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Introduction

• evolution (RNA world)& genomics

• RNA biology & RNomics                         
(molecular and cellular functions)

• structural biology & structural 
bioinformatics  (structural basis for 
functions)

• enzymology & computational enzymology    
(catalysis)
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Prebiotic & RNA Worlds

selfish elements, 
viroids, 

etc 

self-replication replication,
amplification

Horning & Joyce, PNAS, 2016.Attwater et al., Nat. Chem., 2013.

ribozymes

Martin et al., Life, 2015.
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Virus World 
&

RNA World

« The ancient Virus World and 
evolution of cells » 

Biology Direct 2006, 1:29 http://www.biology-direct.com/content/1/1/29

Page 12 of 27
(page number not for citation purposes)

Evolution of the virus world: origin of the main lineages from the primordial gene poolFigure 2
Evolution of the virus world: origin of the main lineages from the primordial gene pool. Characteristic images of 
RNA and protein structures are shown for each postulated stage of evolution, and characteristic virion images are shown for 
the emerging classes of viruses. Thin arrows show the postulated movement of genetic pools between inorganic compart-
ments. Block arrows show the origin of different classes of viruses at different stages of pre-cellular evolution.
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Viroids: « survivors from 
the RNA World »

• small size 

• high GC

• circRNA

• periodicity

• no protein-
coding

• ribozyme

• error-prone 
replication 

• replication 
fidelity

• replication

• genome 
assembly

• ribosome-
free

• replicationfeatures

functions

Holmes, J. Virol., 2011
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an in vitro transcription system. With a combination of proto-
cols to remove cellular RNAs and, thereby, enrich the de novo 
synthesized (–)-strand PSTVd RNAs from the circular (+)-
RNA templates in potato nuclear extracts and primer extension, 
Kolonko and associates (2006) mapped the transcription initiate 
site on the circular (+)-RNA to U359/C1 of the left terminal loop 
(Fig. 1). Because of the low resolution of sequencing gels, it is 
not possible to determine precisely whether U359 or C1 is the 
exact initiation site. Site-directed mutagenesis in combination 
with infection studies in tomato revealed that the C1G mutation 
was maintained stably, whereas U359G reverted to wild type, 
suggesting that perhaps U359 is the bona fide initiation site. It 
is notable that these data are consistent with previous in vitro 
studies showing that Pol II binds to the terminal loop or loops 
of PSTVd (Goodman et al. 1984). These observations establish 
a basis for further investigations to determine whether the in 
vitro transcription initiation site is the same as that used in vivo. 
The transcription initiation sites on the (–)-strand template also 
remain to be determined. 

A critical issue for all viroids is that bona fide promoter se-
quences have not been characterized fully. This obviously is one 
of the most pressing issues that need to be addressed in order 
to fully understand how viroid RNA templates are recognized 
and transcribed by the cellular machinery. 

RNA motifs and protein factors for cleavage and ligation. 
The sequence and structural conservation of the CCR of several 
members of Pospiviroidae suggests its potential importance in 

viroid processing during replication (Candresse et al. 1990; 
Diener 1986; Hashimoto and Machida 1985; Meshi et al. 
1985; Tabler and Sänger 1985; Visvader et al. 1985). Extensive 
in vitro studies provided evidence to support this hypothesis 
(Baumstark and Riesner 1995). Furthermore, in vitro studies 
with longer than unit-length PSTVd transcripts mapped the 
cleavage and ligation site to between G95 and G96 (Baumstark 
et al. 1997). The first cleavage at the 5′ end of G96 occurs in a 
metastable tetraloop motif, which results in a conformational 
change to form a stable loop E that drives the second cleavage 
at the 3′ end of G95 and subsequent ligation (Baumstark et al. 
1997). Recent work with a minicircle RNA showed that the 
CCR contains all the necessary elements for cleavage and liga-
tion (Schrader et al. 2003). It is important to note that process-
ing also can occur outside CCR, with the specific sites to be 
elucidated (Hammond et al. 1989; Tabler et al. 1992). A key 
question that remains to be answered is whether single or mul-
tiple sites are used for processing in vivo. 

Weak self-cleavage of PSTVd RNAs has been reported by 
some researchers (Robertson et al. 1985) but not by others 
(Tabler and Sänger 1985; Tsagris et al. 1987a,b). It generally is 
thought that a cellular RNase which remains to be identified 
catalyzes the cleavage of concatemeric RNAs (Tsagris et al. 
1987a,b). Reasoning that the general difficulty of demonstrat-
ing self-cleavage of RNAs in Pospiviroidae could be attributed 
to the interference of nonribozyme RNA sequences in the sub-
strates used during in vitro assays, Liu and Symons (1998) 

 

Fig. 3. Asymmetric rolling circle replication of Potato spindle tuber viroid (PSTVd) and symmetric rolling circle replication of Avocado sunblotch viroid
(ASBVd). The secondary structures of the genomic or circular RNAs are sketched to facilitate illustration of the approximate transcription initiation sites.  
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Viroids: Plant Parasites

Ding & Itaya, Mol Plant Microbe Interact, 2007.

10 / Molecular Plant-Microbe Interactions 

amanitin that are known to specifically inhibit Pol II activity 
also inhibit transcription of the (+)-PSTVd template into (–)-
RNAs in assays in which the template was added externally to 
the nuclear extracts prepared from healthy potato plants (Fels 
et al. 2001; Kolonko et al. 2006). Third, co-immunoprecipita-
tion showed that both the (–) and (+) strands of CEVd are 
associated in vivo with the largest subunit of Pol II in tomato 
(Warrilow and Symons 1999). 

Based on the α-amanitin inhibition results, Schindler and 
Mühlbach (1992) proposed that Pol II is directly involved in 
the transcription of both the (–)-linear concatemeric and (+)-
circular PSTVd templates. Given the presence of cellular 
RNA-directed RNA polymerases (RDRs) in plants (Wasseneg-
ger and Krczal 2006), one may ask whether an RDR also plays 
a role in PSTVd replication. For instance, is it possible that Pol 
II transcribes the circular (+)-template whereas an RDR tran-
scribes the linear concatemeric (–)-template? The role of RDR 
in synthesizing double-stranded RNAs as Dicer substrates dur-
ing RNA silencing (Baulcombe 2004; Wassenegger and Krczal 
2006) has been established. Therefore, the involvement of a 
cellular RDR in viroid replication warrants an investigation. 

For the transcription of viroids in Avsunviroidae, two types of 
DNA-dependent RNA polymerases in the chloroplast need to be 
considered: the nuclear-encoded and phage-like single-unit po-
lymerase (NEP) and the plastid-encoded bacterial-like multi-unit 
RNA polymerase (PEP) (Stern et al. 1997). In vitro transcription 
assays with chloroplasts isolated from infected avocado leaves 
suggested that the NEP is involved in ASBVd transcription, 
based on its resistance to tagetitoxin at concentrations that effec-
tively inhibit the transcription of chloroplast genes normally 
transcribed by PEP (Navarro et al. 2000). The possibility that 
another tagetitoxin-resistant machinery is involved in ASBVd 
replication cannot yet be ruled out (Navarro et al. 2000). With 
unsuccessful attempts to establish a transcription system for 
PLMVd in cell extracts of several plant species, Pelchat and 
associates (2002) tested whether the Escherichia coli DNA-
dependent RNA polymerase would transcribe PLMVd in vitro. 
The observed transcription led to the suggestion that, in infected 
plant cells, the PEP catalyzes transcription of PLMVd. However, 
recent work suggests that NEP more likely is involved in the 
transcription of PLMVd in vivo (Delgado et al. 2005). Thus, 
further biochemical and genetic studies will be necessary to 

verify the involvement of the proposed enzyme machinery in the 
transcription of the Avsunviroidae members. In this regard, an in 
vitro system based on purified chloroplasts that can be primed to 
support replication would be valuable. 

