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ABSTRACT

The hammerhead ribozyme was originally discovered in subviral plant pathogens and was subsequently also found in a few
other genomic locations. Using a secondary structure–based descriptor, we have searched publicly accessible sequence
databases for new examples of type III hammerhead ribozymes. The more than 60,000 entries fulfilling the descriptor were
filtered with respect to folding and stability parameters that were experimentally validated. This resulted in a set of 284 unique
motifs, of which 124 represent database entries of known hammerhead ribozymes from subviral plant pathogens and A.
thaliana. The remainder are 160 novel ribozyme candidates in 50 different eukaryotic genomes. With a few exceptions, the
ribozymes were found either in repetitive DNA sequences or in introns of protein coding genes. Our data, which is
complementary to a study by De la Peña and Garcı́a-Robles in 2010, indicate that the hammerhead is the most abundant small
endonucleolytic ribozyme, which, in view of no sequence conservation beyond the essential nucleotides, likely has evolved
independently in different organisms.
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INTRODUCTION

Autocatalytic cleavage of RNA comes naturally in different
flavors, and is executed by the hairpin, hammerhead, hep-
atitis delta virus (HDV), or the Neurospora VS ribozymes and
by the bacterial glmS motif (Prody et al. 1986; Sharmeen et al.
1988; Hampel and Tritz 1989; Wu et al. 1989; Saville and
Collins 1990; Winkler et al. 2004). Despite the substantial
differences in the groups involved in catalysis (Fedor 2009),
all of the family members promote the scission of a conven-
tional 59-39 phosphodiester bond (or the reverse ligation
reaction).

As the first of these ribozymes, the hammerhead was found
in subviral plant pathogens (Prody et al. 1986), where its self-
cleavage reaction serves in the processing of multimeric
replication intermediates. Formally, the structure of the ham-
merhead ribozyme (Fig. 1A) is composed of three helices
that surround a catalytic core of 11 conserved nucleotides

(Uhlenbeck 1987). In addition to these requirements of a
minimal hammerhead, all natural examples of this motif
feature loops or bulges in the helical arms I and II. These
interact and thereby allow for catalysis at physiological Mg2+

concentrations (De la Peña et al. 2003; Khvorova et al. 2003;
Penedo et al. 2004).

The hammerhead ribozyme is also involved in the pro-
cessing of transcripts of satellite DNA in eukaryotic ge-
nomes, for example, in the newt Triturus carnifex (Epstein
and Gall 1987), Dolichopoda cave crickets (Rojas et al. 2000),
or the blood fluke Schistosoma mansoni (Ferbeyre et al. 1998).
More recently, examples of the hammerhead were also found
at discrete loci, for example, in Arabidopsis thaliana (Przybilski
et al. 2005) or as a split version in several mammals (Martick
et al. 2008).

In this study, we have set out to investigate the presence
of this ribozyme in the publicly accessible sequence data-
bases, for which we have used thermodynamic parameters
to identify likely true catalysts in a large data set of potential
ribozyme motifs. In line with recent publications (De la
Peña and Garcı́a-Robles 2010a,b), we find that this catalytic
RNA motif is considerably more widespread than antici-
pated originally.
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RESULTS AND DISCUSSION

Searching ribozymes in genomic sequences

In view of the significant increase of sequence availability,
we have set out to search the databases for novel examples
of the hammerhead ribozyme. To do so, we have designed a
program pipeline that allows for the automated identifica-
tion of sequences from a large data set, which fulfill the
criteria defined by a given descriptor. Here, we have used a
descriptor (Fig. 1B,C) that identifies hammerhead ribo-
zymes of type III, with the open end in helix III and
covalently closed helices I and II. These ribozymes predom-
inantly have been found so far in the subviral plant
pathogens (Hammann and Westhof 2007). With that de-
scriptor, we have screened the DNA sequences of 174
eukaryotic, 616 bacterial, and 1371 viral entities from the
Ensembl (release 53) databases and several other sources. As
a control, we have included the currently 2877 entries in the
subviral database (Rocheleau and Pelchat 2006) that con-
tains more than 100 unique type III hammerhead sequences
from satellite RNAs and viroids (Tabler and Tsagris 2004).

