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ABSTRACT
Hammerhead ribozymes represent the most common of the 9 natural classes of self-cleaving RNAs.
The hammerhead catalytic core includes 11 highly-conserved nucleotides located largely within the
unpaired regions of a junction formed by stems I, II and III. The vast majority of previously reported
examples carry an additional pseudoknot or other tertiary interactions between nucleotides that
precede stem I and nucleotides in the loop of stem II. These extra contacts are critical for high-speed
RNA catalysis. Herein, we report the discovery of »150,000 additional variant hammerhead
representatives that exhibit diminished stem III substructures. These variants are frequently associated
with Penelope-like retrotransposons, which are a type of mobile genetic element. Kinetic analyses
indicate that these RNAs form dimers to cleave RNA.
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Introduction

Of the 15 known classes of natural ribozymes, 9 catalyze RNA
self-cleavage by a phosphoester transfer reaction.1-4 This reac-
tion involves the nucleophilic attack by a 20-oxygen atom of
ribose on the adjacent phosphorus center, which leads to depar-
ture of the neighboring 50-oxygen atom and splitting of the
RNA phosphodiester backbone.1,5 Hammerhead ribozymes
were the first of these 9 classes to be discovered,6-8 which is not
surprising given that members of this ribozyme class are the
most common of all natural self-cleaving RNAs. Indeed, many
thousands of hammerhead ribozyme representatives have been
discovered in recent years among species from all 3 domains of
life,9-13 whereas some classes such as the hairpin14 and the Neu-
rospora VS15 ribozymes appear to be exceedingly rare.

The catalytic core of hammerhead ribozymes is formed by
11 highly-conserved nucleotides encompassed by a 3-stem
junction (Fig. 1A).8,10,16 Importantly, the vast majority of ham-
merhead ribozymes reported previously also include accessory
structural elements10,17-19 that enhance the global fold of the
ribozyme and promote high-speed catalysis.20 Specifically, the
first high-speed hammerhead constructs were predicted to
form tertiary contacts that helped stabilize the parallel position-
ing of stems I and II in the active conformation of the ribo-
zyme.17 Bioinformatics analyses have since revealed that it is
common for a pseudoknot to be formed between nucleotides
preceding stem I and nucleotides in the loop of stem II.10 Some
hammerhead ribozymes with these natural accessory structures
exhibit greater than 100 min¡1 rate constants,21 reflecting a
rate enhancement of over a billion fold from the uncatalyzed

value of »10¡7 min¡1 under cell-like conditions.22 By contrast,
hammerhead ribozyme constructs usually exhibit rate con-
stants of »1 min¡1 or lower when they have been trimmed to
leave just the core 3-stem junction.

Despite the reduced activity of hammerhead constructs
retaining just the catalytic core, there have been examples of
similarly small hammerhead ribozymes found in nature. For
example, some of the first hammerhead ribozymes to be discov-
ered carry greatly diminished stem III substructures,23,24 appear
to lack the largest and most prominent accessory features, and
can be aided in their function by small peripheral regions.25,26

Some of these RNAs appear to cleave RNA as obligate dimers,
wherein each individual hammerhead domain overcomes the
lack of a strong stem III by forming this essential substructure
in collaboration with a partner.23 More recently, many addi-
tional examples of short hammerhead representatives have
been reported,27 suggesting that these RNAs overcome the
absence of these structural features that are critical for the
high-speed function of other hammerhead ribozymes.

As an extension of our ongoing efforts2,28,29 to discover
novel noncoding RNAs, we have identified »150,000 examples
of hammerhead ribozymes with a short (1 bp) stem III (hereaf-
ter called SSIII), representing »30,000 unique sequence var-
iants. Numerous examples were identified among metagenomic
or environmental DNA sequences (e.g. soil or termite gut).
However, the examples primarily appear to be derived from
eukaryotic genomes and some hammerhead ribozyme repre-
sentatives even appear to be of fungal origin. As reported previ-
ously,27 examples of these SSIII hammerhead variants are
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frequently associated with Penelope-like elements (PLEs),30

which are a type of eukaryotic retrotransposon. Furthermore,
we provide additional in vitro evidence that these RNAs cleave
predominantly as dimers.

