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The hammerhead ribozyme (HHRz) is an autocatalytic RNA motif found in subviral plant pathogens and transcripts of

repetitive DNA sequences in animals. Here, we report the discovery and characterization of unique HHRzs encoded in a plant

genome. Two novel sequences were identified on chromosome IV of Arabidopsis thaliana in a database search, which took

into account recently defined structural requirements. The HHRzs are expressed in several tissues and coexist in vivo as

both cleaved and noncleaved species. In vitro, both sequences cleave efficiently at physiological Mg2þ concentrations,

indicative of functional loop–loop interactions. Kinetic analysis of loop nucleotide variants was used to determine a three-

dimensional model of these tertiary interactions. Based on these results, on the lack of infectivity of hammerhead-carrying

viroids in Arabidopsis, and on extensive sequence comparisons, we propose that the ribozyme sequences did not

invade this plant by horizontal transfer but have evolved independently to perform a specific, yet unidentified, biological

function.

INTRODUCTION

The hammerhead ribozyme (HHRz) is a small catalytic RNA motif

found in a variety of subviral plant pathogens, including virus

satellite RNAs and some viroids, and in transcripts from satellite

DNAs in various amphibians, schistosomes, and cricket (Prody

et al., 1986; Forster and Symons, 1987; Zhang and Epstein,

1996; Ferbeyre et al., 1998; Rojas et al., 2000). In the subviral

pathogens, the HHRz participates in the rolling circle replication

of the circular RNA. Mobile elements are likely to be the origin of

the HHRz-coding satellite DNAs. The biological function of these

transcripts, however, is unknown. HHRz motifs have not been

identified to date in the genome of plants, with the exception of

a genomically incorporated form of a retroviroid-like element in

carnation (Dianthus caryophyllus) that occurs as tandem repeats

(Daros and Flores, 1995; Hegedus et al., 2004).

HHRzs perform site-specific cleavage of the phosphodiester

backbone by means of a transesterification reaction (summa-

rized in Hammann and Lilley, 2002). By comparison of naturally

occurring sequences, a minimal consensus motif was derived

(Uhlenbeck, 1987; Ruffner et al., 1990) that consists of a strictly

conserved core of 11 nucleotides from which three helices

radiate (Figure 1). Such minimalist HHRzs have been studied

extensively, and the Mg2þ concentration required for both folding

and cleavage is ;10 mM. Recent results from two groups (De la

Peña et al., 2003; Khvorova et al., 2003) indicated that the

presence of loop sequences outside of the catalytic core render

the ribozyme active at considerably lower Mg2þ concentrations

in the micromolar range. This is achieved by tertiary interactions

of nucleotides in loops L1 and L2, which also lead to an altered

metal ion binding of the HHRz core, compared with the minimal-

ist version (Kisseleva et al., 2005). Natural HHRzs with respective

loop sequences in place (Figure 1) also fold under these con-

ditions (Penedo et al., 2004) and show fast cleavage kinetics

(Canny et al., 2004). HHRzs are classified with respect to the

arrangement of helices that surround the catalytic core. The motif

shown in Figure 1 is of type III, in which helix III is not closed by

a loop structure. Accordingly, HHRzs of types I and II have open

helices I and II, respectively. To allow for productive tertiary

interactions between loops L1 and L2, HHRz motifs of types I and

II would need to accommodate internal bulges in helices I and II,

respectively. Although HHRz motifs of type I are found in nature,

for example, in transcripts of satellite DNA in amphibians (Zhang

and Epstein, 1996), type II HHRzs have not been identified to

date. Based on structural requirements for loop–loop interac-

tions as described (De la Peña et al., 2003; Khvorova et al., 2003),

we performed a database search for novel examples of natural

HHRzs of type III.
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RESULTS

Database Search for HHRz Motifs

Using conserved sequences of the catalytic core and structural

features necessary for efficient cis hammerhead cleavage as

restriction parameters, we searched the EMBL database for

HHRz motifs. To this end, we used a pattern description lan-

guage (D’Souza et al., 1997), as in a recent search for double-

stranded RNA inDictyostelium discoideum (Gräf et al., 2004). For

type III HHRzs (Figure 1), the result of this search was 302

sequences, the majority of which (180) corresponded to anno-

tated HHRzs from a variety of satellite RNAs and some viroids.

