Downloaded from rnajournal.cship.org on July 18, 2012 - Published by Cold Spring Harbor Laboratory Press

@ RNA

A PUBLICATION OF THE RNA SOCIETY

The ubiquitous hammerhead ribozyme
Christian Hammann, Andrej Luptak, Jonathan Perreault, et al.

RNA 2012 18: 871-885 originally published online March 27, 2012
Access the most recent version at doi:10.1261/rna.031401.111

References This article cites 78 articles, 40 of which can be accessed free at:
http://rnajournal.cshlp.org/content/18/5/871.full.html#ref-list-1

Email alerting Receive free email alerts when new articles cite this article - sign up in the box at the
service top right corner of the article or click here

To subscribe to RNA go to:
http://rnajournal.cshlp.org/subscriptions

Copyright © 2012 RNA Society


http://rnajournal.cshlp.org/lookup/doi/10.1261/rna.031401.111
http://rnajournal.cshlp.org/content/18/5/871.full.html#ref-list-1
http://rnajournal.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=rna;18/5/871&return_type=article&return_url=http://rnajournal.cshlp.org/content/18/5/871.full.pdf
http://rnajournal.cshlp.org/subscriptions
http://rnajournal.cshlp.org/
http://www.cshlpress.com

Downloaded from rnajournal.cship.org on July 18, 2012 - Published by Cold Spring Harbor Laboratory Press

REVIEW
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ABSTRACT

The hammerhead ribozyme is a small catalytic RNA motif capable of endonucleolytic (self-) cleavage. It is composed of
a catalytic core of conserved nucleotides flanked by three helices, two of which form essential tertiary interactions for fast self-
scission under physiological conditions. Originally discovered in subviral plant pathogens, its presence in several eukaryotic
genomes has been reported since. More recently, this catalytic RNA motif has been shown to reside in a large number of
genomes. We review the different approaches in discovering these new hammerhead ribozyme sequences and discuss possible

biological functions of the genomic motifs.

Keywords: catalytic RNA; database searches; homology; retrotransposons; structure

INTRODUCTION

The hammerhead ribozyme (HHR) (Prody et al. 1986)
belongs to the family of small endonucleolytic ribozymes
that have sizes in the range of from 50 to 150 nucleotides
(nt) (Lilley 2005). As with the other members of this family,
the Varkud satellite (VS), the hairpin, and the hepatitis
delta ribozymes (Buzayan et al. 1986; Kuo et al. 1988;
Saville and Collins 1990), the HHR catalyzes the scission of
its own phosphodiester backbone by means of a trans-
esterification reaction that proceeds under inversion of the
configuration and, albeit intramolecularly, according to an
Sn2 mechanism (Fig. 1A). No cofactor is required for these
reactions, although divalent metal ions are known to play
varying roles in the processes of RNA folding and self-
cleavage of each small endonucleolytic ribozyme (Wilson
and Lilley 2009). In contrast, the gImS catalytic riboswitch
catalyzes the same reaction, but it requires glucosamine-
6-phosphate as an essential cofactor (Winkler et al. 2004;
Klein and Ferré-D’Amaré 2006).

>Present address: Ribogenetics@Biochemistry Laboratory, Jacobs Uni-
versity Bremen, 28759 Bremen, Germany.

“Corresponding authors.

E-mail hammann@bio.tu-darmstadt.de.

E-mail aluptak@uci.edu.

E-mail Jonathan.Perreault@iaf.inrs.ca.

E-mail rivero@ibmcp.upv.es.

Article published online ahead of print. Article and publication date
are at http://www.rnajournal.org/cgi/doi/10.1261/rna.031401.111.

Formally, the minimal HHR motif is made up of a
catalytic core of conserved nucleotides flanked by three
helices (Fig. 1B) that are absolutely required for catalysis.
Since its introduction (Forster and Symons 1987b; Uhlenbeck
1987), this minimal structure has been extensively studied
in vitro (summarized in Hammann and Lilley 2002), but in
2003, additional experiments showed that interacting pe-
ripheral loops 1 and 2 of full-length HHRs are also required
to reach efficient self-cleavage under physiological conditions
(De la Pena et al. 2003; Khvorova et al. 2003). These inter-
actions are required for efficient folding and fast cleavage
kinetics (Canny et al. 2004; Penedo et al. 2004), and were
elegantly confirmed in a first crystal structure of a natural
HHR (Martick and Scott 2006). The discovery that the HHR
requires tertiary interactions distal from the core to allow
efficient cleavage reconciled biochemical data with the atomic-
resolution structure (Przybilski and Hammann 2006; Nelson
and Uhlenbeck 2008a) and explained how this ribozyme could
function in physiological magnesium concentrations (~1 mM).

Although HHRs with potential to cleave other RNAs in
trans have been identified (Luzi et al. 1997; Martick et al.
2008), the vast majority of known natural HHRs are cis-,
i.e., self-cleaving entities that contain the motif within
a single RNA strand. This gives rise to the three circularly
permuted forms (Fig. 1C) that are named types I, II, or III,
according to the open-ended helix that connects the motif
with the flanking sequences.

The HHR was discovered originally as type III in subviral
plant pathogens, where it is involved in the processing of
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r1~p2 ss (minlen=3, maxlen=100)
GAA h3
rM~p32 ss (len=3, seq="gaa")
r~p31 h3 (seq=""a")
ss (len=10)

FIGURE 1. The hammerhead ribozyme. (A) The reaction proceeds via an Sy2 mechanism, in which the hydroxy moiety at C2" attacks the
neighboring 3'-5" phosphodiester bond. The pentagonal bipyramidal transition state is adopted both in the forward cleavage and in the reverse
ligation reaction. The cleavage products are a 2',3"-cyclic phosphate at the 5" product and 5'-hydroxyl at the 3" cleavage product, which serve as
substrates for the ligation reaction. (B) The catalytic core of HHR consists of conserved nucleotides (bold) flanked by helices I-III. The
conventional numbering system is indicated (Hertel et al. 1992). Cleavage takes places between nucleotides 17 and 1.1, as indicated by the arrow.
Dotted lines indicate backbone continuity. (C) Natural forms occur in three types, named after the open stem. Interactions between nucleotides of
loops L1 and L2 are observed in all three topologies (double-headed arrows). Additionally, a base pair is formed between nucleotides C; and Gg,
or variants thereof (see text). Only the three natural topologies are active under physiological magnesium ion conditions, while the minimal
format is not. Pattern descriptors for RNABOB (D), PatScan (E), or RNAmotif (F), describing for each a type III motif with the following features:
stem III of 3—6 bp, U, H, stem I of 4-7 bp, loop L1 of 4-100 nt, CUGANGA, stem II of 4-6 bp, loop L2 of 4-100 nt GAAA (for details, see D’Souza
et al. 1997; Macke et al. 2001; Eddy 2005).