Results

Using a previously described computational pipeline,29,31 we
searched through fully sequenced genomes (RefSeq version 63)32

and several environmental sequence data sets to find new struc-
tured RNAs. This search led to the identification of novel exam-
ples of SSIII hammerhead ribozyme variants in environmental
sequences, and the rediscovery of examples recently identified in
metazoans.27 We then created a sequence alignment with these
variants to guide the design of an RNAMotif33 descriptor that
retains the well-established characteristics of the hammerhead
ribozyme core nucleotides and secondary structures (Fig. 1A,
Supplementary File 1). RNAMotif searches resulted in the dis-
covery of approximately 30,000 unique hammerhead variants
that retain key features of the catalytic core, but form an unusu-
ally short stem III consisting of a single base-pair (Fig. 1B).

We speculated that single base-pair stem III structures
would not be thermodynamically stable under cell-like condi-
tions, as has previously been demonstrated for other hammer-
head ribozymes with unusually short stem III structures.23,24

However, this apparent defect in the secondary-structure model
for the variant hammerhead RNAs presumably is not deleteri-
ous to their biological roles, given how many examples exist in
biology. The majority of the variant ribozymes (about 99% of
those we identified) were found in metagenome sequences
from termite gut. Curiously, as described in greater detail
below, these hammerhead ribozymes appear to be encoded by
the termites, namely Nasutitermes corniger, Cubitermes sp. and
Amitermes wheeleri, rather than their bacterial microbiomes
(Fig. 1C, Table S1). An additional possible source for these
ribozymes, if transcribed, is the termite protist endosymbiont
community. Other variants were found in metagenomic
sequences taken from the sea squirt species Ecteinascidia turbi-
nata and Lissoclinum patella, a variety of soil samples originat-
ing from forest or arctic peat environments, freshwater or
groundwater samples from a well contaminated with coal-tar
waste, and other insect species (Cardinium hertigii, Anoplo-
phora glabripennis) (Fig. 1C). Also presented (Supplementary
File 2) is a complete list of searched metagenomes that contain
SSIII hammerhead ribozyme variants, as well as calculated

Figure 1. Identification of short stem III (SSIII) hammerhead ribozyme variants.
(A) Conserved sequence and secondary structure model of the catalytic core of
hammerhead ribozymes. The consensus sequence and structure model was used
as the basis for the RNAMotif search, wherein variations were tolerated. N repre-
sents any nucleotide and H represents any nucleotide except G, while I, II and III
identify 3 essential stems. Gray lines represent optional hairpin loops whose
absence define the 3 major types as described previously.10 The cleavage site (Clv)
is designated with an arrowhead. (B) Conserved sequence and secondary structure
model for hammerhead variants identified in our study, wherein stem III is formed
by a single base-pair. (C) Distribution of identified variants in metagenomic data
sets. Plotted are the number of predicted hammerhead ribozyme variants per
megabase of DNA sequence searched from the sources indicated. Only those with
a frequency above 0.1 are depicted (Table S1). These groups of DNA sequences are
named after the host organism (N. corniger, Cubitermes sp, A. wheeleri, protists liv-
ing in termites) or are comprised of metagenome sequences taken from sea squirt
species Ecteinascidia turbinata and Lissoclinum patella (sea squirt), a variety of soil
samples originating from forest or arctic peat environments (soil), different insect
species such as Cardinium hertigii and Anoplophora glabripennis (insect gut), and
freshwater samples or groundwater samples from a well contaminated with coal-
tar waste (water). Ribozymes identified in moths (Agrotis sp.) and wasps (Encarsia
pergandiella) are not shown because their frequency is below 0.1. Other details are
as reported elsewhere (Table S1, Supplementary File 2).
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frequencies of the number of ribozymes per megabase (Mbase)
of sequence.

The origin and biological utility of noncoding RNAs can
sometimes be inferred by examining their genetic contexts.
Unfortunately, most metagenomic DNA sequencing data is
highly fragmented due to the short sequence reads that are
then computationally assembled into longer segments called
contigs. Even the generation of large numbers of contigs fre-
quently provides only sparse coverage of the genomes present
in the samples examined. As a result, many of the SSIII ham-
merhead ribozymes identified in our study cannot yet be placed
into fully-sequenced genomes, and some are present in contigs
that are too short to provide information on adjacent genes.
However, on long contigs sometimes adjacent genes and others
that are in close proximity to hammerhead variants can be
identified.