Another 94 sequences stemmed from synthetic or patented

constructs. Among the remaining sequences, we found two that

originated from the genome of Arabidopsis thaliana, which were

the only new examples encoded in a plant genome. This singular

occurrence in only one plant genome presumably reflects the

limited availability of sequence data, and we anticipate that ad-

ditional examples are encoded in other plants, the genomes of

which have not yet been analyzed. A summary of this database

search is included in Supplemental Table 1 online. The probability

of a type III HHRz (as defined by our search pattern; see Meth-

ods) to occur once in a random sequence is only 1.7 3 10�10,

whereas the Arabidopsis genome has a size of 1.2 3 108 bp only,

indicating that the presence of the two sequences should not

occur by chance.

HHRzs in the Genome of Arabidopsis

The two HHRz sequences of Arabidopsis, termed Ara1 and

Ara2, are located within 5 kb on chromosome IV at positions

15,027,890 to 15,027,834 and 15,032,903 to 15,032,847 (Figure

2A). They both are oriented in the antisense direction, either at

the 39 end of an open reading frame or between two open reading

frames. These open reading frames are annotated as At4g30860

and At4g30870 (Arabidopsis Genome Initiative, 2000; Rhee et al.,

2003). The sequences of both hits contain, as required by our

database search, the 11 strictly conserved nucleotides of the

catalytic core of natural HHRzs (Figure 1). In both sequences,

stem I is 6 bp long and closed by an eight-nucleotide loop,

whereas stem II is 4 bp long and closed by a six-nucleotide loop.

However, not only these structural features but also the se-

quence of the HHRz domains are identical, with the exception of

two nucleotides, one located in loop L1 and one in loop L2 (Figure

2B). These variable positions are occupied in Ara1 by a C in loop

L1 and by a U in loop L2, whereas these nucleotides are reversed

in Ara2. Also, the context of the two HHRz domains is surprisingly

well conserved, as sequences 219 nucleotides upstream and 25

nucleotides downstream of Ara1 and Ara2 are 95% identical. An

alignment of the two sequences is shown in Supplemental Figure

1 online. We termed this stretch of ;300 nucleotides the HHRz-

containing consensus sequence.

HHRz-Containing Sequences Are Expressed in Various

Tissues of Arabidopsis

To assess whether the sequences are present merely at the DNA

level or are transcribed in vivo, we used two independent

experimental approaches, RT-PCR and S1 nuclease assay. For

RT-PCR, we isolated RNA from leaves, flowers, pods, and

stems. First-strand cDNA synthesis was performed using two

specific primers, one located 212 nucleotides downstream of the

consensus sequence (HH-Rev2) and one directed against the

39 end of the 300-nucleotide consensus sequence (HH-Rev1)

(Figure 2C). After removal of template RNA by alkaline treatment,

PCR was performed using primers specific for the consensus

sequence that would give a signal for an RNA in which HHRz

cleavage has not occurred. No RT-PCR product was observed

for the cDNAs prepared from HH-Rev2 (Figure 2D). However,

Figure 1. The HHRz.

Scheme of the catalytic core of the HHRz with stems I, II, and III indicated. The 11 strictly conserved nucleotides are shown in boldface, with

conventional numbering (Hertel et al., 1992). The cleavage site is indicated by an arrow. Ribozymes missing the loops at the ends of stems I and II

(dashed lines) require Mg2þ concentrations in the 10 mM range for folding and activity (summarized in Hammann and Lilley, 2002). In the full natural type

III HHRzs, as shown, the loop sequences can interact, leading to folding and accelerated cleavage in the micromolar Mg2þ range (De la Peña et al.,

2003; Khvorova et al., 2003; Canny et al., 2004; Penedo et al., 2004).
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Figure 2. HHRzs in Arabidopsis.