multimeric replication intermediates (Prody et al. 1986).
Two different types of subviral plant pathogens harbor
HHRs, viroids, and plant virus satellite RNAs, both of
which are circular, single-stranded RNA molecules of ~250—
400 nt. Viroids are infectious by themselves (Flores et al.
2004; Tabler and Tsagris 2004), while plant virus satellite
RNAs depend in their propagation on their cognate virus
and modulate the virus’ symptoms (Buzayan et al. 1986;
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Kaper et al. 1988; Rubino et al. 1990). These two types of
subviral plant pathogens are thought to replicate in a rolling
circle mechanism (Branch and Robertson 1984), which can
proceed in either a symmetric or asymmetric manner
(Flores et al. 2004; Tabler and Tsagris 2004).

The first genomic HHRs, of type I, were reported more
than two decades ago in newt, where they are contained in
tandem repeats (~300 bp) in satellite DNA (Epstein and
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Gall 1987). Two different HHR-containing transcripts are
expressed in the amphibian. They feature different tran-
scription start sites, but have the same length (Epstein and
Coats 1991). Similar genomic HHR were also shown for
a number of other amphibians (Zhang and Epstein 1996),
where they were shown to reside in RNPs, and isolated
RNPs were capable to exert cleavage in trans on a short
synthetic model RNA substrate (Luzi et al. 1997; Denti
et al. 2000). Despite these advances, the biological func-
tion of the amphibian HHR remains elusive—as the title
of an earlier manuscript stated (Cremisi et al. 1992). Sim-
ilar to these amphibian motifs, genomic HHRs were also
reported in satellite DNA of schistosomes and cave cric-
kets (Ferbeyre et al. 1998; Rojas et al. 2000). Together with
early HHR motif searches through sequence databases,
these discoveries hinted at a broad distribution of these
ribozymes in nature, despite a low theoretical chance of
occurrence (Ferbeyre et al. 2000).

An unusual case of a genomically incorporated HHR was
found in carnation, where the ribozyme exists in the form
of a retroviroid element in DNA tandem repeats, similar
to the newt (Daros and Flores 1995). Unlike in newts,
however, the carnation self-cleaving HHR motifs are found
in both DNA strands. Since this is analogous to the subviral
plant pathogens, where HHR motifs can be observed in the
plus and minus RNA strand, this result points toward
a genomic integration of a viroid in carnation.

Given the seemingly sporadic appearance of the HHRs in
various genomes, we have set out in the past several years to
investigate the prevalence of this catalytic RNA motif. In a
pilot study, the presence of two individual HHRs was
reported in the genome of Arabidopsis thaliana (Przybilski
et al. 2005) in addition to a few other genomes (Grif et al.
2005). The A. thaliana motifs are distinct from the afore-
mentioned genomic HHRs, as they do not reside in satellite
DNA, but in two individual loci on chromosome IV. Sub-
sequently, a split version of the HHR was uncovered in
mammalian genomes and this motif has the potential to
cleave in trans (Martick et al. 2008). Searches in large data sets
carried out since have revealed a surprisingly high number of
genomic locations that feature HHRs, and also led to the
discovery of the first instances of the type II topology (de la
Pefia and Garcia-Robles 2010a,b; Jimenez et al. 2011;
Perreault et al. 2011; Sechafer et al. 2011). In this review,
we will summarize our different approaches and results, and
discuss possible functions of the various genomic HHRs.

DIFFERENT APPROACHES FOR THE
IDENTIFICATION OF GENOMIC HHRS

Small RNA domains are known to show high informational
content, a feature highlighted by this family of endonu-
cleolytic ribozymes. The small size of these motifs, together
with their low-sequence conservation makes any bioinfor-
matic detection a challenging task. This results from the

nature of the HHR that requires not only the catalytic core,
but also helical elements in stems I-III, as well as inter-
acting nucleotides within loops I and II (De la Pena et al.
2003; Khvorova et al. 2003). Thus, a full HHR features
varying levels of conservation: high conservation of nucle-
otides in the catalytic core (see below); sequence covaria-
tion, but not sequence identity, as dictated by Watson-
Crick base-pairing within helices I-III; and positional
and sequence restriction of loop I and II nucleotides
involved in tertiary interactions. The latter feature a weak
degree of sequence conservation (Martick and Scott
2006; Chi et al. 2008; Dufour et al. 2009), which might
be explained by the observation that non-Watson-Crick
interactions (Leontis et al. 2002) can also contribute to
the stabilization of the HHR (Przybilski et al. 2005).
Because of the isostericity of many non-Watson-Crick base
pairs (Leontis et al. 2002), the sequence conservation of
interaction patterns might be blurred to some degree. To
address these features of the HHR motif in the process of
identifying novel examples, we have applied two different
approaches: sequence homology-based and structure-based
searches, as detailed next.

FINDING THE TREASURE BY LOOKING FOR SMALL
PIECES: SEQUENCE HOMOLOGY-BASED SEARCHES

This approach is mainly based on the observation that not
only the conserved core, but also tertiary interactions be-
tween loops 1 and 2 (Fig. 1B,C) are somewhat conserved in
most natural HHRs (Martick and Scott 2006; Chi et al.
2008; Dufour et al. 2009) and could be used as an an-
choring point for the identification of these ribozymes.
All of these constraints were recently used to follow a new
HHR search strategy (de la Penia and Garcia-Robles
2010a,b), which first looked for short sequence seeds of
20-30 nt derived from natural HHR sequences. A seed
corresponded to a single helix (usually helix II sequence)
flanked by conserved catalytic boxes (Fig. 1C) that were
used for BLAST homology searches of sequence databases.
Identified hits were initially filtered in order to preserve (1)
the stem II, and (2) the two conserved boxes of canonical
HHRs. Subsequently, 5" and 3’ ends of the positive hits
were extended and examined for the presence of the HHR
remnants: (3) helix I, (4) helix III, (5) self-cleavage site,
and (6) potential tertiary interactions between loops 2 and
1. New BLAST searches were carried out recursively, such
that seeds derived from HHRs identified in previous
rounds of searches were used as new queries in subsequent
rounds. Interestingly, hits that already satisfied the two first
criteria. (CUGANGA-helix II-GAAA) frequently fulfilled
the other four criteria not included in the search seeds.
The conjuncture of six unrelated traits together with the
HHR occurrence in similar genomic locations (i.e., short
tandem repeats) or their high degree of phylogenetic
conservation (i.e., amniota HHRs, see below) led to the
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conclusion that the detected motifs correspond to bona
fide HHRs.