From these gene associations, 3 tentative conclusions can be
made. First, by using protein BLAST,34 we determined that
these associated genes frequently coded for retrotransposon-
related proteins, such as reverse transcriptases (RTs). Since
most metagenomic contigs are too small to observe genes, we
restricted our analysis of gene associations to the 111 metage-
nomic contigs that were at least 4000 bp. We found 10 such
contigs with predicted RT genes within 4000 bp of an SSIII
hammerhead. There were no other gene classes that were more
numerous than RT genes within this range. The distance
between the ribozyme and the RT gene ranged from 43 to
4272 bp, wherein 7 of 10 examples were larger than 1000 bp.

Retrotransposons, such as Penelope-like elements, are
mobile genetic elements that insert themselves into host DNA
using an RNA intermediate.35 These selfish nucleic acids usu-
ally encode proteins such as RTs or endonucleases (ENs) to
facilitate insertion into the host genome. Our findings are anal-
ogous to those reported recently27 for similar hammerhead
ribozymes found in metazoan genomes, which are most com-
monly associated with Penelope-like elements (PLEs).30 PLEs
consist of direct, long terminal repeats (LTRs) that flank coding
regions for RT and EN proteins. Phylogenetic reconstruction
analysis indicates that RTs found in PLEs are most closely
related to telomerase reverse transcriptases (TERTs).36 When
we compared amino acid sequences of RTs located near SSIII
hammerheads found in our study to various known RTs, we
observed that the RTs identified in our searches indeed are
closely related to known PLE-RTs and TERTs (Fig. S1).

Second, sequence analyses strongly indicate that the
hammerhead variants are not present in the species com-
prising the bacterial communities, but instead originate
either from the eukaryotic organisms that host these micro-
biomes or from the protists that are also present. To assess
their origin, we compared the RTs in the same contig as a
hammerhead ribozyme to available genomes, using protein
BLAST. Generally, we expect that the best (highest scoring)
BLAST match of a sequence is a rough prediction of the
species from which the sequence originates. We found that
the best matches of the RTs were not to bacteria, but eukar-
yotes. For example, even though there was no genomic
sequence available for termites at the time of our analyses,
the RTs found near most hammerhead variants from their
metagenomes are most closely related to RTs from psyllid

genomes (Table S2). Psyllids are insects that are distantly
related to termites.

Likewise, hammerhead variants are also present in the meta-
genomic datasets derived from other insect guts (Supplemen-
tary File 2). Again, the genes most closely related to those
associated with hammerheads are of insect origin. For example,
the gut metagenome of Nasutitermis corniger contained an RT
whose best match was to an RT from the insect Diaphorina
citri. Both N. corniger and D. citri are classified under the taxon
Neoptera in Genbank, but immediately under Neoptera, N. cor-
niger falls under Orthopteroidea, while D. citri is in Paraneop-
tera.37 Since no Orthopteroidea genomes are available in the
BLAST database, it is not surprising that the best match would
be to another insect that fits into Neoptera but not Orthopteroi-
dea. Thus, this BLAST result suggests that the metagenomics
sequences are derived from the N. corniger host. By applying
this reasoning to other host-associated metagenomic data sets,
we concluded that hammerhead ribozyme variants with trun-
cated stem III substructures are present in multiple termite spe-
cies (e.g., Nasutitermes corniger, Cubitermes sp, Amitermes
wheeleri), and also in moths (Agrotis sp.) and wasps (Encarsia
pergandiella) (Fig. 1C, Tables S1, S2).

Despite extensive searches, we did not find any of these
novel hammerhead ribozyme variants in confirmed bacterial
sequences. This finding, and the observation that metagenomic
hammerhead variants are probably eukaryotic in origin, could
mean that these variants are either extremely rare in bacteria,
or do not exist at all in this domain of life. This might not be
surprising as PLEs, which are highly associated with the SSIII
hammerhead ribozyme variant, have not been reported in bac-
teria to date.27

Third, we observed rare cases, from an environmental sam-
ple collected in a well contaminated with coal-tar waste,38 in
which RT sequences near SSIII hammerhead variants exhibit
high similarity to RTs found in fungal genomes (Table S3). Pre-
viously, only type I hammerhead ribozymes with typically-sized
stem III substructures have been identified in fungal PLEs.9,10,24

Penelope-like elements previously have been identified from the
genomes of fungi, as well as many animals, protists, plants.39

The possible association of hammerhead variants with fungal
PLEs suggests that the involvement of SSIII hammerheads
might be exceedingly widespread and that similar mechanisms
might be used by PLEs across different divisions of the eukary-
otic domain of life.