(A) Chromosomal localization of the two motifs in the genome of Arabidopsis. The HHRz sequences Ara1 and Ara2 are found within 5 kb in the antisense

orientation to open reading frames (ORFs) on chromosome IV.

(B) Secondary structures of the HHRz domains. Variable positions in loops L1 and L2 are indicated. In Ara1, the variable positions are occupied by a C in

loop L1 and a U in loop L2, whereas in Ara2, these nucleotides are replaced by U (loop L1) and C (loop L2).

(C) Design of primers and antisense RNA used in RT-PCR and the S1 nuclease assay. The HHRz-containing 300-nucleotide consensus sequence is

shown in light gray, and the 66-nucleotide hammerhead motif within is shown in dark gray. The positions of primers HH-Rev1, HH-Rev2, and HH-For for

RT-PCR are indicated, as is the position of the 62-nucleotide (nt) antisense (AS) probe used in the S1 nuclease assay.

(D) RT-PCR of RNA isolated from the indicated organs. For first-strand cDNA synthesis, the specific primers HH-Rev1 and HH-Rev2 were used. PCR

was performed using the specific primers HH-Rev1 and HH-For that amplify the uncleaved 300-nucleotide HHRz-containing consensus sequence. R

denotes the signal of the RT-PCR product, and P indicates a band generated by the primers. In the control reactions (�RT), PCR was performed on RNA

that had not been subjected to first-strand cDNA synthesis, and 0 refers to a template-free control PCR. M denotes a 100-bp marker. Bands were

visualized by ethidium bromide staining.

(E) Nuclease S1 protection assay. Total RNA (0.5 mg) of the indicated tissues was hybridized to a 62-nucleotide antisense RNA of the hammerhead

domain. S1 nuclease was used to digest single-stranded RNA. As size markers, a non-S1–treated antisense probe and an in vitro transcript of the

66-nucleotide Ara1 sequence, which self-cleaves in the course of the transcription, were included, resulting in fragments of 54 and 12 nucleotides (the

latter not visible on the gel). As a negative control, the antisense RNA probe was digested with nuclease S1 (AS probe þ S1). RNA was visualized by

exposure to x-ray films.
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RT-PCR using the HH-Rev1–primed cDNAs resulted in bands of

the expected size on RNA isolated from leaves, flowers, and

stems but not from pods. RT-PCR products were cloned and their

identities confirmed by sequencing. An identical PCR procedure

was performed on RNA that had not been subjected to an RT

reaction; the negative results (�RT in Figure 2D) exclude the

possibility that the observed signals for the HH-Rev1–primed

cDNA were caused by contamination with genomic DNA. The

observation that HH-Rev1–primed cDNAs gave rise to a PCR

product, whereas HH-Rev2–primed cDNAs did not, indicates

that the end of the primary transcript is located between these

two primers. Our search for transcriptional motifs common to

both sequences gave no result. Furthermore, we found no ap-

propriate annotations in databases. This is not surprising, how-

ever, given the largely unknown nature of promoters for RNA

genes compared with those for protein genes.

From the RT-PCR experiments, it was not possible to assess

whether HHRz cleavage occurred in vivo. To address this ques-

tion, we could not use RT-PCR because the first-strand cDNA

primer HH-Rev1 binds very close to the HHRz cleavage site.

Instead, we used a nuclease S1 protection assay. An in vitro

transcribed 62-nucleotide radiolabeled antisense RNA of the

HHRz motif (Figure 2C) was hybridized to 0.5 mg of RNA isolated

from the aforementioned tissues and subsequently treated with

DNase I. Under the experimental conditions applied here, nu-

clease S1 digests single-stranded RNA but not double-stranded

RNA. If HHRz cleavage occurred in vivo, nuclease S1 treatment

would lead to a truncated antisense RNA of the size of the 59

cleavage product (54 nucleotides), whereas the size of the probe

should remain unchanged for sequences that did not undergo

HHRz cleavage. In a first exposure of the gel, when the size

markers for cleaved HHRz and antisense RNA in the control

lanes were already visible (Figure 2E, left), we detected no signal

in the S1-treated samples (data not shown). However, upon

reexposure for a longer period, we observed specific signals of

the size of both cleaved and noncleaved HHRz sequences in S1

nuclease–treated RNA from leaves, flowers, and stems and

a considerably weaker signal for RNA from pods (Figure 2E,

right). This finding is consistent with the lack of a signal by

RT-PCR on RNA from pods.