STRUCTURE-BASED SEARCH APPROACHES

As a complementary approach to the sequence homology-
based searches, several structure-based computational
screens were applied to find novel HHRs (Ferbeyre et al.
1998; Jimenez et al. 2011; Perreault et al. 2011; Seehafer
et al. 2011). In these, different software packages such as
RNAMotif (Macke et al. 2001), PatScan (D’Souza et al.
1997), or RNABOB (Eddy 2005; Riccitelli and Luptak
2010) were used to describe in detail both the consensus
sequence and the stems of HHRs (Fig. 1C). Resulting des-
criptors (Fig. 1D-F) were then applied for screening se-
quences in public databases for the minimal motif. The
largely automated searches resulted in numerous primary
hits, which, however, did not yet consider the interactions
between loops 1 and 2 (Ferbeyre et al. 1998; Jimenez et al.
2011; Perreault et al. 2011; Seehafer et al. 2011) due to the
aforementioned sequence flexibility of these interactions.
Subsequent steps were necessary to filter out active ribo-
zymes. In contrast, in the sequence homology-based searches,
the iterative steps are an integral part of the search
procedure.

In a search for type III motifs, free energies of folding
were computed using MFold (Zuker 2003) to discriminate
between motifs that are more-or-less likely to adopt the
HHR fold (Seehafer et al. 2011). In this process, which was
implemented in a program pipeline written in Perl, more
than 60,000 primary hits were subjected to two folding
procedures, one fully unrestricted and one restricted to
adopt the hammerhead fold in order to
apply thermodynamic selection criteria,
as also applied by others (Reeder and

core or not. In addition, it will also score hits that do not
conform perfectly to the consensus core if most of the
HHR requirements are fulfilled, making it possible to
find natural variants of HHRs (Perreault et al. 2011).

NOVEL HHRS IN ALL KINGDOMS OF LIFE

Our various approaches outlined above resulted in an
unprecedented number of HHR motifs that were found
in all three kingdoms of life, including viruses or subviral
entities (de la Pena and Garcia-Robles 2010a,b; Jimenez
et al. 2011; Perreault et al. 2011; Seehafer et al. 2011).
There is a significant overlap between our results, as the
majority of conventional motifs was identified by more
than one of our approaches. If differences are observed,
they are either due to the used sequence sources, or, al-
ternatively, the idiosyncracies of the different approaches
and pattern descriptors. We are currently in the process
of setting up a web-based data resource for the new HHR
motifs that we uncovered. In the following, selected novel
motifs will be summarized according to their genomic
location.

Prokaryotes

Initial searches among metagenomic and bacterial se-
quences gave around 100 HHRs of both types I and III
from bacterial species (Table 1), next to a single occurrence
in the genome of the archaeon Cenarchaeum symbiosum A
(Perreault et al. 2011). The bacterial motifs mapped to
intergenic regions and were associated with bacteriophage-
related sequences (de la Pena and Garcia-Robles 2010b;

TABLE 1. Occurrence of hammerhead ribozymes in prokaryotic genomes

Giegerich 2009). The difference between

the resulting folding energies was then Number of Experimentally
used to identify true positive HHR motifs Group species verified
among the primary hits. In vitro cleavage  Acidobacteria 1 sp. Solibacter usitatus
kinetics (Kalweit et al. 2012) served to ver- Actinobacteria 4 sp.
ify the chosen energy parameters on the ~ Cyanobacteria Gl

. . . Chloroflexi 1 sp.
example of newly identified motifs from . 9 Bacillus sp.

Xenopus tropicalis (Seehafer et al. 2011).
Finally, the RNA structure and se-
quence searching software Infernal
(Nawrocki et al. 2009) also revealed
many novel HHRs (Perreault et al. 2011).
This algorithm uses an alignment in
Stockholm format (sequence alignment
with secondary structure annotation). It
has the advantage of considering non-
consensus sequence identities in the co-

Betaproteobacteria

Archaea

Alphaproteobacteria

Deltaproteobacteria
Gammaproteobacteria

Desulfotomaculum reducens,
Clostridium scindens

9 Clostridium sp.

18 others

6 sp. Agrobacterium tumefaciens,
Azorhizobium caulinodans

12 sp.

9 Desulfovibrio sp.
8 Legionella sp.

6 Shewanella sp.
11 Vibrio sp.

9 others

1 sp. Cenarchaeum symbiosum

variance model, thus taking into account
all base pairs and conserved positions,
whether they are part of the catalytic
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Note: based on studies by de la Pefia and Garcia-Robles 2010a,b; Jimenez et al. 2011;
Perreault et al. 2011; Seehafer et al. 2011.
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Perreault et al. 2011), as exemplified in Figure 2A. More
recent results have unveiled an extensive occurrence of HHR
motifs among metagenomic data from very diverse origins
(marine, freshwater, soil, epibionts, microbiomes, etc.), indic-
ative of a widespread presence of the HHR in viruses, pro-
karyotes, archaea, and, more specifically, their bacteriophages
(Jimenez et al. 2011; Perreault et al. 2011; I Garcia-Robles,
R Jimenez, A Luptak, and M de la Pena, unpubl.).

Eukaryotes

Our searches of HHRs were especially fruitful among
eukaryotic genomes (Table 2). The genomic localization
of these motifs varies strongly, both in number and genetic

A

Desulfotomaculum reducens
a

Roseburia intestinalis
Clostridia

context. For example, the genome of the elephant Loxodonta
africana features an orphan type III HHR motif, whereas the
genome of the frog Xenopus tropicalis has several hundreds
of type I and a few type III motifs, and the genome of the
blood fluke Schistosoma mansoni contains thousands of type
I and several type III motifs (de la Pefia and Garcia-Robles
2010a,b; Jimenez et al. 2011; Perreault et al. 2011; Seehafer
et al. 2011). The genetic contexts of these motifs are fre-
quently tandem repeats, intergenic regions or introns, but
they appear only rarely within coding sequences (see below).