To evaluate the performance characteristics of a SSIII ham-
merhead ribozyme, we chose a representative that retains all
the typical features of the core of this ribozyme class, that was
identified on a very long contig, and that has no close hammer-
head ribozyme neighbors. The ribozyme, derived from a ter-
mite gut metagenome dataset and called env1 (Fig. 2A, top),
was predicted to be likely to form a homodimer as explained
below. Short flanking regions comprised of the natural sequen-
ces were included both upstream and downstream of the wild-
type (WT) ribozyme to retain possible tertiary RNA interaction
sites typical of larger hammerhead ribozymes.17,19

The RNA cleavage activities for the WT env1 ribozyme and
for mutant constructs M1 through M5 were assessed by visual-
izing cleavage products during RNA preparation by in vitro
transcription. The WT env1 construct cleaves very poorly when
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synthesized in a 2-hour transcription reaction (Fig. 2B),
whereas the same construct carrying a single G28A mutation
(M1) in the conserved core completely eliminates activity as
expected.40 The poor performance of the WT construct sug-
gests that the RNA does not efficiently adopt a catalytically
active state as it exits RNA polymerase. This is unlike hammer-
head ribozymes with stable stem structures41 or other ribo-
zymes2,42 that can undergo rapid self-cleavage when allowed to
react during in vitro transcription. Therefore, some other fold-
ing step or other factor appears to be required for efficient self-
processing of this SSIII hammerhead ribozyme.

An obvious structural deficiency in the WT env1 construct is
its potential to form only a single base-pair in stem III in its
unimolecular state, assuming that at least 4 nucleotides are
required in the hairpin loop. To assess the importance of a sta-
ble stem III sub-structure, we examined the co-transcriptional
ribozyme activities for env1-based constructs that carry 2 (M2)
or 3 (M3) base-pairs. For these constructs, the formation of a
thermodynamically stable stem III by a single molecule is likely,
even though we cannot completely rule out that M2 and M3
also could form and cleave as dimers. As expected, these longer
constructs exhibit more robust RNA cleavage, which supports
the hypothesis that WT env1 on its own cannot form an effi-
cient ribozyme structure.

Our bioinformatics data revealed that among variant ribo-
zymes with stem III elements consisting of a single base-pair and
a tetraloop, 89% have nucleotide sequences in this region that are
perfectly palindromic. Encountering a 4-nucleotide palindromic
arrangement by chance would only account for 14% of the
sequences (Table S4, see also Materials and Methods). This palin-
dromic feature is similar to that observed for other hammerhead
ribozymes described previously.9,10,23,27,43,44 Some of these previ-
ous reports also provided evidence that the RNAs exploited this
palindromic sequence to form reactive hammerhead dimers that
together form a stable stem III sub-structure.10,23,27 If a similar
dimer arrangement is exploited by env1 RNAs, they would form a
6-base-pair stem III (Fig. 2A, bottom). We established the impor-
tance of dimer formation by testing env1 constructs that carry
nucleotide changes that are predicted to either disrupt (M4) or
restore (M5) stem III-mediated bimolecular complex formation.
The assay results for M4 and M5 (Fig. 2B) are consistent with the
hypothesis that the palindromic sequence, and therefore dimer
formation, is necessary for env1 RNAs to generate any cleavage
products.

To further assess the possibility that WT env1 and other SSIII
hammerhead constructs might function efficiently as dimers in
vitro, we examined the effects of ribozyme concentration on the
rate constant for RNA cleavage (Table 1, Fig. S2). The env1 con-
struct lacking any flanking sequences (called env1c, Fig. S2A)
was compared with 2 ribozyme constructs based on previously
reported23 SSIII hammerhead ribozymes called newt and newt-
like (Fig. S2B, C). The rate constants exhibited at the highest
RNA concentration (8 mM) by these ribozymes range from
»0.0024 min¡1 for the env1c construct to »0.033 min¡1 for the
newt construct (Fig. S2D-F). These values are extremely poor in
comparison to most other hammerhead ribozyme constructs
with typical-size stem III sub-structures, whose rate constants