These results show that HHRz-containing transcripts are ex-

pressed in various organs in Arabidopsis and that they exist in

vivo both as unprocessed and as cleaved species.

In Vitro Cleavage Activity of the Arabidopsis HHRzs

Recent results indicated that an interaction between loops in

natural HHRz sequences is essential for efficient intracellular

cleavage (De la Peña et al., 2003; Khvorova et al., 2003). Because

we had observed HHRz cleavage in total RNA prepared from

different organs, we then analyzed the cleavage behavior of the

Arabidopsis sequences in vitro.

Initially, we investigated the cleavage of the two wild-type

sequences Ara1 and Ara2. Full-length RNA was gel-purified from

transcription reactions performed in the presence of antisense

DNA oligonucleotides, the presence of which was necessary to

prevent RNA self-cleavage in the course of the transcription

reaction. For cleavage reactions, RNA was incubated at 258C in

0.6 mM MgCl2, and the reaction was stopped by quenching with

EDTA. Reaction products were separated by PAGE on 20% gels

containing 7 M urea and visualized by phosphor imaging (Figure

3A). Data were fitted to a single exponential, resulting in a cleav-

age rate constant (kobs) value of 2.2 min�1 for both wild-type

sequences (Figures 3C and 3D). Although cleavage at these

near-physiological Mg2þ concentrations was incomplete, similar

to observations made by others (Khvorova et al., 2003), the fast

cleavage rates were indicative of functional loop–loop interac-

tions (De la Peña et al., 2003; Khvorova et al., 2003; Canny et al.,

2004; Penedo et al., 2004).

To study the importance of loop nucleotides for the cleavage

reaction, we created a series of sequence variants (Figure 3D). As

HHRz sequences without any loop–loop interactions, we de-

signed variants L1pC and L2pC, in which nucleotides in loops L1

and L2, respectively, were replaced by a consecutive stretch of

cytidines, as well as the combination of both variants (L1L2pC;

Figure 3D). Independent of productive loop interactions, HHRzs

do cleave under increased, nonphysiological MgCl2 concentra-

tions, at which they behave as minimalist ribozymes. Therefore, it

was not surprising that complete cleavage of these variants,

similar to the wild-type Ara1 sequence, was observed in the

course of an uninhibited transcription reaction that contained

20 mMMgCl2 (Figure3B; data notshown). In starkcontrast to this,

the L1pC, L2pC, and L1L2pC variants were essentially inactive

when tested for cleavage activity at 0.6 mM MgCl2 (Figures 3C

and 3D). These results show that the cleavage activity of the

Arabidopsis sequences depends under near-physiological Mg2þ

concentrations on productive loop–loop interaction, as observed

for other natural HHRzs (De la Peña et al., 2003; Khvorova et al.,

2003; Canny et al., 2004; Penedo et al., 2004).

To analyze loop–loop interactions further, we changed the

variable loop position CU (Ara1) and UC (Ara2; Figure 2B) to CC

and UU (Figure 3D). Observed cleavage rates for these variants

were near those of the wild type, showing that these changes did

not affect interactions adversely. When loop sequences were

changed to consecutive stretches of adenosines (L1pA, L2pA,

and L1L2pA; Figure 3D), we observed HHRz cleavage, although

at slightly reduced rates. These findings indicate that the

structures of the loops and their resulting interactions are sub-

optimal with all-purine loops. When one of the three adenosines

was removed from loop L1 (variant L1DA; Figure 3D), cleavage

was faster than for the wild-type sequences. Conversely, short-

ening loop L2 by the removal of the two 59 adenosines (variant

L2DAA; Figure 3D) or exchanging its sequence with the loop L2

sequence GUGA of the satellite RNA of Tobacco ringspot virus

(sTRSV; Buzayan et al., 1990) (variant L2GUGA; Figure 3D)