It should be pointed out that DNA-dependent RNA poly-
merases not only transcribe viroid RNA templates, but also the 
human hepatitis delta virus RNA (Lai 2005; Taylor 2003). 
These represent remarkable examples of how pathogens have 
evolved the capacity to utilize the cellular transcription machin-
ery for their replication and raise some basic questions of broad 
interests for future investigations. What cellular factors are re-
cruited to transcribe an RNA template by a DNA-dependent 
RNA polymerase? How does the cellular transcription machin-
ery switch between DNA and RNA templates? Do these fac-
tors recognize only RNA templates or do they have the dual 
capacity to recognize DNA and RNA templates for transcrip-
tion? Are these simply special cases in which infectious RNAs 
have evolved structural features to hoax the cellular machinery 
for their selfish purpose, or are they only the tip of the iceberg 
of a cellular system that replicates endogenous RNAs? Investi-
gating these questions may provide new insights into the func-
tions of the cellular transcription machinery and also, perhaps, 
the evolution of these unique pathogens. 

RNA motifs for transcription initiation. Transcription initia-
tion sites have been mapped for two members of Avsunviroi-
dae, using viroid RNAs isolated from infected plants. For 
ASBVd, in vitro capping and RNase protection assays mapped 
the initiation site on the (+)-RNA to U121 and that on the (–)-
RNA to U119, respectively, both located in the A+U-rich ter-
minal loops of the predicted RNA secondary structures (Fig. 1) 
(Navarro and Flores 2000). The initiation site of PLMVd for in 
vitro transcription directed by E. coli polymerase is mapped to 
U332 (Pelchat et al. 2002). RNA-protein footprinting experi-
ments showed that this left loop is the binding site for the β 
and β′ subunits of the E. coli enzyme (Pelchat and Perreault 
2004). The in vivo significance of these sites remains to be 
seen, in light of recent work that mapped the in vivo initiation 
sites of PLMVd to C51 in the (+)-strand RNA and A286 in the 
(–)-strand RNA, in similar 6- to 7-bp double-stranded motifs 
(Fig. 1) (Delgado et al. 2005). 

Mapping the transcription initiation sites for members of 
Pospiviroidae has been achieved only recently for PSTVd using 

Fig. 2. Distinct steps of systemic infection of Avocado sunblotch viroid (ASBVd) and Potato spindle tuber viroid (PSTVd), type members of the two viroid 
families. The mechanisms of the different trafficking steps for the family Avsunviroidae remain to be investigated. (Modified from Ding et al. 2005, with 
permission from Elsevier Ltd.) 
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Viroids: Replication

Rz: hammerhead ribozyme
Flores et al., Viruses, 20099

http://dx.doi.org/10.3390/v1020317
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tion is why the chloroplast and nucleus, but not the mitochon-
drion, are the organelles of choice for the replication of viroid 
RNAs. Resolving these issues is of great interest to broaden 
our knowledge of the molecular processes in these organelles 
and to further our understanding of the molecular basis for the 
evolution of infectious RNAs. 

The enzyme machinery for transcription. The DNA-depend-
ent RNA polymerase II (Pol II) is generally accepted to be in-
volved in the transcription of members of Pospiviroidae. Three 

lines of observations support this hypothesis. First, purified to-
mato Pol II complex can transcribe the (+)-PSTVd RNA tem-
plate in vitro (Rackwitz et al. 1981). Second, α-amanitin inhibits 
the replication of PSTVd (Mühlbach and Sänger 1979; 
Schindler and Mühlbach 1992), Cucumber pale fruit viroid 
(Mühlbach and Sanger 1979), Hop stunt viroid (HSVd) 
(Yoshikawa and Takahashi 1986), and CEVd (Flores 1989; 
Flores and Semancik 1982; Rivera-Bustamante and Semancik 
1989; Semancik and Harper 1984). Low concentrations of α-

Fig. 1. Secondary structures of representative viroids from the two viroid families, Avsunviroidae: Avocado sunblotch viroid (ASBVd) and Peach latent mosaic 
viroid (PLMVd), and Pospiviroidae: Potato spindle tuber viroid (PSTVd). The transcription initiation sites on the viroid genomic RNAs are indicated. Note that
for ASBVd and PSTVd, these sites are mapped to terminal loops. The transcription initiation site for the (–)-PSTVd RNA template remains to be determined. For 
PLMVd, the dashed lines indicate kissing-loop interactions. For PSTVd, the five structural domains (Keese et al. 1985) are indicated. TL = left-terminal domain, 
C = central domain, and TR = right-terminal domain. HPII′ and HPII indicate nucleotide sequences that base pair to form the metastable hairpin II structure.  
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chloroplast. The RNA will then invade neighboring cells and 
reach the phloem to move first into the source and then finally 
to the sink of the plant.37,38 Next to the upper leaves and roots, 
the viroid RNA is also trafficking long distances to infect non-
vascular cells in other tissues, as recently reviewed in reference 2 
and 39. Distinct loops in native viroid structures have been pro-
posed to be involved in either type of movement (cell-to-cell and 
long-distance).40,41 In this model, these RNA motifs are thought 
to interact with certain host proteins that enable viroid traffick-
ing. A series of proteins that appear to be specific viroid binding 
partners have been identified in the past decade; these include in 
cucumber phloem protein 2 that interacts with HSVd,42-44 and in 
tale cress the ribosomal protein L5 and transcription factor IIIA 
that interact in vitro with PSTVd.45 Of particular interest are 
the avocado chloroplastic protein PARBP33 that interacts with 
ASBVd in vivo and promotes ASBVd self-cleavage in vitro,29 and 
the viroid RNA-binding protein 1 (Virp1), which interacts with 
PSTVd in tomato and tobacco,46 and which has been shown to be 
essential for infectivity in tobacco plants.47

Details on the exact function of these proteins in viroid traf-
ficking are currently under investigation. Propagation of viroids 
between plants is mediated by vegetative propagules, seed/pollen 
and arthropod transmission,48-50 notably also from symptom-free 
hosts.

Viroid symptoms. Depending on both the host and the 
viroid species, the observed symptoms upon infection can vary 

rolling-circle mechanism (Fig. 2C).28 In this, processing of mul-
timeric replication intermediates into monomeric units is per-
formed by hammerhead ribozyme motifs contained in strands of 
both polarities.28,29 In this aspect, Avsunviroidae resemble certain 
(virus-dependent) satellite RNA, which, however, feature ham-
merhead and hairpin ribozymes in the strands of plus and minus 
polarity, respectively.30 It is currently unknown whether or not 
the second step of the RNA processing, namely the ligation step, 
is also mediated in planta by the hammerhead ribozyme motifs 
in these viroids. In vitro data on such natural ribozyme motifs 
shows that they have the capacity to perform this reaction.31-34

Viroid Infection

While replication of viroids in planta is necessary for infectivity, 
it is not sufficient. Studies in the model plant Arabidopsis thali-
ana show that it possesses the machinery for viroid replication 
and processing.35,36 While these are executed to a certain extent, 
movement of viroids appears to be the limiting step, which pre-
vents the use of the large methods repertoire established for A. 
thaliana in the further analysis of viroid infection. Viroid infec-
tion thus relies on movement of the viroid RNA in the plant, 
while symptoms depend on both the host and the viroid strain.

Systemic infection and viroid trafficking. In order to estab-
lish systemic infection, viroids have to exit the site of replica-
tion, i.e., Pospiviroidae leave the nucleus and Avsunviroidae the 

Figure 1. Structure and replication of Pospiviroidae. (A) Schematic representation of the consensus secondary structure of the 359 nt circular (+) PSTVd 
with the five functional domains. TL: Left terminal domain, P: pathogenicity-modulating domain, C: conserved central core, V: variable domain, TR: 
right terminal domain.11 (B) Replication follows an asymmetric rolling-circle mechanism.12 For details, see text.