Figure 2. Sequence, predicted secondary structures, and functional characteristics
of env1, a representative SSIII hammerhead. (A) Sequence and secondary structure
prediction for a single WT env1 RNA (top) and 2 env1 RNAs forming a dimer (bot-
tom). Constructs carrying mutations at specific sites (boxed) are designated M1
through M5. Note that M2 and M3 are insertions at the location indicated by the
line. Encircled numbers indicate the length of added native nucleotides surround-
ing the conserved ribozyme core. 20 nucleotides were present on the 30 terminus
of the WT, M1, M2 and M3 constructs, whereas 30 nucleotides were present on
constructs M4 and M5. Arrowhead designates the site of cleavage, and nucleotide
numbering is relative to the in vitro transcription start site. (B) Co-transcriptional
cleavage of WT env1 and its mutants was monitored by denaturing polyacrylamide
gel electrophoresis (PAGE) of internally 32P-labeled RNA (a-32P-GTP) (see Materials
and Methods for details). Full-length precursor (Pre) RNAs in nucleotides are 82
(WT and M1), 84 (M2), 86 (M3) and 92 (M4 and M5). Ribozyme cleavage product
bands in nucleotides are 57 and 24 (WT and M1), 59 and 24 (M2), 61 and 24 (M3),
and 57 and 35 (M4 and M5) as annotated with numbered arrowheads.
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range from 1 min¡1 to up to 900 min¡1.21,45 However, the rate
constants for all 3 SSIII hammerhead constructs increase when
the RNA concentration is increased. The simplest explanation
for this finding is that increasing RNA concentrations progres-
sively facilitate dimer formation, and that dimers are necessary
for ribozyme function.23 Since the rate constants measured in

our in vitro assays are exceedingly poor, these RNAs might only
achieve biologically relevant rate constants when efficiently form-
ing dimers in their host cells. Another possibility to enable these
RNAs to cleave at biologically relevant speeds is by forming
complexes with auxiliary RNA-binding proteins as previously
suggested.46,47

Given that the env1 construct is derived from a possible nat-
ural RNA transcript that lacks a close hammerhead ribozyme
neighbor, it seems likely that multiple transcript copies might
be required to form homodimers. Unfortunately we cannot eas-
ily anticipate the nature of this larger assembly, and as a result
we sought a more predictable system to evaluate the impor-
tance of dimer formation. We therefore chose to examine 2
newly discovered SSIII hammerhead ribozymes that naturally
occur nearby to each other. An RNA construct, called env2
(Fig. 3A), was created based on a natural arrangement of 2
hammerhead ribozymes wherein both can only form a single
base-pair in stem III unless they collaborate as a dimer. When
env2 folds to form 2 separate hammerhead monomers (Fig. 3A,
top), the 2 independently-folded ribozyme domains are sepa-
rated by a 44-nucleotide linker. In the dimer configuration
(Fig. 3A, bottom), each ribozyme core is a combination of the
first and second hammerhead sequences, and the 44-nucleotide

Table 1. Observed rate constants (kobs) of newt and the newt-like hammerhead
ribozyme variant previously described23 and the example env1 identified in our
search (env1c). All reactions contained 0.08 mM 32P-labeled RNA and were supple-
mented with respective unlabeled RNA to achieve final concentrations listed in the
center column. Newt-like designates a construct that is identical to the newt-like
construct previously investigated.23 Fig. S2B and C highlight the differences to the
natural newt genomic sequence. No observed rate constant was determined for
construct env1c at 0.08 mM RNA because of expected extremely slow speed of
ribozyme self-cleavage.

HHR construct RNA conc. [mM] kobs [min¡1]

newt 0.08 0.0018
0.8 0.015
8 0.033

newt-like 0.08 0.00006
0.8 0.0018
8 0.012

env1c 0.8 0.0012
8 0.0024

Figure 3. A tandem hammerhead cleaves as an obligate dimer. (A) Sequence and secondary structures of the WT tandem hammerhead construct env2 depicted as inde-
pendently folded (top) and dimer (bottom) structures. Hammerhead depiction is rotated 90� from previous figures. Individual ribozyme sequences are shown in black
(first ribozyme) and gray (second ribozyme). Mutations to active-site nucleotides in constructs M6, M7 and M8 are boxed. Two guanine nucleotides on the 50 end were
added for efficient transcription (see Materials and Methods). Other annotations are as described for Fig. 2A. (B) Ribozyme cleavage reactions (Rxn) were conducted (C)
at 37�C for 2 h using 50 mM Tris-HCl (pH 8.0 at 23�C), 0.5 mM EDTA, 10 mM MgCl2 and internally labeled RNA. The no reaction lane (¡) yields only the full length RNA
precursor (Pre). The expected 3 nt RNA cleavage fragment has been run off the gel.
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linker forms the large hairpin loop of a stem I sub-structure
(Fig. 3A, bottom).