Within an overall sequence space of 1.52 3 1011 nucle-
otides (nt), we have identified more than 60,000 primary

hits that correspond to the conditions set by our descriptor.
The vast majority (95.1%) of these originated from eukary-
otic genomes, some 1.8% from bacterial, and a negligible
fraction (0.03%) from viral genomes. The remaining 3%
originate from viroids and plant virus satellite RNAs that
served as an internal positive control. This indicates that
the used descriptor is mapping the motif properly.

For any descriptor used in such a process, the likelihood to
find a hit in a random sequence can be calculated as the
product of the likelihoods of its conserved sequences and
helical elements, assuming an equal distribution of the four
nucleotides. The descriptor used here features a minimal
pattern that statistically is expected to occur once in a ran-
dom sequence of 2.7 3 1011 nt. Because of the variable loop
nucleotide and helix lengths, however, the overall likelihood
to find a hit is higher. To assess this, we have generated several
random sequences of 2.2 3 108 nt, which we searched with
our descriptor (Fig. 1B,C). In average, we find eight hits per
strand, indicating an overall likelihood of 3.63 3 10�8. In the
searched sequence space, we thus find 10 times more hits than
the 5518 hits that are predicted for a random occurrence.

Filtering primary data

In order to identify likely hammerhead ribozyme candidates
that will adopt the typical structure required for cleavage
activity, we have used several filter steps (Fig. 2). To this
end, we combined different programs in a pipeline that
allowed us to automatically calculate folding energies of two
secondary structures using Mfold (Zuker 2003) for each
candidate: one in which the sequence was allowed to fold
into the structure of minimum free energy (DG0

37°C,free),
and one in which the sequence was constrained to fold into
the hammerhead motif (DG0

37°C,motif) (Fig. 1B). In a first
step, we removed within the large set of primary hits all the
sequences that displayed DG0

37°C,free > �10 kcal/mol, as
their helices would likely be weak in maintaining a folded
structure. The resulting set of sequences has the potential to
adopt the desired ribozyme structure, but no more than
that. Thus, to identify those sequences that also will adopt
this structure, we selected only those motifs that preferred
to fold into the hammerhead ribozyme structure and thus
conform to

DG0
37°C;motif # G0

37°C;free; corresponding to

Kmotif 4free = expð-ðDG0
37°C;motif -DG0

37°C;freeÞ=RTÞ$ 1: ð1Þ

This resulted in 858 sequences that correspond to 284
unique motifs that are likely to be true hammerhead
ribozymes. Of the latter, 124 are known hammerhead
ribozymes, 122 unique motifs from subviral plant patho-
gens and two from A. thaliana (Prody et al. 1986; Przybilski

FIGURE 1. Finding new hammerhead ribozymes. (A) Secondary
structure representation of a type III hammerhead ribozyme, with the
cleavage site marked by a single-headed arrow. Essential core
nucleotides are numbered according to convention (Hertel et al.
1992) and are shown in blue with surrounding helices I, II, and III.
Tertiary interactions between loops L1 and L2 are displayed in
magenta. (B) The pattern for the used descriptor is shown, wherein
N-N9 denotes required Watson-Crick base pairs; X-X9, possible
additional base pairs. Essential core nucleotides are shown in blue.
(C) Translation of the descriptor into the required format for the used
program RNAbob (Eddy 2005). In this, hx and hx9 form a helix (x =
1–3), and sy (y = 1–5) denotes a single-stranded region. Stars denote
facultative positions in helices, and the number of facultative loop
nucleotides is indicated in square brackets. The term 0:0 denotes the
prohibition of any mismatch in helices.
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et al. 2005). As the unique motifs that exist in the subviral
plant pathogens were found, this observation indicates that
the applied filtering steps are appropriate to identify true
hammerhead ribozymes. In analogy, we propose that the
remaining 160 unique motifs (Supplemental Table S1) are
novel candidates of this catalytic RNA. They originate from
50 eukaryotic species (Table 1), next to three bacteria
(Azorhizobium caulinodans, Chloroflexus aggregans, Mycobac-
terium vanbaalenii). Some of these had also been found in
the recent study by De la Peña and Garcı́a-Robles (2010b).
To our surprise, no hammerhead ribozyme was identified in
any of 1371 viruses.