caused a decrease of kobs. This effect could not be rescued for

either variant by also changing loop L1 to the otherwise advan-

tageous variant L1DA (variants L1DA L2DAA and L1DA L2GUGA,

respectively; Figure 3D).

Modeling Loop–Loop Interactions in the Arabidopsis HHRz

The structure of the HHRz core has been determined by

crystallography (Pley et al., 1994; Scott et al., 1995). However,

this minimal ribozyme is 100-fold less efficient than the entire

ribozyme in which helices I and II interact through their apical
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Figure 3. Cleavage Activity of the Arabidopsis HHRzs and Sequence Variants.

(A) Representative time course of the cleavage reaction of Ara2. The reaction was performed at 258C in 10 mM Tris-HCl, pH 7.6, 0.1 mM EDTA, and

10 mM NaCl and started by the addition of 0.6 mM MgCl2. The reaction was stopped at different times by mixing aliquots with EDTA, products were

separated by PAGE on a 20% gel containing 7 M urea, and the RNA was visualized by phosphor imager analysis.

(B) Representative cleavage reactions of Ara1 and the L2pC variant in the course of an in vitro transcription reaction at 20 mM MgCl2, in which HHRz

cleavage was not inhibited by a DNA oligonucleotide. The sizes of the full-length transcripts (62 nucleotides [nt]) used in this experiment and of the

cleavage products (50 and 12 nucleotides, respectively) are indicated. The RNA was visualized by phosphor imager analysis.

(C) Representative kinetic analysis of the cleavage reactions of Ara1 and the loop variants L1DA and L2pC at 0.6 mM MgCl2. The cleaved fraction

(fcleaved) was plotted against time, and data were fit to a single exponential. Cleavage reactions were performed as described for (A).
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loops. The specific tertiary interactions between these loops in

various natural HHRzs have been modeled (Khvorova et al.,

2003). In the case of the Arabidopsis HHRz, we proceeded as

previously by keeping intact the core structure and modeling the

loop–loop interactions. Throughout this section, we use the con-

ventional numbering system (Hertel et al., 1992). As in the pre-

vious model (Khvorova et al., 2003), the first and last nucleotides

of loop L1 (L1.1 and L1.8, respectively; Figure 4B) form a non-

canonical cis Watson-Crick-Watson-Crick CU base pair adja-

cent to a bulged pyrimidine, L1.7 (Leontis and Westhof, 2001).