The WT env2 RNA was found to undergo efficient RNA
cleavage at both cleavage sites 1 and 2 (Clv 1 and Clv 2) when
incubated with Mg2C (Fig. 3B). Importantly, mutant M6, which
carries an A28C mutation that inactivates the first hammerhead
catalytic core, undergoes efficient cleavage only at Clv 1 and not
at Clv 2. If the hammerheads functioned as independently
folded ribozymes, then the M6 mutation should have abolished
cleavage at Clv 1, but permitted processing of Clv 2 by the sec-
ond hammerhead domain. Therefore, the 2 hammerheads
must form chimeric ribozyme cores wherein the cleavage site
of the first ribozyme is presented for cleavage by the core of the
second ribozyme, and vice versa. This conclusion is further
supported by the cleavage pattern observed for env2 mutant
M7, which carries an A111C mutation that likewise inactivates
the second hammerhead. M7 undergoes cleavage only at Clv 2,
indicating that the cleavage site for the second ribozyme is pre-
sented to the first ribozyme core. Finally, construct M8, which
combines the M6 and M7 mutations into a single RNA, fails to
undergo cleavage at either site, as expected.

The more robust folding and function of the env2 con-
struct compared to env1 compelled us to determine if SSIII
hammerhead ribozymes are often found naturally in close
proximity to each other. We estimated the frequency of
nearby hammerhead arrangements by finding large contigs
that contain a hammerhead surrounded by at least 1 kb of
sequence both upstream and downstream, and then deter-
mined how many of these ribozymes have another ribozyme
close by (Table S5). A total of 668 ribozymes were identi-
fied, of which 370 carried a second hammerhead within 500
nucleotides (Fig. S3). These adjacent hammerhead arrange-
ments are similar to those that have been described in the
literature previously23,47 However, 247 of these 370 ribo-
zymes associate with nearby ribozymes on the opposite
strand. Our analysis of stem III sequences of nearby ribo-
zymes located either on the same or opposite DNA strands
revealed that, in many cases, stem III sequences from the
different ribozymes would permit the folding of an
extended, more stable stem III in a complex formed by
neighboring ribozymes. However, hammerheads on opposite
strands could also be explained by their association to PLEs
and the PLE architecture and propagation mechanism.27,30

Curiously, tandem hammerheads on the same strand are
only rarely located close to each other, which might otherwise
be an easy strategy to promote dimer formation. The majority
are separated by more than 450 nucleotides, and these might
need assistance (such as the involvement of long-distance base-
pairing or protein factors) to form dimers between such distal
partners. If tandem ribozymes form dimers within the same
transcript, we would expect that closer proximity between the 2
hammerheads would be favored. Perhaps for some of the dis-
tally located ribozymes, obligate dimer formation occurs
between 2 different transcripts of the same RNA sequence, or
there are other mechanisms to ensure that a single SSIII ham-
merhead ribozyme finds a partner to promote catalysis.
Regardless, in instances when an assembled contig is long
enough for meaningful analysis, a SSIII hammerhead ribozyme
is found nearby another about 55% of the time.

In some instances we even found multimeric ribozyme
arrangements that include more than 2 in close proximity
on the same or opposite strands. Among the many identified
multimeric examples were some with an extensive number
of hammerhead ribozyme variants on one strand. In one
example (contig JGI20163J15578_10119844/1-1635) up to 20
nearly identical sequences were found in series. These
arrangements might indicate the involvement of repetitive
hammerhead ribozymes in a new biological role. However,
these examples should be investigated with caution for the
following reasons. Often, nucleotide differences within the
otherwise highly conserved regions of the ribozyme pre-
vented automated detection of all multimeric sequences,
which required manual identification steps to be used with
those contigs that were already enriched for multiple ham-
merheads. It is likely that the examples carrying mutation in
the core regions are functionally inactive, or might require
the assistance of an adjacent ribozyme core to undergo RNA
cleavage. Moreover, these contigs are derived from the
assembly of environmental sequencing data that is highly
complex, and it is possible that they result from assembly
errors.48 Nevertheless, many discovered examples with highly
conserved ribozyme core nucleotides appear valid and the
tandem construct env2 can be taken as proof that there are
catalytically active examples.

Discussion

Our bioinformatics searches have uncovered »150,000 exam-
ples of hammerhead ribozymes with unusually short stem III
substructures. This number of hits in our searches is vastly
larger in comparison to the number generated in control
searches, in which the highly conserved CUGANGA core
sequence was scrambled (Table S4). Therefore, we have reason
to believe that only few of the putative ribozymes are false posi-
tives. It is also possible that some of these examples are not
actively transcribed, and we cannot rule out the possibility that
some hits might represent hammerhead ribozyme variants that
are losing catalytic function through natural evolutionary
processes.