Hammann & Steger, RNA Biol., 2012.
11
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can produce severe or close to no symptoms. This is exempli-
fied by the “Diener” PSTVd strain (GenBank AC M88678) that 
produces a classical and intermediate stunting phenotype in the 
tomato cv Rutgers, while other tomato cvs are essentially lacking 
any symptoms (see also “The vsRNA cluster in hotspots”).52,53 
Tomato cv Rutgers, however, are not generally damaged by 
PSTVd, as the mild strain QFA (AC U23059) does only show 
mild symptoms, while strain AS1 (AC AY518939) induces strong 
dwarfing and necrosis. These differences in symptoms are often 
associated with sequence changes in the so-called pathogenicity-
modulating (P) domain of PSTVd (Fig. 1A), which lead to an 
altered thermodynamic stability of the P domain.54-56 This asso-
ciation, however, does not necessarily hold true for all PSTVd 
strains; furthermore, pathogenicity appears to be influenced at 
least in the viroid species HSVd, CCCVd and CEVd addition-
ally by other structural elements.57-59 These analyses, nevertheless, 
point toward a connection between viroid RNA sequence and 
symptom severity.

dramatically and infection can lead to significant losses of crop 
in ornamental, food and industrial plants, as reviewed recently 
in reference 51. Most striking appears the effect of CCCVd that 
not only causes decreased nut production in coconut palms, but 
eventually kills the entire palm (Fig. 3). Frequently observed 
symptoms of viroid infection are stunting of plants and reduced 
fruit production, as it is observed for the infection of hops by 
HSVd. In orange trees, CEVd infection causes loss of both bark 
and leaves. A clear indication for the interdependence of viroid 
strain and caused symptoms can be inferred from studies of 
PLMVd. This viroid causes frequently reduced quality of peach 
fruit, but induces normally only very mild symptoms, if any at 
all, on leaves. Strains of PLMVd, however, which harbour an 
insertion of around 12 nucleotides cause the peach calico disease, 
which is characterized by leafs covered with white patterns.

With respect to this variability in symptoms, PSTVd is likely 
the best studied viroid, particularly for infection of tomato. 
Depending on the plant cultivar (cv), the same PSTVd strain 

Figure 2. Structure and replication of Avsunviroidae. (A) Schematic representation of the consensus secondary RNA structures for PLMVd (A) and  
ASBVd (B). In both parts, regions that correspond to conserved nucleotides of the hammerhead ribozymes (HHR) are indicated by closed and open 
bars for the (+) and (-) strand, respectively. The positions of HHR self-cleavage are indicated by arrows. (A) A dotted line indicated a pseudoknot 
formed in the PLMVd structure. The boxed area shows two variants of PLMVd that differ by an 11 nt extension (lower variant) in the left terminal hair-
pin. (C) Replication follows a symmetric rolling-circle mechanism, featuring a chloroplast encoded polymerase (CEP) and HHR sequences for process-
ing.12 For details, see text.

Pelamoviroids Avsunviroids
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the development of the disease symptoms in the plant. These 
might, again depending on the sequence of the host genome 
and the viroid, involve multiple pathways, like those displayed 
in Figure 5. The challenging task will be to bring together data 
from molecular biology, plant pathology and bioinformatics to 
obtain a full picture of the modes of action of these small infec-
tious RNA molecules.
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Figure 5. Model for mechanisms of vsRNA-induced mis-regulation of host genes. Viroids might be the direct source of vsRNA that are produced by 
DICER. While they might be without effect (gray), those vsRNA that correspond to the P domain exert gene regulatory function on the plant host. They 
might function directly as siRNAs or miRNAs, leading post-transcriptional gene silencing (PTGS). Alternatively, RDR6 might use them as primers for the 
generation of secondary siRNA, which, notably, no longer feature viroid sequences and thus might target other mRNAs for PTGS. Finally, vsRNA might 
trigger transcriptional gene silencing similar to that performed by the RNA induced transcriptional silencing (RITS) complex.103-105 Common to all three 
mechanisms is the partial or complete sequence complementarity between vsRNA(s) and host gene(s), which might serve to explain the different 
symptoms that are observed depending on the P domain sequence(s).

Note

While this aritcle went to press, Navarro et al. showed that vsR-
NAs derived from the insertion sequence of a PLMVd variant, 
causing peach calico (see Fig. 2A), target for cleavage the mRNA 
encoding the chloroplastic heat-shock protein 90.

Navarro B, Gisel A, Rodio ME, Delgado S, Flores R, Di Serio 
F. Small RNAs containing the pathogenic determinant of a chlo-
roplast-replicating viroid guide the degradation of a host mRNA 
as predicted by RNA silencing. Plant J. 2012; in press; http://
dx.doi.org/10.1111/j.1365-313X.2012.04940.x

13



ASBVd: 2D Structures

Vol. 20, No. 1, 2007 / 9 

tion is why the chloroplast and nucleus, but not the mitochon-
drion, are the organelles of choice for the replication of viroid 
RNAs. Resolving these issues is of great interest to broaden 
our knowledge of the molecular processes in these organelles 
and to further our understanding of the molecular basis for the 
evolution of infectious RNAs. 

The enzyme machinery for transcription. The DNA-depend-
ent RNA polymerase II (Pol II) is generally accepted to be in-
volved in the transcription of members of Pospiviroidae. Three 

lines of observations support this hypothesis. First, purified to-
mato Pol II complex can transcribe the (+)-PSTVd RNA tem-
plate in vitro (Rackwitz et al. 1981). Second, α-amanitin inhibits 
the replication of PSTVd (Mühlbach and Sänger 1979; 
Schindler and Mühlbach 1992), Cucumber pale fruit viroid 
(Mühlbach and Sanger 1979), Hop stunt viroid (HSVd) 
(Yoshikawa and Takahashi 1986), and CEVd (Flores 1989; 
Flores and Semancik 1982; Rivera-Bustamante and Semancik 
1989; Semancik and Harper 1984). Low concentrations of α-

Fig. 1. Secondary structures of representative viroids from the two viroid families, Avsunviroidae: Avocado sunblotch viroid (ASBVd) and Peach latent mosaic 
viroid (PLMVd), and Pospiviroidae: Potato spindle tuber viroid (PSTVd). The transcription initiation sites on the viroid genomic RNAs are indicated. Note that
for ASBVd and PSTVd, these sites are mapped to terminal loops. The transcription initiation site for the (–)-PSTVd RNA template remains to be determined. For 
PLMVd, the dashed lines indicate kissing-loop interactions. For PSTVd, the five structural domains (Keese et al. 1985) are indicated. TL = left-terminal domain, 
C = central domain, and TR = right-terminal domain. HPII′ and HPII indicate nucleotide sequences that base pair to form the metastable hairpin II structure.  

Ding & Itaya, Mol Plant Microbe Interact, 2007.
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HHR motifs in life forms
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glycerate kinase 1) promoter and the PGK1 terminator was
constructed, yielding plasmids pFL61-ASBVd(!) and pFL61-
ASBVd("), respectively (Fig. 1). The wild-type yeast strain
BY4741 was transformed either by the empty pFL61 vector
(39), by pFL61-ASBVd(!) or by pFL61-ASBVd("), yielding
strains YCDF1P, YCDF2P(!), and YCDF2P("), respectively.
In plants, members of the Avsunviroidae replicate through a sym-
metric rolling-circle mechanism during which the circular (!) or
(") monomeric RNAs used as templates are transcribed by an
RNA polymerase in (") or (!) oligomeric strands that self-
cleave and ligate to (") or (!) circular monomeric RNAs. To
determine whether both the (!) and (") strands of ASBVd
accumulated in the different strains, total RNAs were ex-
tracted and tested by a strand-specific RT-PCR assay (Fig. 1).
An LK sequence was added to the 5# end of each reverse
strand-specific primer used during RT. The LK sequence alone
was used as primer with the strand-specific primer for the PCR.
Thus, solely DNA specifically synthesized during RT could be
amplified during the PCR. RNAs extracted from ASBVd-in-
fected avocado plants (Persea americana) and YCDF1P were
also tested, respectively, as positive and negative controls. Fig-
ure 2 shows that (!) and (") transcripts of ASBVd could be
detected in the yeast strain expressing the corresponding (!)
or (") dimeric construct (Fig. 2, lanes 7 and 8). In the

FIG. 1. Schematic representation of the ASBVd RNAs expressed from plasmids and produced by the replication process. Hammerhead (HH)
ribozymes are represented as black boxes within the pFL61-ASBVd(!) and pFL61-ASBVd(") plasmids expressing, respectively, the ASBVd(!)
and ASBVd(") DNA dimer (dASBVd), and in the different expected transcripts. Plasmid sequences are indicated by gray boxes. The ASBVd(!)
and ASBVd(") sequences are represented in blue and green, respectively. In the first step, self-cleavage of the ASBVd dimeric form (dASBVd)
via the ribozymes lead to the linear monomeric form (lmASBVd) and to the circular monomeric form (cmASBVd). In the second step, when
RNA-dependent replication occurs, linear oligomers (loASBVd), lmASBVd, and cmASBVd of the opposite polarity are produced. Blue and green
arrows encompassing the linker sequence (LK), indicated as a black line, represent primers used during strand-specific reverse transcription (RT).
During PCR amplification, the LK sequence alone is used with the PCR primers (blue or green arrows), in order to avoid any amplification of DNA
from the plasmid. It is important to note that the cDNA resulting from RT of dASBVd, cmASBVd, and loASBVd can be PCR amplified, whereas
the cDNA resulting from the lmASBVd cannot.