In oomycetes (unicellular protists, Chromalveolata king-
dom), for example, a new family of atypical type I HHRs
was found (de la Pena and Garcia-Robles 2010b). The
motifs showed unusually long and short stems II and III,

Azorhizobium caulinodans

Clostridi Proteobacteria
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FIGURE 2. Some examples of genomic HHRs detected in bacteria (A), plants (B), and metazoans (C). Main tertiary contacts based on previous
experimental models (Martick and Scott 2006; Chi et al. 2008; Dufour et al. 2009), and the conserved nucleotides involved in the interactions are

tentatively depicted in red.
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TABLE 2. Occurrence of hammerhead ribozymes in eukaryal genomes

Amoebozoa

Chromalveolata

Euglenozoa

Fungi

Metazoa Rotifera
Arthropoda
Mollusca
Chordata

Vertebrata (fish)

Vertebrata (sauropsids)

Vertebrata (mammals)

Entamoeba histolytica HM-1:IMSS
Physarum polycephalum

2 Hyaloperonospora sp.

2 Phytophthora sp.
Trypanosoma cruzi strain CL Brener
Ajellomyces capsulatus Nam1
2 Aspergillus sp.

Laccaria bicolor S238N-H82
Neosartorya fischeri NRRL 181
Pichia stipitis

Postia placenta Mad-698-R
Trypanosoma cruzi strain CL Brener
Yarrowia lipolytica CLIB122%
Adineta vaga

Philodina roseola
Acanthoscurria gomesiana

2 Aedes sp.?

Anopheles stephensi

Apis mellifera

Argas monolakensis

Culex quinquefasciatus
Diaphorina citri

11 Dolichopoda sp.*

2 Drosophila sp.?

Ixodes scapularis

Nasonia vitripennis

Penaeus monodon
Reticulitermes flavipes
Tribolium castaneum
Chlamys farreri

Doryteuthis pealeii
Euprymna scolopes
Idiosepius paradoxus

Lottia gigantea

Pinctada martensii
Branchiostoma floridae
Ciona intestinalis

Xenopus tropicalis®

Danio rerio®

Labeotropheus fuelleborni
Tetraodon nigroviridis
Anolis carolinensis®

Gallus gallus

Meleagris gallopavo
Taeniopygia guttata

Bos taurus

Canis lupus familiaris

Cavia porcellus

Choloepus hoffmanni
Dasypus novemcinctus
Echinops telfairi

Equus caballus

Homo sapiens®

Loxodonta africana

Macaca mulatta

Macropus eugenii
Microcebus murinus
Monodelphis domestica®
Mus musculus®

Myotis lucifugus

Ochotona princeps

876 RNA, Vol. 18, No. 5

(continued)

respectively, and occurred within 700—
1000-bp tandem repeats (Table 3). Sim-
ilar HHRs have also been found in
related plant pathogens (Hyaloperono-
spora arabidopsidis and Pythium ulti-
mum) and other protists (slime mold
Physarum polycephalum), suggesting a
wider occurrence of the HHR motif
among these eukaryotic microorgan-
isms. More typical type I HHRs were
also detected in the genomes of the
unicellular Chlamydomonas reinhardtii
and the related algae Volvox carteri (M
de la Pena, unpubl.). Although many of
these motifs were found associated with
larger (2-3 kb) tandem repeats, their
particular occurrence within intronic
regions suggest the possibility of con-
served roles other than retrotransposi-
tion (see below).

Genomic sequences of plants (from
a spike moss to about 40 angiosperms,
both monocots and dicots) showed
examples of both types I and III HHRs
(Fig. 2B). The motifs usually mapped
within short tandem repeats of 300-900
bp (Table 3) at intergenic or repetitive
DNA regions (i.e., telomeric repeats in
the spike moss Sellaginella moellenfor-
fii). Homology-based searches among
EST databases reinforced the in vivo
activity of some HHRs with examples of
putatively self-cleaved sequences (de la
Pena and Garcia-Robles 2010b).

Among metazoans, the vast majority
of detected cases corresponded to type I
HHRs, while type III motifs appeared
to be the exception. Ribozyme motifs
were found widespread in the genomes
of most metazoan phyla, from simple
cnidarians (sea anemones and corals)
and poriferans (sea sponge), to more
complex organisms like platyhelminthes
(trematodes and flat worms), rotifers,
annelids (leech and marine polychaetes),
arthropods (beetles, mosquitos, or arach-
nids among many others), and molluscs
(scallops, oysters, and squids). Again,
some of the detected HHRs mapped
within tandem repeats (from 170 to
510 bp) (see Table 3) located in highly
repetitive regions (i.e., telomeric se-
quences in rotifers), although their
incidence as single motifs along the
genomes was more frequent (Fig. 2C).
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TABLE 2. Continued

Cnidaria

Porifera
Nematoda
Platyhelminthes

Viridiplantae Chlorophyta

Plantae

Oryctolagus cuniculus
Otolemur garnettii

Pan troglodytes

Rattus norvegicus
Sciurognathi Muroidea
Sorex araneus
Spermaophilus tridecemlineatus
Sus scrofa®

Tarsius syrichta

Tursiops truncatus
Vicugna pacos

3 Acropora sp.

Anemonia viridis

Carukia barnesi

Hydra magnipapillata®
Hydractinia symbiolongicarpus
Montastraea faveolata
Nematostella vectensis
Porites astreoides
Strongylocentrotus purpuratus
Sycon raphanus

2 Caenorhabditis sp.
Clonorchis sinensis
Opisthorchis viverrini

4 Schistosoma sp.*
Schistosomatium douthitti
Schmidtea mediterranea
Chlamydomonas reinhardtii
Volvox carteri

2 Arabidopsis sp.*
Artemisia annua

3 Citrus sp.

Daucus carota

Dianthus caryophyllus
Fragaria x ananassa
Guizotia abyssinica

2 Helianthus sp.

Jatropha curcas®

2 Lactuca sp.

Manihot esculenta
Mimulus guttatus

Morus australis

Nicotiana tabacum

2 Oryza sativa sp.
Physcomitrella patens
Sellaginella moellenforfii
Striga asiatica

Vitis vinifera®

Zinnia elegans

Note: based on studies by de la Pefia and Garcia-Robles 2010a,b; Jimenez et al. 2011;

Perreault et al. 2011; Seehafer et al. 2011.

“Some of the corresponding HHRs were experimentally verified.