The remaining five bases (L1.2 to L1.6) can form a triloop closed

by a standard base pair GC, as seen for positions 326 to 330 in the

Haloarcula marismortui 23S rRNA structure (Ban et al., 2000; Lee

et al., 2003). To build loop L2, the hexaloop closing helix 68 in

H. marismortui 23S rRNA was used. In the x-ray structure, the

closing pair of this loop is a trans Hoogsteen-Sugar edge, and

nucleotides at positions 4 and 5 are implicated in tertiary

contacts. In our model (Figure 4C), the corresponding nucleo-

tides at positions L2.4 and L2.5, as well as that at position L2.3,

make interactions with loop L1. In this model, the Watson-Crick

faces of L1.7 and L2.5 form a pseudo-trans Watson-Crick-

Watson-Crick base pair, L1.5 and L2.4 form a cis Hoogsteen-

Hoogsteen base pair, and L1.4 and L2.3 form a pseudo-cis

Watson-Crick-Hoogsteen base pair. This model is in good agree-

ment with the kinetic data from the loop variants (Figure 3D). The

observed rate constants are near wild type when bases at

variable positions L1.7 and L2.5 are replaced by CC or UU (the

trans Watson-Crick-Watson-Crick base pair is more stable in

these two cases than with CU or UC). The catalytic efficiency is

improved by the removal of one A in loop L1, which confirms the

absence of a stable GNRA tetraloop in spite of the GAAA

sequence. The reduction of kobs caused by the replacement of

loop L2 with the shorter loops GUGA or GGCA might seem

surprising, given the involvement of such a stable GUGA tetra-

loop in equivalent interactions in the sTRSV RNA. However, in

sTRSV RNA, loop L1 has a different sequence, allowing for other

types of contacts that could not be formed with the native

Arabidopsis L1 loop (Khvorova et al., 2003).

DISCUSSION

Research on the HHRz has received a new direction from the

ground-breaking data produced by the groups of Khvorova and

Flores (De la Peña et al., 2003; Khvorova et al., 2003), who

realized that interacting loops at the ends of stems I and II of

natural sequences are required for efficient cleavage of HHRzs

under near-physiological Mg2þ concentrations, whereas minimal

versions are virtually inactive (Figure 1). For our database search,

we used a descriptive pattern that included structural require-

ments for these tertiary interactions, which led to the discovery of

new HHRzs in Arabidopsis. The in vitro cleavage behavior of

these ribozymes is similar to that of other natural sequences with

intact loops in place (De la Peña et al., 2003; Khvorova et al.,

2003; Lilley, 2003; Penedo et al., 2004), as they are active at

Mg2þ concentrations in the submillimolar range with cleavage

being incomplete (Figure 3A). In agreement with this, cleaved and

noncleaved RNA species coexist in vivo (Figure 2E). To investi-

gate the tertiary interactions between the apical loops respon-

sible for this behavior, we created a series of sequence variants

(Figure 3D). Based on their kinetic properties and on previous

crystallographic data, a three-dimensional model with a complex

array of interactions within and between bases in loops L1 and L2

is proposed (Figure 4).

HHRz sequences in satellite DNA from amphibians, cave

cricket, and schistosomes (Forster and Symons, 1987; Zhang

and Epstein, 1996; Ferbeyre et al., 1998; Rojas et al., 2000) are

likely to have originated from genomic incorporation of mobile

genetic elements. In the plant kingdom, there is also an example

of genomic incorporation of a HHRz-containing sequence, that

of the Carnation small viroid–like RNA (CarSV RNA). The DNA

form of this retroviroid-like element exists in carnation as tandem

repeats and is also found fused to the DNA of a carnation

caulimovirus (Daros and Flores, 1995; Hegedus et al., 2004). For

the sequences from Arabidopsis, such an incorporation event

seems less likely for a variety of reasons. Despite some structural

similarity, no sequence similarities were found between the 300-

nucleotide conserved stretch (Figure 2C) containing the HHRzs

in Arabidopsis and known viroids, particularly those of the HHRz-

bearing family Avsunviroidae (Flores et al., 2004; Tabler and

Tsagris, 2004). Also, in viroids of this family, HHRz motifs are

found on strands of both polarities, presumably for processing of

multimeric viroid RNAs in chloroplasts. In the antisense strand

of our sequences, we detected no hammerhead or hairpin

ribozyme motif, nor was the antisense RNA of the consensus

sequence catalytically active (data not shown). Furthermore,

Arabidopsis is naturally not infected by viroid species carrying

HHRzs, and recent data using this plant as an artificial host

indicate that a viroid of the family Avsunviroidae is poorly

processed in planta (Daros and Flores, 2004; Matousek et al.,

2004). This argues against an evolutionary origin of the HHRzs in

Arabidopsis by incorporation of the cDNA of a hammerhead-like

viroid RNA. However, it does not preclude the possibility that

these sequences could stem from viral satellite RNAs, in which

the HHRz was found originally (Prody et al., 1986), because

HHRzs in some of these pathogenic RNAs are found exclusively

on the plus polarity strand. Yet, the lack of sequence similarity

to viral satellite RNAs argues against such a possibility, and

the presence of only two HHRz sequences in the genome

of Arabidopsis is also not consistent with this idea, because

a much greater frequency of occurrence would be expected.