FIG. 2. Detection of (!) and (") ASBVd forms using strand-spe-
cific RT-PCR in S. cerevisiae. Strand-specific RT-PCR was performed
as described in Materials and Methods and illustrated in Fig. 1 on total
RNAs from the YCDF1P strain (lanes 2 and 3), ASBVd-infected
plants (lanes 4 and 5), the YCDF2P(!) (lanes 6 and 7), and the
YCDF2P(") (lanes 8 and 9) strains. (!) and (") strains were trans-
formed with pFL61-ASBVd(!) and pFL61-ASBVd("), respectively.
Yeast strains were grown at 30°C in 2% glucose complete supple-
mented medium without uracil (CSM-URA) to a cell density of A600 $
0.6. Lane 1, Mass Ruler DNA mix ladder (Fermentas). The amplified
cDNAs were separated on a 1.2% agarose gel and stained with
ethidium bromide. For lanes 2, 4, 6, and 8 that correspond to experi-
ments performed with the primer LK-ASBVd3, stronger contrasted
images are shown.
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Catalytic Metal Ions: One/
Two 

in the presence of La3! ion than is observed with either of
these divalent cations. However, if a metal ion were indeed
directly coordinated to the 2"-oxygen, a La3! in this position
might be expected to result in a lower kobs for the reaction,
compared with that seen with a divalent metal ion in this
position, because the nucleophilicity of the 2"-alkoxide bound
to a trivalent metal ion would be greatly reduced relative to
that of the same alkoxide bound to a divalent cation.

In support of the first expectation listed above, La3! has
been shown to increase the rate of phosphodiester cleavage by
106 compared with Mg2! ion in a nonenzymatic phosphodi-
ester cleavage reaction (29). In that work a complexing moiety
was engineered into the molecule to increase the coordination
of metal ions at the leaving oxygen. These results suggested
that a La3! cation coordinated to the 5"-oxygen of the leaving
nucleotide would likely increase kobs for ribozyme cleavage
well above the rate seen with the divalent Mg2! cation. We
therefore chose La3! as a ‘‘foil’’ for Mg2! in this study because
we expected that profound kinetic changes would result when
this cation was substituted for Mg2! in the cleavage reaction
and that these effects would be quite different depending on
which of the two putative metal ion binding sites was involved.

Titration by Increasing Concentrations of La3 ! in the
Presence of a Constant Concentration of Mg2 ! Is Consistent
with a Two-Metal Ion Model. Fig. 3 shows the effect of
increasing (micromolar) concentrations of LaCl3 in the pres-
ence of 8 mM MgCl2 on the apparent rate constant for the
ribozyme cleavage reaction. The most striking feature of this
titration curve is its bell-shaped character, with the midpoints
of the two sides of the curve centered at total La3! concen-
trations of # 2 !M and # 6 !M, respectively. The demonstra-
tion of this bell-shaped curve, and of the two titrations that it
represents, provides in itself clear and convincing qualitative
evidence for the two-metal ion model of ribozyme catalysis.
Thus these observations alone show that two-metal ions are
involved in controlled the apparent rate of the cleavage
reaction and that these two ions must play very different roles
in the reaction mechanism.

Because the biphasic titration of Fig. 3 must represent the
replacement of one Mg2! and then the other by La3! (Fig. 3,
see structures a–c), it is clear that the replacement of the
former cation by the latter in the two binding sites produces
opposite effects on kobs for the ribozyme-mediated cleavage
reaction. With 3 !M LaCl3 and 8 mM MgCl2 present together
in the solution (the conditions that apply at the peak of the
titration curve), we see that the measured value of kobs is
greater than that measured in the presence of either 3 !M
LaCl3 or 8 mM MgCl2 alone. Thus in the absence of La3! ions
and at 8 mM MgCl2, Mg2! ions are expected to fully occupy
the tighter metal ion binding site and to partially occupy the
weaker binding site (see estimates of Mg!2 dissociation con-
stants given above). A measured value of kobs $ 4.5 %
10& 3!sec& 1 corresponds to the cleavage rate constant for this
concentration of MgCl2 alone.

As LaCl3 is added to a total concentration of about 3 !M,
the first of the two-metal ion binding sites is saturated with
La3! and the measured value of kobs increases to a maximum
of # 11 % 10& 3!sec& 1. We speculate that the Mg2! ion bound
to the 5"-oxygen of the leaving nucleotide (see Fig. 5, binding
site 2) is the one that is displaced in this initial titration. The
metal ion in this position absorbs the developing charge in the
transition state of the rate-determining step of this reaction,
and the increased charge of a trivalent metal cation at this
binding site would be expected to produce greater transition
state stabilization than would a divalent cation.

A second titration is observed as the concentration of LaCl3
increases from 3 !M to 12 !M. The apparent value of kobs
diminishes in this region of the La3! titration curve, approach-
ing a value of # 2.2 % 10& 3!sec& 1 at LaCl3 concentrations above
12 !M. This value of kobs is also observed for the reaction

performed in 3 !M LaCl3 alone (Fig. 3, {), confirming that
both metal ion binding sites are fully occupied by La3! ions
under these conditions. The observation that La3! occupation
of the binding site near the 2"-oxygen lowers kobs is consistent
with direct coordination of a metal ion to the 2"-oxygen,
whereas the deprotonation of the 2"-OH by a metal hydroxide
species would be expected to produce the opposite effect.

These Results Are Not Compatible with a Solvated Metal
Hydroxide Cleavage Mechanism. With a pKa value of 9.06 for
a bound water in the fully hydrated La3! ion, the low kobs for
the cleavage reaction involving the La3! ion in both positions
is not compatible with the observed correlation between the
pKa of a water bound to a metal ion and the kobs produced by
different divalent metal ions. That correlation has been inter-
preted in the metal hydroxide model (Fig. 4) as an effect on
the concentration of the aqueous metal hydroxide, which then
serves as a Brønsted base in the abstraction of the proton from
the 2"-oxygen. We have argued (12) that this logic is f lawed,
because the metal hydroxide complexes formed with metal
ions with lower pKa values are weaker bases and, therefore,
should be less able to abstract the 2"-OH proton, despite their
greater concentration. This conclusion is supported by the data
presented in Fig. 3 because the pKa of the 2"-OH is two or more
pKa units higher than those of any of the aqueous metal ions
studied, making the metal hydroxide poorly suited to the task
of deprotonating the 2"-OH. It has been convincingly shown
that proton transfer does not occur in the rate-determining
step of the ribozyme cleavage reaction (30). The observed pH
dependence and the correlation between the pKa values of the
aqueous metal ions and kobs must, therefore, reflect the effects

FIG. 3. Kinetic titration curve of kobs for the cleavage of the HH16
ribozyme with increasing concentrations of LaCl3 in a solution con-
taining 8 mM MgCl2 (●). At low concentrations of LaCl3 both metal
ion binding sites are occupied with Mg2!, as illustrated in structure a.
At intermediate concentrations (1–8 !M LaCl3), the two sites are
heterogeneously complexed with one La3! ion and one Mg2! ion
(structure b). At high concentrations of LaCl3 both sites are occupied
by La3! (structure c). The combination of 3 !M LaCl3 and 8 mM
MgCl2 in the reaction solution yields a higher value of kobs than is
observed in the presence of either 3 !M LaCl3 alone (# ) or 8 mM
MgCl2 alone (● at [LaCl3] $ 0 !M).