Genomic sequences from chordates also revealed sim-
ilar type I HHRs. In the genomes of the Xenopus tropicalis
frog or marine lampreys (i.e., Petromyzon marinus) some
examples of HHRs were detected within tandem repeats,
similar to the satellite DNA in amphibians (Epstein and
Gall 1987). Most HHRs, however, were found widespread
as single type I or type III motifs in either intergenic or

intronic (either strand) regions. In con-
trast, only a few, but highly conserved
HHRs were found in amniotes (reptiles,
birds, and mammals), all mapping to the
sense strands of large introns of three
different genes (de la Pena and Garcia-
Robles 2010a). The HHRs shared clear
sequence and structural similarity with
those described in other metazoans,
notably trematodes or X. tropicalis, with
the exception of a larger stem III in the
amniota motifs (from 2 to 14 more base
pairs) (Fig. 2C). This longer stem III
resulted in a robust in vitro self-cleavage
activity for one of the human HHRs,
with a kgps = 2.4 min™" versus a level of
activity that is barely greater than back-
ground for the X. tropicalis HHR un-
der low Mg*" conditions (~10"*-107>
min~ ') (Garrett et al. 1996). In vivo self-
cleavage of one of the amniota HHRs
was supported by mammalian ESTs,
which intriguingly showed RNA fusions
of a cleaved intron with U5 or U6
snRNAs.

Finally, viral entities displayed a ra-
ther limited occurrence of the HHR
motif. Nevertheless, the already known
motifs from virus satellite RNAs and
certain Avsunviroidae can be considered
as a positive control and were found in
all of our approaches (de la Pena and
Garcia-Robles 2010a,b; Jimenez et al.
2011; Perreault et al. 2011; Seehafer
et al. 2011). Next to these, the HHR was
found in a small set of dsDNA viruses
(Table 4) and in many prophages.

DISCOVERY OF TYPE Il HHRS

Soon after the discovery and elucida-
tion of the secondary structure of HHRs
(Forster and Symons 1987b), a viral
sequence from the tobacco ringspot virus
was engineered into a trans-cleaving ribo-
zyme by opening the stem—loop I
(Haseloff and Gerlach 1988). This ex-
periment formally demonstrated that,

in principle, cis-cleaving ribozymes could assume any of
the three topologies resulting from embedding the catalytic
core within the surrounding transcripts through any of its
three helices. All early HHRs discovered were of types I
and III, and large-scale sequence-based searches were
designed to look for these elements (de la Pefia and
Garcia-Robles 2010a,b; Seehafer et al. 2011). Motif searches
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TABLE 3. Representative examples of new HHRs in eukaryotes within

tandem repetitive elements

nal and terminal loops in type I S.
mansoni HHRs (Fig. 3A; Canny et al.

Eukaryotic species

2004; Martick and Scott 2006). Re-

Tandem repeats cently, a pseudoknot has been shown

Chromalveolata Phytophthora sojae
Hyaloperonospora parasitica
Phytophthora infestans

Hyaloperonospora arabidopsidis

Plantae Selaginella moellendorfii spike moss)
Vitis vinifera (Grape)
Nicotiana tabacum (topacco)
Oryza sativa Rice)
Lactuca perennis gjue lettuce)
Metazoa
Cnidaria Nematostella vectensis sea anemone)

Acropora millepora/A. digitifera corais)
Schmidtea mediterranea (pianarian worm)
Clonorchis sinensis (Liver fluke)

Platyhelmintha

Rotifera Adineta vaga otifer)

Philodina roseola otier)
Annelida Helobdella robusta ( cechy
Mollusca Pinctada martensii pearl oyster)
Arthropoda Argas monolakensis
Chordata Ambystoma mexicanum (sajamander)

Pleurodeles waltl (ewy
Xenopus tropicalis (frog)
Amniotes (Reptiles, birds, and mammals)

fize nth to also fulfill this structural role in all
1088 three types of HHR (Jimenez et al.
735??39 2011; Perreault et al. 2011). In fact,
699 close to 40% of HHRs not associated
530-983 with repeat elements are predicted to
854-865" possess base-pairing that bring stems I
499 and II in proximity (Perreault et al.
4661 2011). In addition, this interaction
441° . . . .
displays diversity in the number of
330-356 different permutations in which it
230 occurs: kissing loops between termi-
379-422 nal loops, or terminal loop and inter-
30;210 nal loop; pseudoknots between a ter-
170-184 minal loop and the 3’ or 5’ region
385448 outside of the minimal HHR (Fig. 3B;
350 Perreault et al. 2011). The various pos-
229-231 sible structures used to bring stems I and
gig II closer emphasize the importance of
251-2912 this interaction for the ribozyme’s func-

Only single motifs® tion. Examples observed in nature and

Note: based on studies by de la Pefia and Garcia-Robles 2010a,b; | Garcia-Robles and M de

la Pefia, unpubl.
“Some of the corresponding HHRs were experimentally verified.

designed to look for all three topologies revealed that the
type II motifs are very common, particularly in microbial
genomes, where they often comprise the largest fraction of
HHRs (Jimenez et al. 2011; Perreault et al. 2011). Given
these results, it is somewhat surprising that type II
HHRs were not found earlier. Analysis of self-scission
of some of these ribozymes in vitro showed that at
physiological-like conditions (for HHRs found in the
human microbiome), the type II are also the fastest
HHRs, with half-lives of just several seconds in 1 mM
Mg** (Jimenez et al. 2011). Similarly, a type II ribozyme
discovered in a marine metagenome showed fast self-
scission at 0.5 mM MgZJr and 23°C (Perreault et al. 2011).
These ribozymes were found in diverse genetic contexts,
but, similar to types I and III, seem often associated with
phage-related genes (de la Pena and Garcia-Robles 2010b;
Perreault et al. 2011).

STEM I-11 TERTIARY INTERACTION AND
UNUSUAL VARIANTS

The interaction between stems I and II was observed among
many different HHRs, as was the case of the two termi-
nal loops in type III viroid and plant HHRs (De la Pena
et al. 2003; Khvorova et al. 2003; Przybilski et al. 2005;
Shepotinovskaya and Uhlenbeck 2008), and between inter-
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with confirmed in vitro cleavage, are
schematized in Figure 2.