Given the high conservation of the sequences that surround

the two HHRz motifs in Arabidopsis, as well as their close

Figure 3. (continued).

(D) Summary of loop sequences in the two natural variants (Ara1 and Ara2) and several artificial variants used in this study. Each panel shows loop L1

(59 to 39 direction) at right and loop L2 (39 to 59 direction) at left. The cleavage rate constants (kobs), obtained from cleavage reactions as described for

(A), are indicated at the bottom of each panel.
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Figure 4. Modeling of the Arabidopsis HHRz Ara2.

(A) Secondary structure.

(B) Secondary structure of the same motif with the proposed tertiary contacts of the model. Loop nucleotides are numbered according to the

conventional numbering system (Hertel et al., 1992). The secondary structure contained within the black box is derived from the crystallographic

structure reported previously (Scott et al., 1995), and the modeled regions are shown in red. The tertiary interactions and other noncanonical base pairs

are indicated using specific symbols (Leontis and Westhof, 2001).

(C) Proposed three-dimensional model. The color code corresponds to that used for the secondary structure. The non–Watson-Crick base pairs within

and between the loops are shown at right.
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chromosomal location, it is likely that they are derived from one

another by duplication and translocation events. This fact

suggests that these sequences originated from a single, in-

dependent event, in agreement with the proposed multiple

origins for HHRzs inferred from in vitro selection experiments

(Salehi-Ashtiani and Szostak, 2001). An independent evolution of

the HHRzs in Arabidopsis is supported by the lack of any

apparent sequence similarity to any other plant entry in the

databases, both for the catalytic motif (Figure 2B) and for the

300-nucleotide conserved stretches that contain them (Figure

2C). The sequence conservation, expression in various organs,

and in vivo activity of the novel HHRzs suggest a still unidentified

biological function in the plant. Because of their unique features,

also compared with the DNA form of CarSV RNA, we conclude

that the Arabidopsis sequences are unique examples of HHRzs

encoded in a plant genome and, in a more general context, the

only HHRz motifs genomically encoded but not forming part of

a satellite DNA.

METHODS

Database Search

As a pattern for a hammerhead type III ribozyme, we used the conserved

sequence features (Uhlenbeck, 1987) and the structure descriptions (De la

Peña et al., 2003; Khvorova et al., 2003) that were proposed to be critical

for activity in low Mg2þ concentrations: that is, a stem III of 5 to 6 bp

beginning with an AU (positions 15.1:16.1 in standard nomenclature), a

stem I of 5 to 7 bp with a 3- to 13-nucleotide hairpin loop, and a stem II of 4

to 5 bp beginning with a GC (positions 10.1:11.1) and a 3- to 6-nucleotide

hairpin loop. We used PatScan (D’Souza et al., 1997) with this pattern,

allowing for one mismatch in stem I, for a search in the EMBL library

(release 78). Details of this pattern and the outcome of the search are

presented in Supplemental Table 1 online. After the elimination of re-

dundant hits, they were sorted according to the thermodynamic stability

of their secondary structures, as predicted by RNAfold (Hofacker, 2003).

The hits toArabidopsis thaliana chromosome IV sequence ranked highest

on the final list, with a free energy DG0 ¼�25.7 kcal/mol. An alignment of

the two conserved sequences, which contain the HHRzs from Arabidop-

sis, was performed using Clustal (Jeanmougin et al., 1998) and is shown in

Supplemental Figure 1 online.

For estimation of the number of expected hits, we calculated the

probability of occurrence of our HHRz pattern. For the probability of

nucleotides, we used frequencies according to the base composition of

the Arabidopsis genome, and for helical regions, we took into account the

base pairing rules including GU wobble pairs, then added the probabil-

ities according to all different alternatives attributable to the allowed

mismatch in stem I and the stem length alternatives.

RNA Isolation

RNA was isolated from Arabidopsis ecotype Columbia (Col-0, N1092).