In vitro kinetic analysis to validate the filtering steps

Although the observation that we can find known ham-
merhead ribozymes indicates already that the applied filter
steps are appropriate, we have set out to validate the com-
putational selection strategy experimentally. For this pur-
pose, we have analyzed a total of 12 primary hits that we
found in the genome of the African claw frog Xenopus
tropicalis. While all fulfilled the used descriptor (Fig. 1B,C)

only half matched the filtering criteria (Fig. 2), while the
other half did not. Using recursive PCR, we created their
DNA templates from synthetic DNA oligonucleotides. All
12 sequences were synthesized by in vitro transcription, and
full-length transcripts were recovered from denaturing
polyacrylamid gels.

Natural hammerhead ribozymes engage in tertiary in-
teractions between the sequence elements in arms I and II
(De la Peña et al. 2003; Khvorova et al. 2003; Penedo et al.
2004). Only when these interactions take place, can catalytic
activity be observed under physiological magnesium ion
concentrations, in the low millimolar range. For this reason,
we tested all 12 RNA species in controlled kinetic analyses
at a Mg2+ ion concentration of 2 mM. Under these con-
ditions, none of the six tested sequences with Kfree > Kmotif

displayed ribozyme cleavage activity (data not shown).
Most of these sequences also had shown no sign of self-
cleavage activity during the in vitro transcription, that is,
at elevated Mg2+ ion concentrations, indicating that they
genuinely do not adopt a hammerhead fold, as predicted
by Mfold (Zuker 2003). In contrast, to these differently
folded sequences, the other six motifs that all conform to
Equation 1 showed in vitro ribozyme cleavage when tested
under physiological Mg2+ ion concentrations, as exempli-
fied for the motif Xetr8 (Fig. 3). This indicates that the
applied filter steps are appropriate to separate sequences
with catalytic activity from a large set of potential hammer-
head ribozymes.

Annotation of the novel ribozyme sequences

An analysis of the genomic locations of the newly identified
type III hammerhead ribozyme candidates indicates that
they predominantly reside either in repetitive DNA se-
quences, intergenically, or frequently within introns of
protein coding genes; for the majority of the latter, expres-
sion data are available (Supplemental Table S1). Organisms
with a large number of hammerhead ribozymes within
satellite DNA have been described before, as summarized
in Przybilski et al. (2005), and since a substantial fraction of
the new motifs was found in Hydra magnipapillata, the fresh
water polyp appears to be a new member of this group.

A majority of the motifs identified here, however, has a
single occurrence in a given genome only, either intergeni-
cally or residing in introns of protein coding genes (Supple-
mental Table S1). For the presence of hammerhead ribo-
zymes in introns, cellular functions can be readily envisaged,
as they might be involved in the nucleotide-exact processing
of trans-acting regulatory RNA molecules, as has been
shown, for example, for the processing of microRNAs from
introns (Kim and Kim 2007). Similar to our observation,
intronic hammerhead ribozymes were also reported recently
by De la Peña and Garcı́a-Robles (2010a).

Schistosomes are known to harbor hammerhead ribo-
zymes in their repetitive satellite DNA sequences (Ferbeyre

FIGURE 2. The program pipeline to identify hammerhead ribozymes
that was written in Perl allows to read in selected sequences from
various sources that then are subjected to constrained and un-
restricted folding calculations. After the determination of relative
folding energies, the indicated steps are applied to yield a unique set of
likely hammerhead ribozymes as final result. For details, see the text.
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et al. 1998), similar to other organisms, like crickets and
several amphibians, including newts. Those motifs, however,
are of type I, which can be considered as a circular per-
mutation of the ribozyme structure with a covalently closed
helix III and an open helix I. The number of type I motifs in
the blood fluke was recently shown to be enormously high

(De la Peña and Garcı́a-Robles 2010b). Together with that
study, our data indicate that in S. mansoni and also Schisto-
soma japonicum, type I and III motifs can share the same
genomic location. Also, that and our study indicate that several
hammerhead ribozymes in intergenic regions can be associated
with transposable elements.