Because it is an ideal model to un-
derstand the RNA structure—function
relationship, the HHR has been a sub-
ject of exhaustive mutagenesis analyses (Ruffner et al.
1990; Nelson and Uhlenbeck 2008b). Furthermore, nu-
merous chemogenetic studies used analogs of the con-
served bases to acquire details about molecular interac-
tions within the collection of all chemical groups in the
core and their involvement in RNA folding and catalysis
(Nelson and Uhlenbeck 2008a). Therefore, the consensus
structure was not only supported by sequence alignments,
but also experimentally scrutinized. As a result, it was
generally accepted that for biologically significant activity,
the ribozyme could not diverge from a minimum of 11
bases (CUGANGA, GAAA, and NUH) (Fig. 1B). However,
given that the interaction of stems I and II dramatically
increases activity, it is easier to imagine that slightly
impaired catalytic cores diverging from the consensus
would still self-cleave efficiently enough to achieve their
function. This observation could explain natural occur-
rences of some HHR variants, a subset of which had
already been observed earlier in viroid isolates (Przybilski
and Hammann 2007a). At least 10 different natural
variants have been found and, although some of them
have reduced cleavage rates, all of them self-cleave in vitro
and are found in the genetic context of consensus HHRs
(Table 5).

Among the natural variants, some had been foretold by
previous mutational analyses, like in the case of the C3G8
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TABLE 4. HHR Motifs in viral and subviral entities

Type Class

Species

dsDNA Virus Caudovirales

Haloviruses

Viroid Avsunviroidae

Virus satellite RNAs

5 Burkholderia phages®

9 Pseudomonas phages®

Xanthomonas phage Xp15

Halorubrum phage HF2*

Avocado sunblotch viroid®

Chrysanthemum chlorotic mottle viroid®
Eggplant latent viroid®

Mulberry small circular viroid like RNA 1%
Peach latent mosaic viroid®

Arabis mosaic virus satellite RNA®

Cereal yellow dwarf virus RPV satellite RNA?
Chicory yellow mottle virus satellite RNA®
Lucerne transient streak virus satellite RNA®
Solanum nodiflorum mottle virus satellite RNA
Subterranean clover mottle virus satellite RNA
Tobacco ringspot virus satellite RNA®

for the activity in the minimal HHR
(Ruffner et al. 1990). Additional natural
variants revealed by an ongoing study
fit with this correlation as well (F
Bolduc and JP Perreault, pers. comm.).

The only case where a natural variant
does not correspond to the most active
mutation assayed earlier (Ruffner et al.
1990) is the first base pair of stem II; the
ribozyme is more active with a G10.1-
Ul1.1 wobble pair than with a U10.1-
U11.1 mismatch, but the latter variant
is still more active than most sequences
with conventional base pairs (A-U,
U-A, U-G, and C-G). In spite of several
very thorough mutational studies, in-
cluding in vitro selection, there are

Velvet tobacco mottle virus satellite RNA
Cherry small circular viroid-like RNA®
Cherry small circular viroid-like RNA 22
Carnation stunt associated viroid®

Unclassified elements

several genomic variants that involve
insertions that have never been evalu-
ated before (see Table 5). Insertions

Note: based on studies by de la Pefia and Garcia-Robles 2010a,b; Jimenez et al. 2011;

Perreault et al. 2011; Seehafer et al. 2011.
“Some of the corresponding HHRs were experimentally verified.

base pair (Fig. 1C), which is essential for catalytic activ-
ity (Martick and Scott 2006; Przybilski and Hammann
2007b; Nelson and Uhlenbeck 2008b). Covariation for
that base pair has been observed, U3A8 to be more precise
(Perreault et al. 2011). Similarly, a U10.1-U11.1 mismatch
at the base of stem II, instead of the typical G10.1-C11.1
conserved base pair, illustrates the malleability of stem II.
This result is not surprising, since that stem was known
to be dispensable in vitro (McCall et al. 1992; Tuschl and
Eckstein 1993; Long and Uhlenbeck 1994) and explains
the observation of many HHRs with a stem II composed
of only 1 or 2 bp (Perreault et al. 2011). Many ribozymes
with short stem III have been observed as well, but in this
case it was found that the ribozymes could fold into a
dimeric configuration, permitted by a palindromic loop III,
effectively yielding a stem III of 6-10 bp (Forster and
Symons 1987a).

Other variants with a predicted absence of core-stabiliz-
ing interactions were expected to be inactive, based on
previous biochemical and structural data. Nevertheless,
they exist and self-cleave, albeit less efficiently than the
well-established consensus. It is interesting to note that the
compilation of variants observed in nature matches very
well with the mutations that are the least disruptive in
minimal and extended HHR studies (Table 5). Indeed, for
all positions of the catalytic core, the identity of bases for
which k., are shown in Table 5 are the most active mu-
tants, after wild type. This correlation is also supported
by the fact that no natural variants have been observed yet
for the positions G5 and A14, both of which are essential

studied earlier corresponded to a single
base between positions A9 and G10.1
of many natural variants, which ex-
hibited k,,s comparable to typical
HHRs (De la Pena and Flores 2001;
Shepotinovskaya and Uhlenbeck 2008, 2010). The most
notable novel insertions were two bases found upstream of
C3 in two different ribozyme sequences. Both of these
instances originate from solar salterns (Perreault et al.
2011), environments with saturating concentrations of
salts. Although neither of them cleave efficiently at standard
concentrations of Mg”", their cleavage rate in 100 mM
Mg** (physiological concentration in this case) is compa-
rable to other ribozymes (Perreault et al. 2011). Potential
implications for Mg**-dependent regulation are evident, as
the corresponding organisms require high-salt concentra-
tion for growth, dilution of their environment thus
represents a dangerous situation requiring rapid adaptation
(Torsvik and Dundas 1980).