Fresh tissue (100 mg of flowers, stems, leaves, or pods) was shock-frozen

in liquid nitrogen and ground in a tissue mill precooled at �808C. One

milliliter of lysis buffer (50% guanidinium thiocyanate, 0.5% sarkosyl, and

25 mM sodium citrate, pH 7.0) was added, and the mixture was

phenolized immediately. RNA was precipitated with ethanol and resus-

pended, with its concentration being spectrophotometrically adjusted

and its integrity checked on 1.6% agarose gels containing 20 mM

guanidinium thiocyanate.

RT-PCR

Before the RT reaction, the RNA preparation was digested with DNase I to

prevent contamination by genomic DNA. This RNA (0.5 mg) was hybrid-

ized to 5.4 pmol of the first-strand primers HH-Rev1 and HH-Rev2. Syn-

thesis of cDNA was performed using 200 units of Moloney murine

leukemia virus reverse transcriptase (Fermentas, St. Leon-Rot, Germany)

for 50 min at 428C, according to the manufacturer’s instructions. After

alkaline treatment for 20 min, 30 cycles of PCR were performed using

primers HH-For and HH-Rev1. For the �RT negative control, RNA that

had not been subjected to reverse transcription but that otherwise had

been treated identically was used as template in the PCR. RT-PCR

products were cloned into pGEM-Teasy (Promega, Mannheim, Germany)

and their identities confirmed by sequencing.

S1 Nuclease Protection Assay

For this purpose, a 62-nucleotide radiolabeled antisense RNA, which

corresponds to the hammerhead domain, was prepared by in vitro

transcription (see below). DNase I–treated total RNA (0.5 mg) was

hybridized overnight to this antisense probe at 628C in a total volume of

30mL of hybridization buffer (75% formamide, 40 mM Pipes, pH 6.4, 1 mM

EDTA, and 400 mM NaCl). Nuclease S1 (150 units) was added in 300 mL

of S1 buffer (Fermentas), and the mixture was incubated for 30 min at

378C. After proteinase K treatment, the mixture was phenolized and the

RNA was precipitated with ethanol, resuspended, and resolved by PAGE

on 16% gels containing 7 M urea. Bands were visualized by exposure to

x-ray films.

Transcription of RNA

Templates for the transcription of antisense RNA and ribozymes were

made by recursive PCR from synthetic DNA oligonucleotides. To ensure

efficient transcription, either GGG or GCG was inserted after the T7

promoter sequence. RNA was transcribed using T7 RNA polymerase

(Milligan et al., 1987) in 40 mM Tris-HCl, pH 8.0, 20 mM MgCl2, 2 mM

spermidine, 0.01% Triton X-100, with 0.5 mM rATP, rGTP, or rCTP or

0.1 mM rUTP and in the presence of [a-32P]UTP. For the transcription of

ribozyme sequences, DNA antisense oligonucleotides covering the

catalytic core were included. Full-length RNA was purified by PAGE on

20% gels containing 7 M urea and eluted from excised gel slices with

0.7% SDS/13 TE (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA) overnight.

Eluted RNA was phenolized, recovered by ethanol precipitation, and

dissolved in water. RNA was snap-cooled in 10 mM Tris-HCl, pH 7.6, 0.1

mM EDTA, and 10 mM NaCl, and cleavage reactions at 258C were started

by the addition of MgCl2 to a final concentration of 0.6 or 20 mM.

Reactions were stopped by adding 3 volumes of loading solution (95%

formamide and 50 mM EDTA). Cleavage products were resolved by

PAGE on 16 or 20% gels containing 7 M urea and quantified by phosphor

imager analysis. Values for kobs were obtained by fitting data to the

equation F(t) ¼ F0 þ F‘(1 � e�kt) (Stage-Zimmermann and Uhlenbeck,

1998). Cleavage reactions were performed at least in duplicate, and

errors in kobs were not >10%.

Structural Modeling

Structural homology modeling was performed using the MANIP package

(Massire and Westhof, 1998).
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