TABLE 1. Hammerhead ribozymes identified in eukaryotic organisms

Group Species Common name No. of unique motifs

Primatesa Homo sapiens Human 2
Macaca mulatta Macaque 3
Microcebus murinus Mouse lemur 3
Otolemur garnettii Bushbaby 1
Pan troglodytes Chimpanzee 1
Tarsius syrichta Tarsier 4

Rodents etc.a Cavia porcellus Guinea pig 2
Mus musculus Mouse 3
Ochotona princeps Pika 2
Oryctolagus cuniculus Rabbit 2
Rattus norvegicus Rat 2
Spermophilus tridecemlineatus Squirrel 1

Laurasiatheriaa Bos taurus Cow 2
Canis familiaris Dog 4
Equus caballus Horse 3
Myotis lucifugus Microbat 1
Sorex araneus Shrew 1
Sus scrofa Pig 1
Tursiops truncatus Dolphin 1
Vicugna pacos Alpaca 2

Afrotheriaa Echinops telfairi Lesser hedgehog tenrec 4
Loxodonta africana Elephant 1

Xenarthraa Choloepus hoffmanni Sloth 2
Dasypus novemcinctus Armadillo 2

Other mammalsa Macropus eugenii Wallaby 1
Monodelphis domestica Opossum 3

Birds & reptilesa Gallus gallus Chicken 1
Taeniopygia guttata Zebra finch 2

Amphibiansa Xenopus tropicalis Xenopus 8
Fisha Danio rerio Zebrafish 2

Tetraodon nigroviridis Tetraodon 1
Insects Aedes aegypti Yellow fever mosquito 1

Culex quinquefasciatus Southern house mosquito 2
Drosophila persimilis Fruit fly 3
Drosophila pseudoobscura Fruit fly 5
Nasonia vitripennis Jewel wasp 2
Tribolium castaneum Red floor beetle 2

Plants Arabidopsis lyrata Lyre-leaved rock cress 3
Arabidopsis thaliana Mouse-ear cress 3
Physcomitrella patens Moss 1
Vitis vinifera Wine 2

Fungi Aspergillus flavus Yellow mold 1
Aspergillus oryzae Koji mold 1
Pichia stipitis Pichia 1

Other metazoa Caenorhabditis briggsae Nematode worm 1
Caenorhabditis remanei Nematode worm 1
Hydra magnipapillata Hydra 35
Ixodes scapularis Deer tick 1
Schistosoma japonicum Blood fluke 2
Schistosoma mansoni Blood fluke 24

aGroups according to classification on the Ensembl website.
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Conclusions

For a long time, the small endonucleolytic ribozymes were
considered to be an oddity, despite important evolutionary
implications (Salehi-Ashtiani and Szostak 2001). In recent
years, however, several studies have shown that such cat-
alytic RNA motifs are considerably more widespread than
anticipated, with HDV-like ribozymes discovered in humans
(Salehi-Ashtiani et al. 2006) and, more recently, in a variety
of other genomes (Webb et al. 2009). Recently, also new
examples of the hammerhead ribozymes were found in a
plant genome (Przybilski et al. 2005), and a split version was
discovered in several mammals (Martick et al. 2008). Very
recently, this has been dramatically extended by finding ham-
merhead ribozyme motifs in an unprecedented number of
eukaryotic genomes (De la Peña and Garcı́a-Robles 2010a,b;
this study). This indicates that the hammerhead ribozyme
motif is considerably more widely distributed in nature than
was anticipated earlier, and that it is the most frequently
occurring small nucleolytic ribozyme. The use of structure-
based approaches has proven particularly useful, as has been
shown also in earlier studies (Przybilski et al. 2005; Webb
et al. 2009; De la Peña and Garcı́a-Robles 2010b). The com-
putational pipeline that comprises a series of filtering steps
was important, as it allowed the separation of likely ri-
bozyme motifs from the background of large data sets. An
alignment of the 160 motifs identified in this study displayed
an enormous heterogeneity, in terms of both sequence and

length (data not shown). Together with the variability of
their genomic locations, this supports the view that hammer-
head ribozymes have multiple origins, as postulated from in
vitro selection experiments (Salehi-Ashtiani and Szostak
2001).