Prospective roles of variant HHRs go beyond this ex-
ample. Indeed, regulation implies an on/off switching
mechanism, which is improbable if the ribozyme cleaves
constitutively, like in the rolling circle replication of viroids.
Hence, less active variant ribozymes are more likely to be
turned-on in specific conditions. This is the case of the
glucosamine-6-phosphate-activated gimsS ribozyme (Winkler
et al. 2004) and has been hypothesized for a discontinuous
HHR found in some mammals (Martick et al. 2008; Scott
et al. 2009). The latter harbors a very large loop I (150-1739
nt), which could contain protein-binding sites in addition to
greatly reducing cleavage efficiency, analogous to experi-
mentally selected allosteric HHR with an aptamer in loop II
(Zivarts et al. 2005). Analysis of HDV-like ribozymes in
mosquitoes showed that both expression levels and the
cleavage extent vary through the developmental stages of
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A Tertiary interactions

FIGURE 3. Structural versatility of stem—stem II interaction. Many
different possible permutations that allow these two stems to interact
are observed. (A) Tertiary interactions between stem I and II. Gray
arrows illustrate the tertiary interaction. HHR examples pictured from
left to right are found in the nematode Schistosoma mansoni (this
example has been crystallized and shows the importance of the tertiary
interaction), the viroid ASBVd, the bacterium Bukholderia oklaho-
mensis, the mouse, and the viroid CChMVd (circled nucleotides are
typically involved in this interaction for HHR sequences found in
viroids). (B) Base-pairing interactions between stems I and II. The
large array of different putative pseudoknots or kissing-loop in-
teractions observed in HHR sequences is pictured. HHR examples
pictured from left to right on the first row are found in the fungus
Yarrowia lipolytica, the mouse and human microbiome, the bacterium
Agrobacterium tumefaciens, and the fly Drosophila pseudoobscura.
HHRs of the second row are found in the crickets Dolichopoda,
marine metagenome, and in the bee Apis melifera.

the insect, suggesting that the ribozyme self-scission is
indeed regulated (Webb et al. 2009). A potential mechanism
of ribozyme regulation may involve short antisense RNAs,
such as those found to map to a putative HDV-like ribozyme
in silkworm retrotransposons (Kawaoka et al. 2008; Ruminski
et al. 2011).

DISCUSSION

The various approaches used to find the HHRs reviewed
herein are complementary, and each has specific advantages
and disadvantages. A sequence homology-based approach
has the advantage of indirectly following evolution’s course,
without any preconceived functional biases and can thus
help find HHRs even if, for example, the tertiary interac-
tion between stems I and II is not fully understood. More-
over, sequence-homology searches are computationally
very fast and allow for scanning of the whole GeneBank
for a HHR motif in a few seconds. A drawback of this ap-

880 RNA, Vol. 18, No. 5

proach is that it relies on known sequences, making it
difficult to find very divergent HHRs. On the other
hand, structure-based approaches rely on the structural
and biochemical data of the RNA that we look for, and
this knowledge is extensive in the case of the HHR. The
disadvantage is that the sequences to be found must
perfectly match the string that is searched for. Therefore,
designing a good descriptor is critical. Furthermore, an
all-encompassing descriptor generates numerous false
positives. To filter these false positives, it is possible to es-
timate the folding free energies of the candidate sequences
and exclude those that do not conform to hammerhead
fold. This filtering might exclude real HHRs that compete
with a more stable structure; on the other hand, it allows
one to predict stably folding HHRs motifs embedded in
longer RNA sequences. Finally, the covariance model in Infer-
nal incorporates both sequence and structure constraints.
While it relies on a secondary structure alignment, it can
find sequences with only a tenuous sequence homology,
relying mostly on structure-based criteria. It also allows
some degree of divergence from the consensus; however, it
is computationally intensive and can require weeks to com-
plete a search on large sequence databases. While all of
these approaches yield many HHRs and overlapping results
have been obtained by our groups, a side-by-side compar-
ison has not been performed on the same sequence data set
to directly compare the methods and evaluate the identified
ribozyme candidates.

A particular feature of natural HHRs, the tertiary in-
teractions between helix I and helix II, have been experi-
mentally confirmed for only a few cases. Nevertheless, most
of the naturally occurring HHRs appear to have such a
conserved interaction (Dufour et al. 2009; Jimenez et al.
2011; Perreault et al. 2011). For canonical types I and III
HHRs, these interactions require not only a few conserved
nucleotides, but also specific lengths of stem I (~6 bp) and
stem II (~4 bp) as found in many of the detected HHRs
(Fig. 2). For those new HHRs showing atypical helix lengths
and loops, future biochemical and structural studies will
help us understand their global architecture. Even so, our
current knowledge of other natural three-helical RNAs
indicates that many different forms of tertiary interactions
are possible among these motifs (de la Pefia et al. 2009;
Jimenez et al. 2011; Perreault et al. 2011).

From a functional point of view, most of the detected
eukaryotic HHRs appear to be associated with short tandem
repeats, which we suggest are retrotransposons of the SINE
family. SINEs are repetitive elements amplified in the ge-
nomes via RNA intermediates that use the propagation mach-
inery of autonomous retrotransposons. For the case of
HHR-containing SINEs, the ribozymes may function in
self-cleavage of oligomeric transcripts to yield SINE mono-
mers in a fashion similar to the originally proposed rolling-
circle replication of RNA plant pathogens, like viroids and
viral satellite RNAs. Alternatively, the overhangs generated
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TABLE 5. Divergence from consensus observed in natural variants

Consensus Natural variants Reference Artificial variants Reference
Stem | (NTN2)
ins UG® or GC (Perreault et al. 2011)
C3G8 U3,* U3A8 (Perreault et al. 2011) U3 < 0.02, U3A8 ~0.4, (Ruffner et al. 1990; Przybilski
G3C8 ~0.08-0.8 and Hammann 2007b)
U4 C4 (Ambros and Flores 1998) C <0.007 (Ruffner et al. 1990)
G5 none observed no cleavage (Ruffner et al. 1990)
A6 C6 (Perreault et al. 2011) C <0.005 (Ruffner et al. 1990)
ins A (Perreault et al. 2011)
N7
A9 U9 (Przybilski and Hammann 2007a) U <0.06 (Ruffner et al. 1990)
frequent ins N (Rocheleau and Pelchat 2006; N ~1 (De la Pena and Flores 2001;
Forster and Symons 1987a; Warashina et al. 2004)
De la Pefia and Flores 2001)
G10.1C11.1 UT0-U11 mispair (Perreault et al. 2011) U10U11 = 0.35, (Ruffner et al. 1990; Long and
(G10U11 = 0.43) Uhlenbeck 1994)
Stem Il single bp stem (Perreault et al. 2011) single bp stem ~0.1 (Tuschl and Eckstein 1993)
G12 none observed G 0.002-0.02 (Ruffner et al. 1990)
A13 G13 (Przybilski and Hammann 2007a) G <0.03 (Ruffner et al. 1990)
ins U (Perreault et al. 2011)
Al4 none observed no cleavage (Ruffner et al. 1990)
A15.1U16.1 U15A16 (Perreault et al. 2011) U15A16 < 0.002, 0.02-0.3 (Ruffner et al. 1990; Kore
et al. 2000)
Stem Il single bp stem (Forster and Symons 1987a) single bp stem (Forster and Symons 1987a)

(ins) Insertion, (N) any base, (H) A, C, or U.
“Indicate multiple covarying positions for a given ribozyme.

