developing negative charge
on the leaving group 59 oxygen could be stabilized by the
protons in the medium. The few structures of RNA that bind
small molecules (reviewed in ref. 34) suggest that intricate
pockets and local distortions are commonly found in RNA,
enabling it to precisely orient functional groups to facilitate
catalysis.

Finally, we and the others have noted the intellectual
difficulties in experiments aimed at understanding the RNA
world (10, 35). An infinite number of conditions may be chosen
to explore the versatility of RNA for catalysis, and to that list
one must now add low pH. The results from our study imply
that many prebiotic conditions could have impacted the cat-
alytic potential of short oligonucleotides. The prebiotic ‘‘RNA
world’’ may have been more robust than is suggested by the
limited reactions catalyzed thus far by RNAs under rather
more standard laboratory conditions (10).
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