MATERIALS AND METHODS

Bioinformatics

To search for novel hammerhead ribozyme motifs, we have
downloaded the available genomes from the Ensembl (release
53) databases (Flicek et al. 2010) and selected other publicly
accessible databases, including the subviral database (Rocheleau
and Pelchat 2006) and the databases of NCBI. To allow for a
secondary structure–based search, RNAbob 2.1 (Eddy 2005) was
used with a descriptor designed for a type III hammerhead (Fig.
1C). To gain an overview on the distribution of these motifs,
RNAbob was chosen as it allows for fast searches, while it will not
find motifs embedded into another. For each of the more than
60,000 primary hits that were found by this approach, two DG
values were calculated with Mfold 3.5 (Zuker 2003): either
without constraints to get DG0

37°C,free or with the calculated
constraints that force the sequences into the given structure to
obtain DG0

37°C,motif. The following adjustments are carried out
next: We discarded any entry with a DG0

37°C,free larger than �10
kcal/mol as a basal filter. After we added a fixed term of �0.5 kcal/
mol to all DG0

37°C,motif values to make up for calculation
fluctuations of Mfold, the term DDG0 = DG0

37°C,motif �
DG0

37°C,free is calculated, and only entries with DDG0 # 0 kcal/
mol are considered. Finally, all hits that have the same sequence
within an organism are filtered out to get a unique result set of
candidates.

In vitro transcription

Templates for in vitro transcription were generated synthetically
using partially overlapping primers in recursive PCR reactions, as
described earlier (Przybilski et al. 2005). To ensure an efficient in
vitro transcription, GGG, GGC, or GCG was inserted directly after
the T7 promoter sequence. Transcription reactions were carried
out using T7 RNA polymerase (Milligan et al. 1987) in 40 mM
Tris/HCl (pH 8.0), 5 mM MgCl2, 2 mM spermidine, and 0.01%
TritonX-100. ATP, GTP, and CTP were present in the reaction at
a final concentration of 0.5 mM each, and UTP was at a final
concentration of 0.1 mM, supplemented with traces of (a-32P)
UTP. Full-length transcripts were purified from 15% denaturating
polyacrylamide gels containing 7 M urea and were visualized by
PhosphorImaging. RNA was eluted from gel slices in 40%
formamide, 0.7% SDS/13TE by shaking overnight. Eluted RNA
was phenolized, precipitated, washed, and finally dissolved in 10
mM Tris/HCl (pH 7.5) and 25 mM NaCl, supplemented with 0.1
mM EDTA, to prevent self-cleavage.

Cleavage assay of the hammerhead ribozyme
sequences

The samples were refolded by incubation for 2 min at 80°C,
followed by snap-cooling on ice. Cleavage reactions were started at

FIGURE 3. The hammerhead ribozyme Xetr8 of Xenopus tropicalis.
(A) Secondary structure, with the cleavage site indicated by an arrow
and the Watson-Crick base pair in the catalytic core (Martick and
Scott 2006; Przybilski and Hammann 2007) indicated by a dotted line.
(B) Progress curve of the self-cleavage reaction. The cleavage reaction
was performed at 37°C in 10 mM Tris-HCl (pH 7.6), 0.1 mM EDTA,
and 10 mM NaCl and was started by the addition of 2 mM MgCl2. Gel
analysis (inset) showing the disappearance of substrate S and the ap-
pearance of the 39 product P1 of the self-cleavage with time (minutes).
Data were analyzed by PhosphorImager and fitted to a single ex-
ponential (Stage-Zimmermann and Uhlenbeck 1998), resulting in a
cleavage rate kobs = 0.28 min�1.
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37°C by adding MgCl2 to an effective concentration of 2 mM,
taking into consideration the EDTA concentration of the refolding
step. Reactions were stopped at suitable time points by adding
RNA loading solution (95% formamide and 50 mM EDTA at pH
8.0). After heating to 95°C, the samples were resolved on 15%
polyacrylamide gels containing 7 M urea. Cleavage products were
quantified by PhosphorImager analysis. Kobs values were calcu-
lated by fitting the data to the equation F(t) = F0 + FN(1 � e-kt)
(Stage-Zimmermann and Uhlenbeck 1998).

SUPPLEMENTAL MATERIAL

Supplemental material can be found at http://www.rnajournal.org.
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