Artificial mutants, list of relative cleavage rates of mutants compared with wt, data from Ruffner et al. (1990) correspond to a minimal HHR

model.

by the self-cleavage reaction might be a requirement for the
genomic integration of such sequences (Fig. 4A). This could
explain the predominance of type I HHRs in SINEs, because
this topology is more favorable to the proposed mechanism
in Figure 4A. On the other hand, HHR activity in repeti-
tive genomic sequences might negatively influence the
production of piRNAs (Fig. 4B). HHRs are not the only
catalytic RNA motifs associated with retrotransposons:
Recent analysis of autonomous retrotransposons (LINEs)
revealed that many are terminated by HDV-like self-cleaving
ribozymes, suggesting that in some species HHRs and
HDV-like ribozymes are dedicated to processing of SINE
and LINE elements, respectively (Ruminski et al. 2011).
This dedicated processing, however, does not seem to take
place in mammals, where the two ribozyme families
do not appear to be associated with retrotransposons
(Salehi-Ashtiani et al. 2006; Martick et al. 2008; de la Penia
and Garcia-Robles 2010a; Perreault et al. 2011; Seehafer
et al. 2011).

In amniotes, the elevated conservation of intronic
HHRs suggests that they have a specific biological
function in mRNA biogenesis yet to be characterized.
As a parsimonious hypothesis, these HHRs, which show
a high sequence and structural similarity to those from
retrotransposons from lower metazoans (Martick et al.
2008; de la Pefia and Garcia-Robles 2010a), may play an

exapted/domesticated role in the control of alternative
splicing in a similar way to the recently described artificial
intronic HHRs (de la Pena and Garcia-Robles 2010a; Pastor
et al. 2011).

The ubiquity of HHRs suggests that these ribozymes are
either ancient and were maintained in functional form
throughout evolution, or that they can arise independently
several times. The 11 conserved nucleotides of the catalytic
core, together with three flanking helices require about 40
bits of information (two bits for all invariant positions and
two for each base pair, assuming a minimum of three base
pair per helix), without any requirements for tertiary con-
tacts. Thus, the frequency of this minimal ribozyme struc-
ture in a random sequence would be about 10~ ' and lower
if longer helices and tertiary contacts are required, sug-
gesting that the ribozymes are not likely to have evolved
independently many times. On the other hand, a large scale
meta-analysis of the newly discovered sequences described
here indicated distinct coevolutionary patterns for HHRs of
different topology and genomic location (F Hoffgaard, C
Seehafer, K Hamacher, and C Hammann, unpubl.). This
observation points toward an independent appearance of the
HHRs a few times in evolution. This scenario is also
supported by the analysis of self-cleaving ribozymes isolated
using an in vitro selection from a random library (Salehi-
Ashtiani and Szostak 2001), which showed that active HHRs
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(overhang produced
by an endonuclease}

95’ % P § § ;
g 3 L] : & E| .
A u LY A-T A T-A A T-A
G G G €-6 G G-cC G G6-C
u v U A-T u T-A u T-A
U ¢ U G-¢ u c-G u c-6
UG G A ue g it Uus 6 A-T UG 6  A-T.
A A C U A A c & A A C T ¥ A A C T 3
A C C-G A C c A C GC-G A C C-6
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FIGURE 4. Possible function of the HHR in genomes. (A) HHR-mediated integration of nucleic acid sequences in genomes. (B) Self-
cleavage of HHR sequences within transcripts of repeats or transposon clusters might interfere with the production of piRNAs or other

small RNAs.

can arise independently several times, providing an example
of convergent molecular evolution. However, the diversity of
the starting DNA pool was likely on the order of 10'°, and so
the HHR motif is statistically likely to be found there. This
result stands in contrast to the structurally and informa-
tionally more complex HDV-like ribozymes, which are also
widespread in nature (Webb et al. 2009; Ruminski et al.
2011; Webb and Luptak 2011), but have not been identified
using in vitro selection experiments.

The biological roles of the newly discovered HHRs are
currently under investigation, and several scenarios can be
imagined. The common feature is the bisection of a tran-
scribed RNA by the catalytic RNA motif. This reaction in
itself might serve, for example, to uncouple two or more
physically coupled genetic units. Alternatively, the reaction
products might be substrates for subsequent reactions, be it
RNA-catalyzed ligation, trans-cleavage, or a protein-cata-
lyzed reaction. These alternative scenarios are exemplified

882 RNA, Vol. 18, No. 5

by mammalian ESTs, which intriguingly showed RNA
fusions of HHR-cleaved introns with U5 or U6 snRNAs
(de la Pena and Garcia-Robles 2010a).

Figure 5 displays selected scenarios for the biological
function of different genetic contexts of HHR motifs. They
might simply serve in the processing of polycistronic tRNA
transcripts, as exemplified by a sequence from the marine
metagenome (Fig. 5A). All transcribed HHR motifs might
result in the generation of regulatory small RNAs (Fig. 5B)
and may also help to prevent expression from a bacterial
promoter. This might be instrumental for integration of the
phage DNA sequence in the bacterial genome, as seems
conceivable for the Pseudomonas aeruginosa phage PaP3
(Fig. 5B). A particularly intriguing arrangement is that of
multiple HHRs, as observed in Azorhizobium caulinodans.
Here, the self-cleavage and re-ligation activities of the HHR
motifs might lead to the generation of novel open reading
frames, which might represent a bacterial form of alterna-
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tive splicing (Fig. 5C). Further, RNA
self-cleavage by an HHR might prevent
the generation of two RNA strands of
opposite polarity, which might other-
wise be generated from an mRNA and
a retrotransposon promoter, as exem-
plified for an HHR motif from the
fungus Yarrowia lipolytica (Fig. 5D).
This, in turn, would prevent the genera-
tion of a double strand, and consequently
lead to the prevention or inhibition of
RNAI. Association with mobile elements,
such as phages or SINEs, could explain
the patchy distribution of HHRs, which
are present in all kingdoms, but have
been found in a fraction of sequenced
species (Tables 1, 2, 4).

Either of these pathways appears
attractive, and many more are conceiv-
able. Future experiments will reveal the
real functions that the most widely
distributed small endonucleolytic ribo-
zyme exerts. With this resurgence in
HHR research activity, we can expect
exciting discoveries that will unveil at
least some of the biological roles of
HHRs in the years to come.
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