544 Biochemistry: Lott et al. Proc. Natl. Acad. Sci. USA 95 (1998)
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were fit to the appropriate kinetic equation using KaleidaGraph (Syn-
ergy Software) or SigmaPlot (Jandel Scientific) and gave fits with R2 ⇧
0.99 in all cases. Values of k2 varied ⌃25% between independent
experiments.

Reactions with the HH16 Thio-P9Rp and Thio-P9Sp Substitutions—
Reactions of the HH16 construct containing a phosphorothioate in
position 9 yielded biphasic reaction time courses, with each phase
corresponding to about half of the total reaction. These time courses
were fit to the sum of two independent exponentials, giving independ-
ent k2 values for each phase. The fast phase, characterized by a k2 value
nearly identical to that of the unmodified ribozyme, was attributed to
the thio-P9Sp isomer, and the slower phase was attributed to the thio-
P9Rp isomer based on the results with the resolved HH⇥1 thio-isomers.
The rates and relative amplitudes of the two phases did not change
when the annealed ribozyme-substrate complex was diluted by 150-fold
(decreasing the ribozyme concentration from 600 to 4 nM) immediately
after starting the reaction, arguing against kinetic complexities arising
from multimeric ribozyme complexes. Also, the reaction time course did
not change when the ribozyme-substrate complex was diluted and
chased at the start of the reaction with a large molar excess of an HH16
variant (with G5 replaced by an abasic residue) that binds substrate
normally but does not react (6).2 This suggests that there is no disso-
ciation of the pre-annealed ribozyme-substrate complex even over the

longest time courses (48–96 h). Each phase of the time course was
�10-fold faster at pH 7.5 than at pH 6.5, as expected if each process
were limited by the chemical step (15). Finally, purification of this
phosphorothioate-substituted HH16 by anion exchange HPLC (8) re-
sulted in partial separation of ribozyme forms such that the two phases
had identical rate constants to those observed in the racemic mixture
but different relative amplitudes (one fraction gave 0.8 of the fast
component and 0.2 of the slow, whereas a second fraction gave 0.2 of the
fast and 0.8 of the slow).

Rates and relative amplitudes of the two phases for reactions in 10
mM Mg2⌅ did not change upon addition of 0.2 mM EDTA or 2 mM

dithiothreitol to the reaction mixture, suggesting that neither kinetic
process depended on the presence of contaminating metal ions. In
reactions with added Cd2⌅, the concentration of EDTA carried over
from the ribozyme and substrate stocks was ⌃15 nM.

RESULTS

We have used two different hammerhead ribozyme con-
structs, HH⇥1 and HH16 (Scheme 1), in testing the role and
importance of the metal ion identified in the x-ray crystallo-
graphic structure. Each of these ribozymes is kinetically and
thermodynamically well characterized (13, 14), allowing the
chemical cleavage step to be followed. In addition to the added
confidence provided by obtaining parallel results with different
constructs, specific attributes of each ribozyme were exploited
in the experiments described below.

An Rp-phosphorothioate at Position 9 Substantially Reduces
Catalysis—The RP- and SP-phosphorothioate isomers at posi-
tion 9 formed during solid phase synthesis of HH⇥1 (referred to
as thio-P9Rp and thio-P9Sp ribozyme, respectively) could be
separated by HPLC to give fractions with high enrichment of
each isomer. In single turnover reactions with saturating ri-
bozyme, cleavage by the thio-P9Sp ribozyme proceeded at the
same rate, within error, as that of the unmodified ribozyme (k2
⌥ 0.7 ⇥ 0.1 min⇤1; 10 mM Mg2⌅, 25 °C (pH 6.5)). In contrast,
catalysis by the thio-P9Rp ribozyme was substantially reduced,
with an observed cleavage rate constant of k2 ⌥ 0.028 min⇤1.
This supports the previous qualitative observations of compro-
mised ribozyme function upon substitution of an RP-phospho-
rothioate at position P9 (2, 3) and is consistent with a func-
tional interaction with the pro-Rp-, but not pro-Sp-, oxygen at
position P9.

The P9 Rp-phosphorothioate Slows the Chemical Step by
103-Fold—The observed rate decrease of 25-fold upon substi-
tution of the P9 pro-RP-oxygen of HH⇥1 with sulfur represents
a lower limit for the effect of this change on the chemical step.
This limit arises because the ribozyme preparation could con-
tain a small amount of phosphate or SP-phosphorothioate con-
taminant. Because dissociation of bound substrate from HH⇥1
is fast on the time scale of the reaction (koff

S ⌥ 0.4 min⇤1; (14)),
the substrate can exchange between different ribozyme mole-
cules, even in a single turnover experiment performed with
saturating concentrations of ribozyme. A thio-P9Rp preparation
contaminated with only 4% of unmodified or thio-P9Sp ri-
bozyme would show a 25-fold rate decrease, even if the thio-
P9Rp ribozyme was completely inactive. Consistent with this
possibility, lowering the temperature to slow the exchange of
substrate between different ribozymes gave a much larger ob-
served effect from the thio-P9Rp substitution (�500-fold at
4 °C; data not shown).

To circumvent this problem, we determined the thio effect
using a different hammerhead construct, HH16 (Scheme 1).
Substrate dissociation is immeasurably slow for this ribozyme,
with a calculated t1⁄2 of �10,000 years (13). Because exchange
does not occur on the time scale of the reaction, each substrate
molecule is cleaved by whichever ribozyme it initially binds,
the thio-P9Sp or thio-P9Rp. Single turnover substrate cleavage
should therefore occur in two independent phases, each corre-
sponding to the reaction of one isomer population. As expected,

2 A. Peracchi, L. Beigelman, E. C. Scott, O. C. Uhlenbeck, and D.
Herschlag, unpublished results.

FIG. 1. Metal ion binding site in the hammerhead ribozyme.
Schematic drawing of the three-dimensional structure of the hammer-
head ribozyme (after (1)). The metal bound near position P9 is shown as
a black sphere, and the inset shows the ribozyme ligands that coordi-
nate this metal ion, N7 of G10.1 and the pro-Rp-phosphoryl oxygen of P9
in the McKay structure (1). Residues referred to in the text are num-
bered according to the standard hammerhead nomenclature (31). Do-
main I of the conserved core is shown in dark gray and domain II in
light gray.

SCHEME 1. Hammerhead ribozymes.
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shift+ It is not possible to determine from the 31P NMR
data if this is a local structural change, involving only
the phosphate of A13, or if this is part of a globular
conformational transition such as the high-affinity metal-
induced structural change observed by fluorescence
energy transfer experiments (Bassi et al+, 1996, 1997)+
Recent electron paramagnetic resonance studies on

the hammerhead ribozyme have revealed two classes
of Mn2!-binding sites in the hammerhead, a set of ;4
sites with dissociation constants of;4 mM and another
;5 sites with dissociation constants of ;460 mM in
100 mM NaCl, pH 7+8 (Horton et al+, 1998)+ These ap-
parent binding constants for Mn2! are much tighter
than the dissociation constant for Mg2! binding to the
A13 site determined here, or the “high-affinity” Mg2!

site observed by Lilley and coworkers+ Unfortunately, it
is not possible to determine binding affinities for Mn2!

sites from an NMR titration such as that given in Fig-
ure 2, because, as discussed above, a single paramag-
netic Mn2! ion leads to relaxation-induced broadening
for resonances on multiple RNAmolecules in the sam-
ple+ Thus additional studies are needed to understand
if these large differences in metal-binding affinities are
simply a result of switching from the hard metal Mg2!