Regardless, these hammerhead ribozymes are highly abun-
dant in some termite gut metagenomes (Fig. 1), more so than
in previously studied metazoans.27 This observation suggests
that PLEs are especially prolific in these termite species and
many of the contigs are derived from eukaryotic cells and not
bacterial cells. It is also conceivable these results are caused by
artifacts in DNA preparation, sequencing or metagenomic
assembly. A definitive answer will likely require a genome
sequence of these termites.

Previous studies23,24 had uncovered the existence of similar
SSIII hammerhead ribozymes, and had provided evidence that
these natural constructs exhibit improved function by forming
dimers wherein a longer stem III is shared between the 2 ribo-
zyme cores. Our data extend these findings to reveal the exis-
tence of numerous tandem arrangements of these SSIII
hammerhead ribozymes, and our data confirm that a represen-
tative natural tandem arrangement requires the formation of
the heterodimer structure to promote robust RNA cleavage
activity (Fig. 3).

1504 C. E. L€UNSE ET AL.



Additionally, we found that the putative ribozymes in ter-
mite DNA are dominated by 4-nucleotide-palindromes plus
the additional A-U base-pair that would otherwise form the
predicted stem III substructure. By contrast, most SSIII
hammerhead sequences derived from metazoans contain a 2
nucleotide palindrome in the loop of stem III.24 Although pal-
indromic sequences in the loop predominate, non-palindromic
sequences do occur. These could be non-functional representa-
tives, ribozymes that partner with others that contain non-pal-
indromic but complementary loop III sequences, or perhaps
the resulting mismatches in the shared stem III of dimers might
be tolerated just like mismatches in other structured RNAs can
sometimes be tolerated. In our example sequence env1,
ribozyme self-cleavage was completely abolished when the
palindromic loop of stem III was mutated and ribozyme activ-
ity was restored when the compensatory mutations restored
palindromic character (Fig. 2A). However, other examples have
been previously described in which mismatches in the stem III
substructure occur and are tolerated.23

The biological utility of obligate hammerhead dimer forma-
tion remains uncertain. It is clear from our findings and
others,24 that numerous SSIII hammerhead ribozymes are asso-
ciated with selfish genetic elements called PLEs.27 Examples of
PLEs are known to contain 2 Penelope long-terminal repeats
(PLTRs), and it is common for SSIII hammerhead ribozymes
to be encoded within these PLTRs. Therefore it is not surpris-
ing to often find these hammerhead ribozymes in tandem
(within 3 kb) given the close proximity of PLTRs in the
genomes that host PLEs. In cases where a second hammerhead
cannot be found nearby, it is possible that the PLE has become
truncated by mutation events or that the metagenomic contig
is not long enough to contain the entire PLE including both
PLTRs.

In instances when the sequenced contig containing the ham-
merhead ribozyme is long enough to identify associated genes,
we commonly find RT genes are present. These RTs are phylo-
genetically most similar to those carried by PLEs, suggesting
that the great number of SSIII hammerhead ribozymes is due
to the spread and evolution of PLEs or of related elements. The
architectures and replication mechanisms of these selfish
genetic elements might naturally exploit obligate dimer-form-
ing hammerhead ribozymes to control the timing of RNA proc-
essing during their lifecycles.

The relative abundance of self-cleaving RNA classes empha-
sizes their mysterious roles in biology. The continuing discov-
ery of novel self-cleaving ribozyme motifs2-4 as well as variants
of long standing self-cleaving ribozymes such as the hammer-
head class will give us greater opportunity to decipher their
functions. These discoveries also highlight the fact that modern
organisms continue to make extensive use of these catalytic
RNAs.

Materials and methods

Computational methods

The final searches used in our analysis were performed on the
bacterial and archaeal subsets of RefSeq version 6329 and a col-
lection of environmental nucleotide sequences that was

previously used.2 Searches used RNAmotif30 with descriptors
given in Supplementary File 1. Environmental data set meta-
data was taken from various sources, and most datasets relevant
to the hammerhead ribozyme variants were taken from the
IMG/M web site.38 Drawings of consensus sequence and sec-
ondary structure predictions were performed using R2R.49

Calculation of probability for random occurrence of
4-nucleotide palindrome

We calculated that, by random chance, »14% of 4-nucleotide
sequences are expected to bind to themselves using Watson-
Crick or G-U pairs. This calculation assumes that nucleotides
are independently and uniformly distributed, i.e., that each
nucleotide occurs with a 25% probability. The probability that
a pair of nucleotides is Watson-Crick or G-U is 6/16, for the 6
favorable base pairs, out of the 16 possible combinations. Since
there are 2 (assumed) independent base pairs in the 4 nucleoti-
des, the probability is (6/16)2, or roughly 14%.