to the softer metal Mn2!+
There are additional data suggesting that theA13 phos-

phate is a potential metal-binding site in the hammer-
head+ Phosphorothioate substitution experiments show
that replacement of the pro-Rp oxygen with a sulfur at
any one of the C17, A9, A13, or A14 phosphates leads to
inactive ribozyme (Ruffner & Uhlenbeck, 1990; Knoll
et al+, 1997)+ The activity of the C17 or A9 phosphoro-
thioate substituted molecules can be rescued with thio-
philic metals such as Mn2! and Cd2!, but Mn2! is
unable to rescue activity for the A13 or A14 phosphoro-
thioate substitutions (Ruffner & Uhlenbeck, 1990; Knoll
et al+, 1997; Peracchi et al+, 1997; Scott, 1997)+ The A9
phosphate is part of a metal-binding site observed in
the original X-ray structure of the hammerhead (Pley
et al+, 1994), where a Mn2! ion is ligated by the pro-RP

oxygen of A9 and the N7 of G10+1+ As pointed out by
McKay and coworkers, the tandemG8•A13,A9•G12 base
pairs in domain 2 of the hammerhead, which includes
the A9 metal site, form a pseudo-symmetric structure
where theA13 phosphate could potentially form a metal-
binding site similar to that observed for A9 (Pley et al+,
1994)+ The NMR data unambiguously identify a metal-
binding site involving the A13 phosphate and Figure 4
shows a proposed model for metal binding to this site+
The A13 metal site (green sphere) was modeled after
the pseudo-symmetricA9 metal-binding site (red sphere)
while also including the pro-Rp oxygen of A14 as one of
metal ligand interactions+ In the X-ray structure of the
hammerhead, the Mn2! is 1+89 and 2+05 Å from the
pro-Rp oxygen of A9, and the N7 of G10+1, respectively
(Pley et al+, 1994)+An essentially identical metal-binding
site was observed in the X-ray structure of a RNA du-
plex containing an internal loop with G•A and A•A base
pairs (Baeyens et al+, 1996), indicating that this site
may represent a general metal-binding motif in RNA+ In
our modeled A13 metal-binding site (Fig+ 4), it is not
possible to place a metal such that it has as short
distances to both the corresponding pro-Rp oxygen and
N7 atoms as is observed for the A9 site+ Thus the li-
gands for the metal cannot be uniquely determined,
and one or more of the metal–RNA interactions are
likely water mediated (Feig & Uhlenbeck, 1999)+ Pos-
sible candidates for these metal ligands are the pro-Rp
oxygen of A13, N7 of A14, and the pro-Rp oxygen of A14,
where some or all of these atoms could form water-
mediated interactions with the metal+ Cedergren and
coworkers calculated the electrostatic surface of do-
main 2 in the X-ray structure of the hammerhead, and
the region around the A13 metal-binding site has a very
high negative potential (Chartrand et al+, 1997)+ They
also modeled metal binding in this region where in-
stead of the metal interaction with the N7 of A14 pro-
posed here (Fig+ 4), the metal was positioned to interact
with the N1 of G8+ Westhof and coworkers have used
Brownian-dynamics simulations to model metal-binding

FIGURE 4. A stereoview illustrating the tan-
dem sheared G•A base pairs in domain 2 in
the hammerhead ribozyme+ The red sphere
highlights the Mn2! at theA9 phosphate bind-
ing site observed in the original X-ray struc-
ture of the hammerhead (Pley et al+, 1994)+
The green sphere represents the modeled
metal-binding site involving the A13 phos-
phate identified here+ There are several ways
to model a metal-binding site for theA13 phos-
phate and only one possible set of RNA li-
gands is shown here (see text)+ The G and A
residues in the tandem G•A base pair are
colored red and purple, respectively, to help
illustrate the symmetrical properties of theA9
and A13 metal-binding sites in domain 2+
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might result in a better alignment of the substrates for li-
gation. It is also likely that some rearrangement within the
core is required for the cleavage reaction. A series of con-
formational changes has been observed by crystallography
of different forms of the ribozyme (Scott et al. 1996; Murray
et al. 2000, 2002), including a form in which helices I and
II have become tethered by strand exchange (Dunham et al.
2003). It has been proposed that a larger-scale rearrange-
ment is required to achieve the activated complex (Wang et
al. 1999). In principle, any such local changes in structure
might be affected by the loop–loop interaction. This will
require further analysis, focusing on more local conforma-
tional changes within the ribozyme core.

The role of the loops in the folding of the hammerhead
ribozyme suggests a clear parallel with another nucleolytic
ribozyme, the hairpin ribozyme (Fedor 2000; Lilley 2001;
Rupert and Ferré-D’Amaré 2001). The active center of the
hairpin is formed by the close interaction of two internal
loops that are presented on two helical arms of a four-way
junction (Murchie et al. 1998; Rupert & Ferré-D’Amaré
2001). However, rather like the situation with the hammer-
head, the great majority of earlier studies of the hairpin
ribozyme employed a simplified version in which the junc-
tion was removed and the two loop-carrying helices were
connected by a phosphodiester hinge point. Unsurprisingly,
however, the junction has a major effect on the folding and
activity of the ribozyme. Folding of the natural form occurs
at a magnesium ion concentration that is three orders of
magnitude lower than that of the simplified hinged form
(Zhao et al. 2000), and it thus results in activity under

physiological conditions. Time-resolved
FRET studies confirmed that the stabi-
lization of the folded form was the
result of the four-way junction (Walter
et al. 1999), and recent FRET studies on
single-ribozyme molecules have dem-
onstrated that the junction accelerates
the folding 500-fold by virtue of intro-
ducing an additional, distinct interme-
diate state into the folding process that
presents the loops for interaction (Tan
et al. 2003). The net result of this is that
the folding of the ribozyme is not rate
limiting, unlike the case of the minimal,
hinged form (Zhuang et al. 2002). Liga-
tion activity of the hairpin ribozyme is
significantly enhanced by the presence
of the four-way junction (Fedor 1999).

Both the hammerhead and hairpin
ribozymes have been oversimplified in
early studies, resulting in species that
were seriously impaired because of re-
moval of elements that are critical for
efficient folding under physiological
conditions. We can regard these auxil-

iary elements as “folding enhancers”; these are essential for
efficient folding under physiological conditions, although
they do not participate directly in the chemistry of catalysis.
This provides an object lesson for the future, in taking care
not to remove elements that are vital for the function of the
RNA, and further underlines the intimate connection be-
tween folding and catalysis in the ribozymes.

MATERIALS AND METHODS

Construction of hammerhead species for fluorescence

The hammerhead species used for analysis of folding were con-
structed from two RNA species (as in Fig. 2). The sequences were
(all written 5! to 3!): strand 1, GCGAGCAGGUACAUCCAGCUGAUGAGUC

CCAAAUAGGACGAAACGCCAUGG; strand 3, Cy3-CCAUGGCGUCCUGGAUUC

CACUGC(F-dU)cG, where F-dU indicates 5-fluorescein deoxyuracil
substitution, and 2!-deoxyribose nucleotides are underlined. A
variant strand 1 was also prepared: strand 1!, GCGAGCAGUGGAAUC

CAGCUGAUGAGUCCUGCAAAGGCAGGACGAAACGCCAUGG, in which the in-
ternal loop of helix I was removed by complementation of base-
pairing, and stem–loop II was modified.

Strands 1 and 1! were synthesized by transcription using T7
RNA polymerase from single-stranded DNA templates (Milligan
et al. 1987). Strand 3 was chemically synthesized using tBDMS
phosphoramidite chemistry (Beaucage and Caruthers 1981), as
described previously (Wilson et al. 2001). The fluorophores 2!de-
oxyuracil-5-fluorescein and Cy3 were coupled as phosphora-
midites (Glen Research). RNA was purified by electrophoresis in
12% polyacrylamide gels containing 7 M urea. RNA was extracted
from gel slices by electroelution into 8 M ammonium acetate,

FIGURE 7. A folding scheme for the hammerhead ribozyme. Schematic to show the two-stage
folding scheme previously proposed for the hammerhead ribozyme. State U exists in the
absence of added metal ions, in which the three helical arms extend from an open central core.
On addition of metal ions, the minimal ribozyme undergoes folding in two steps, correspond-
ing to the two transitions observed in Figure 5. In the first stage, domain 2 is formed, resulting
in a coaxial alignment of helices II and III (state I). Further increase in metal ion concentration
leads to the folding of the catalytic core (domain 1), reorienting helix I into the same quadrant
as helix II (state F). The presence of the loops in helices I and II leads to folding at µM
magnesium ion concentration, with no form I detectable. The stabilization of form F by the
loop–loop interaction drives the I <> F equilibrium such that form I is not observed. However,
form I is detected at intermediate ionic concentrations in the same construct when sodium
replaces magnesium ions.

Penedo et al.
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mononucleotides (23 ). Addition of Cd2+ does not change the
relative J 1020-J 3040 values (Figure 5 and Supporting Information
Figure S7). Thus, the observed chemical shift changes in the
20-NH2 ribose system upon the addition of Cd2+ do not appear
to be due to a change in the relative sugar conformation
populations. In combination with the Cd2+-dependent upfield
31P chemical shift, these 1H NMR data are consistent with Cd2+

chelation by both 20-NH2 and PS sulfur ligands in the amUPSU
dinucleotides. These data further suggest that the 31P chemical
shift changes observed upon addition of Cd2+ to the mHHRz
cleavage site 20-NH2/PS construct may also indicate 20-NH2

coordination to the metal ion.

DISCUSSION

Potential Bidentate 20-OH/Phosphate Coordination by
Divalent Metals in the HHRz Active Site. Repressing
activity in ribozymes is a requirement for biophysical studies
that are aimed at examining structures occurring prior to the
cleavage step. Previous NMR studies of metal interactions with
the mHHRz have employed either a 20-deoxy or a 20-OMe
nucleophile substitution to block activity (17 , 20 ). Metal-rescue
experiments have identified the pro-R nonbridging oxygen atoms
of both the A9 and scissile phosphates as catalytically important
metal ligands in this system, and the bridgingmetal hypothesis of
Wang and co-workers predicts simultaneous coordination by
these ligands in the transition state of the reaction (11). While
NMR experiments have confirmed the A9 site to be a high-
affinity metal coordination site, there has been no previous
spectroscopic evidence for metal coordination to the scissile
phosphate (17 , 20 ). These data are consistent with a model in
which the mHHRz maintains predominantly a “ground-state”,
open structurewith a populated high-affinityA9/G10.1metal site
and infrequently samples an unstable active structure in which
the metal ion may acquire a nonbridging oxygen ligand from the
scissile phosphate (11). It is also possible, however, that the
cleavage site 20 substitutions used previously to block activity in
the spectroscopic studies may also have blocked the ability for a
metal to interact with this site.

Any substitution within the active site of the HHRZmay have
substantial positive or negative effects on metal coordination.
While some substitutions may change the geometry of potential
ligands, others may have steric and/or electrostatic effects. Even
more problematic would be a substitution that replaces a
potential metal ligand with a group having no metal binding
capabilities. In this study, we continued the spectroscopic in-
vestigation of mHHRz scissile phosphate metal coordination by
testing the Cd2+ binding abilities of mHHRz cleavage site
phosphorothioates in combination with either a 20-F or 20-NH2

nucleophile substitution. Whereas the 20-F construct failed to
exhibitmetal binding to the scissile phosphate, the 20-NH2HHRz
demonstrated 31P shifts consistent with inner-sphere metal ion
coordination.

Although a potential nucleophile, the 20-NH2-substituted
mHHRz shows a loss of divalent metal-dependent catalysis that
is not rescued by the addition of the soft metal Cd2+, indicating
that these RNA constructs are stable during 31P NMR-detected
metal titration experiments. A 20-NH2 with anRp phosphorothio-
ate at the mHHRz cleavage site exhibits up to ∼3 ppm upfield
changes in chemical shift upon addition of 6 equiv of Cd2+

(Figures 2B and 4). Similar chemical shift changes were previously
observed to result from Cd2+-phosphorothioate interactions at

theHHRzA9 position (17 ), a metal binding site that has also been
demonstrated biochemically (11, 47 ) as well as by crystallo-
graphy (48 ) and solution EPR experiments (49 ). The similar
magnitude of 31P chemical shift change observed with the C17
20-NH2/PS substitution indicates that this construct has a similar
ability to associate with metals at the scissile phosphate and that
themetal coordination and/or hydrogen-bonding properties of the
20-NH2 are a contributing factor.

The observation that, of the four 20 nucleophile substitutions
tested in spectroscopic studies, the 20-NH2 is the only functional
group that presents an available metal ligand and is the only
group resulting in observable metal interactions with the scissile
phosphate raises the possibility that metal coordination by the
native 20-OH, or a metal-related hydrogen-bonding interaction
with this position, is relevant in the context of the wild-type
ribozyme. There are several modes by which a single divalent
metal may interact with the HHRz to promote catalysis
(Scheme 1), including interactions with both the nucleophile
and a nonbridging phosphodiester oxygen atom as shown
in model C of Scheme 1 and/or with the leaving group as shown
in model B. The data presented here suggest the interactions in
model C, in which a metal ion coordinating the pro-R oxygen of
the scissile phosphate also coordinates to the nucleophilic 20-OH.
Functional and crystallographic evidence for this type of inter-
action in a ribozyme has been established for the group I intron
(reviewed in ref 50 ). The results of our current experiments do not
preclude interaction of an additional metal ion at the mHHRz
cleavage site. However, the inability in previous NMR experi-
ments to observe significantmetal-phosphorothioate interactions
in the absence of a metal-coordinating 20-nucleophile does
indicate that interactions such as in A or B of Scheme 1 do not
easily occur in the ground state of the mHHRz.

While 31P NMR-based results are suggestive of a bidentate
metal ion coordination to both nucleophile and scissile phosphate
in the mHHRz, further evidence for metal coordination to the
20-nucleophile would include observation of metal-dependent
shifts in signals from that position. Initial evidence for this
coordination mode is found in the 1H NMR spectra of the
dinucleotide amUPSUmodel system, obtained in the presence and
absence of Cd2+. The upfield shifts of geminal 20-H protons in
Figure 5 are consistent with coordination of the 20-NH2 by Cd

2+

in both stereoisomers of the dinucleotide, supporting a bidentate
metal binding model. Similar studies probing this interaction in
the HHRz are a goal for future experiments.
Cd2+ Interactions with the mHHRz 20-NH2/PS Clea-

vage Site Are Not Due Solely to “Recruitment”. As dis-
cussed above, substitutions in the active site of a ribozyme can
have drastic effects on the ability of a metal to specifically
coordinate RNA ligands. These effects can either be prohibitive

Scheme 1
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Metal Ions back in the 
Hammerhead Catalysis

Ward & DeRose, RNA, 2011

and DeRose 2000; Boots et al. 2008). Moderate rates of
catalysis can also be achieved in molar concentrations of
monovalent cations, an important property that helped to
uncover the critical roles of nucleobases in the HHRz re-
action mechanism (Murray et al. 1998; O’Rear et al. 2001;
Bevilacqua et al. 2004). At physiological ionic strengths, the
HHRz requires divalent ions for appreciable rates of catal-
ysis; therefore, it is reasonable to assume that the divalent
metal-dependent channel is the primary mode of catalysis in
nature (Khvorova et al. 2003).

The HHRz was studied for years in its simplest active
form, as three short helices meeting at a junction of con-
served nucleotides that form the active site of the ribozyme
(for review, see Blount and Uhlenbeck 2005). Studies using
this ‘‘truncated’’ form of the HHRz (trHHRz) led to a
model of catalysis in which a catalytic metal in the P9/
G10.1 site coordinates the pro-R oxygen of the scissile
phosphate, presumably to stabilize the negative charge of
the phosphorane transition state (Peracchi et al. 1997;
Wang et al. 1999). Based on detailed metal-rescue exper-
iments, Wang et al. (1999) predicted that the metal ion
coordinates to the P9/G10.1 site in the ground state and
bridges to the scissile phosphate in the transition state of
the trHHRz reaction. A ground state that is very different
from the transition state is consistent with structural
studies of the truncated HHRz, which in general did not
show catalytically relevant atoms within appropriate dis-
tances of the active site (Blount and Uhlenbeck 2005). In
these structures, the P9/G10.1 metal ion site is z20 Å away
from its predicted ligand during catalysis, the pro-R oxygen
of the scissile phosphate (Pley et al. 1994; Scott et al. 1995).
To corroborate these seemingly conflicting data, it was
proposed that the trHHRz periodically sampled a thermo-
dynamically unstable ‘‘active’’ structure in which the im-
plicated functional nucleobases and metal ion would be in
the correct position to stimulate catalysis (for review, see
Blount and Uhlenbeck 2005).