Phylogenetic analysis of known RTs and predicted RTs
near hammerhead ribozyme variants

Known reverse transcriptase (RT) proteins,33 and RT proteins
in metagenome data sets nearby to variant hammerhead ribo-
zymes were aligned to Pfam50 model PF00078 using the hmma-
lign program of HMMER3.51 Amino acids outside of the
PF00078 model were removed. Some sequences lacked many
residues on their N- and C-termini in the HMM alignment,
and in extreme cases sequences were removed. Columns were
removed when 80% or more of the sequences contained a gap.
We inferred a phylogenetic tree and branch confidence values
using PhyML52 version 20110105 (command line: phyml -i
alignment.phylip – –rand_start – –n_rand_rand_starts 10 -d aa
-f e -t e -v e -a e -s SPR -o tlr – –no_memory_check -b -4). The
phylogenetic tree in Fig. S1 was drawn using iTOL.53

Construct design and synthesis using in vitro transcription

Core hammerhead ribozyme sequences were extended by natural
sequences on their 50 and 30 ends to include possible tertiary
RNA interaction sites. For efficient in vitro transcription a T7
RNA polymerase promoter sequence was added to the 50 end as
well as 2 guanosines where the natural sequence did not contain
G-nucleotides. The example sequence env1 is found under nucle-
otide accession number37 JGI20163J15578_10008454 on the
sense strand of nucleotides 1152–1191 and the tandem example
env2 was found in JGI20172J14457_10225843 on the reverse
strand of nucleotides 100-221. Double-stranded DNA templates
were generated from oligonucleotides (Table S6) by overlap
extension using Superscript II reverse transcriptase (Invitrogen)
according to manufacturer’s instructions. Transcriptions were
performed for 2 h at 37�C in 80 mM HEPES-KOH (pH 7.5 at
23�C), 24 mM MgCl2, 2 mM spermidine, 40 mM DTT, 10 mM
NTPs, 10mCi a-32P-GTP, T7 RNA polymerase (25 U/ml) and
1 mM dsDNA template. Transcriptions were stopped using 2x
denaturing loading buffer (0.09 M Tris, 0.09 M borate, 10 mM
EDTA pH 8.0, 8 M urea, 20% sucrose (w/v), 0.1% SDS (w/v),
0.05% bromophenol blue (w/v), 0.05% xylene cyanol (w/v)) and
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RNA products were separated by denaturing (8 M urea) 20%
PAGE. RNA bands were visualized by autoradiography on a
STORM imager (Molecular Dynamics).

In vitro self-cleavage assays and determinations of
observed rate constants

Full length hammerhead ribozyme bands were isolated from
denaturing polyacrylamide gels by crushing gel slices, soaking
them in crush-soak solution (200 mM NaCl, 10 mM Tris-HCl
[pH 7.5 at 23�C], 1 mM EDTA pH 8.0) for 2 h at room temper-
ature, passing eluate from gel pieces through a filtered Costar
Spin-X centrifugation column (Corning) and precipitating the
RNA with ethanol. Radiolabeled RNA concentrations were esti-
mated using a scintillation counter (MicroBeta2, PerkinElmer).
Time course experiments were performed for up to 2 h in
50 mM Tris-HCl, [pH 8.0 at 23�C], 10 mM MgCl2, 0.5 mM
EDTA at 55�C containing 0.08 mM 32P-labeled RNA,23 with
samples being withdrawn at intermittent time intervals. These
conditions were chosen to be able to compare our data to that
previously obtained.23 Tandem hammerhead ribozyme con-
struct was incubated under the same buffer conditions at 37�C.
Cleavage products were separated by PAGE and quantified
using ImageQuant TL software (GE Healthcare Life Sciences).
The observed rate constants (kobs) listed in Table 1 were deter-
mined by plotting the natural logarithm of the fraction of sub-
strate that remained uncleaved versus time, and establishing
the negative slope of the resulting line. Example polyacrylamide
gels and plots to obtain kobs are shown in Fig. S2.
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