Tertiary-stabilized or ‘‘extended’’ Hammerhead ribozymes
contain nonconserved unpaired regions in helices I and II
that interact to promote the formation of the active site in
the helix junction. These tertiary interactions result in a
higher population of functionally folded ribozymes, leading
to higher observed rates at significantly lower divalent metal
concentrations in vitro, as well as activity in vivo (Khvorova
et al. 2003). New structures of constructs based on native
HHRz’s (2GOZ, 2OEU, 2QUS) largely satisfy predictions
based on previous mutations and also provide new hypoth-
eses concerning players in the HHRz mechanism (Martick
and Scott 2006; Lee et al. 2007; Chi et al. 2008; Martick et al.
2008). The conformation of the native HHRz in crystal-
forming conditions is significantly different from that of the
truncated HHRz. The native HHRz structures show a well-
organized active site, with functional groups from the G8
and G12 guanosines in place to participate in general acid/
base catalysis (Fig. 1). One fascinating aspect of these

structures, however, is that even in this proposed ‘‘active’’
conformation, the metal modeled at the P9/G10.1 site is
still not making contact with functional groups directly in-
volved in catalysis.

The extended HHRz from Schistosoma mansoni demon-
strates Cd2+ rescue of P9 and scissile phosphorothioate
substitutions, supporting the prediction that inner-sphere
coordination of a metal ion to these phosphates is required
for efficient catalysis in the stabilized HHRz (Osborne et al.
2005). These prior studies were done with mixtures of
phosphorothioates and fixed Cd2+ concentrations and did
not provide sufficient basis to determine ground-state af-
finities of the rescuing metal ions. Assuming that the metal

FIGURE 1. (A) Secondary structure of the modified Schistosoma
mansoni HHRz (MSL1L2) (Osborne et al. 2005) used in these studies.
(B) Crystallographic active site of the S. mansoni HHRz (2OEU)
(Martick et al. 2008) showing (1) proximity of the G12 N1, proposed
to act as general base for activation of the 29 nucleophile (2, a 29-OMe in
this structure) and the 29-OH of G8 that has been proposed to act as
a general acid for the 59-O! leaving group (3). The Mn2+ ion positioned
in the P9/G10.1 active site (4) would be proposed to coordinate the pro-
R oxygen of the scissile phosphate based on these studies. (C) Results
expected for Cd2+ rescue of phosphorothioate substitution at the HHRz
scissile phosphate. If there is no ground-state interaction between the
metal and the substituted site (left), the value of K1/2(Cd

2+) for Cd2+

activation of the reaction should not change for the O and S substrates.
For a ground-state interaction, K1/2(Cd

2+) should decrease to reflect the
higher affinity of the Cd2+–S interaction in the substituted site.
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HHR folding

might result in a better alignment of the substrates for li-
gation. It is also likely that some rearrangement within the
core is required for the cleavage reaction. A series of con-
formational changes has been observed by crystallography
of different forms of the ribozyme (Scott et al. 1996; Murray
et al. 2000, 2002), including a form in which helices I and
II have become tethered by strand exchange (Dunham et al.
2003). It has been proposed that a larger-scale rearrange-
ment is required to achieve the activated complex (Wang et
al. 1999). In principle, any such local changes in structure
might be affected by the loop–loop interaction. This will
require further analysis, focusing on more local conforma-
tional changes within the ribozyme core.

The role of the loops in the folding of the hammerhead
ribozyme suggests a clear parallel with another nucleolytic
ribozyme, the hairpin ribozyme (Fedor 2000; Lilley 2001;
Rupert and Ferré-D’Amaré 2001). The active center of the
hairpin is formed by the close interaction of two internal
loops that are presented on two helical arms of a four-way
junction (Murchie et al. 1998; Rupert & Ferré-D’Amaré
2001). However, rather like the situation with the hammer-
head, the great majority of earlier studies of the hairpin
ribozyme employed a simplified version in which the junc-
tion was removed and the two loop-carrying helices were
connected by a phosphodiester hinge point. Unsurprisingly,
however, the junction has a major effect on the folding and
activity of the ribozyme. Folding of the natural form occurs
at a magnesium ion concentration that is three orders of
magnitude lower than that of the simplified hinged form
(Zhao et al. 2000), and it thus results in activity under

physiological conditions. Time-resolved
FRET studies confirmed that the stabi-
lization of the folded form was the
result of the four-way junction (Walter
et al. 1999), and recent FRET studies on
single-ribozyme molecules have dem-
onstrated that the junction accelerates
the folding 500-fold by virtue of intro-
ducing an additional, distinct interme-
diate state into the folding process that
presents the loops for interaction (Tan
et al. 2003). The net result of this is that
the folding of the ribozyme is not rate
limiting, unlike the case of the minimal,
hinged form (Zhuang et al. 2002). Liga-
tion activity of the hairpin ribozyme is
significantly enhanced by the presence
of the four-way junction (Fedor 1999).

Both the hammerhead and hairpin
ribozymes have been oversimplified in
early studies, resulting in species that
were seriously impaired because of re-
moval of elements that are critical for
efficient folding under physiological
conditions. We can regard these auxil-

iary elements as “folding enhancers”; these are essential for
efficient folding under physiological conditions, although
they do not participate directly in the chemistry of catalysis.
This provides an object lesson for the future, in taking care
not to remove elements that are vital for the function of the
RNA, and further underlines the intimate connection be-
tween folding and catalysis in the ribozymes.

MATERIALS AND METHODS

Construction of hammerhead species for fluorescence

The hammerhead species used for analysis of folding were con-
structed from two RNA species (as in Fig. 2). The sequences were
(all written 5! to 3!): strand 1, GCGAGCAGGUACAUCCAGCUGAUGAGUC

CCAAAUAGGACGAAACGCCAUGG; strand 3, Cy3-CCAUGGCGUCCUGGAUUC

CACUGC(F-dU)cG, where F-dU indicates 5-fluorescein deoxyuracil
substitution, and 2!-deoxyribose nucleotides are underlined. A
variant strand 1 was also prepared: strand 1!, GCGAGCAGUGGAAUC

CAGCUGAUGAGUCCUGCAAAGGCAGGACGAAACGCCAUGG, in which the in-
ternal loop of helix I was removed by complementation of base-
pairing, and stem–loop II was modified.

Strands 1 and 1! were synthesized by transcription using T7
RNA polymerase from single-stranded DNA templates (Milligan
et al. 1987). Strand 3 was chemically synthesized using tBDMS
phosphoramidite chemistry (Beaucage and Caruthers 1981), as
described previously (Wilson et al. 2001). The fluorophores 2!de-
oxyuracil-5-fluorescein and Cy3 were coupled as phosphora-
midites (Glen Research). RNA was purified by electrophoresis in
12% polyacrylamide gels containing 7 M urea. RNA was extracted
from gel slices by electroelution into 8 M ammonium acetate,

FIGURE 7. A folding scheme for the hammerhead ribozyme. Schematic to show the two-stage
folding scheme previously proposed for the hammerhead ribozyme. State U exists in the
absence of added metal ions, in which the three helical arms extend from an open central core.
On addition of metal ions, the minimal ribozyme undergoes folding in two steps, correspond-
ing to the two transitions observed in Figure 5. In the first stage, domain 2 is formed, resulting
in a coaxial alignment of helices II and III (state I). Further increase in metal ion concentration
leads to the folding of the catalytic core (domain 1), reorienting helix I into the same quadrant
as helix II (state F). The presence of the loops in helices I and II leads to folding at µM
magnesium ion concentration, with no form I detectable. The stabilization of form F by the
loop–loop interaction drives the I <> F equilibrium such that form I is not observed. However,
form I is detected at intermediate ionic concentrations in the same construct when sodium
replaces magnesium ions.

Penedo et al.
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HHR morphing

Rg(I)/(F) ~ 1.1 ASBVd: Rg(I)/(F) ~ 1.2
O’Rourke et al., JMB, 2015

43

http://dx.doi.org/10.1016/j.jmb.2015.05.005


Modeling/SANS

dexp = 96.0Å
dcalc = 96.7Å

Rgexp = 31Å
Rg*calc = 31 (26)Å
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HHR (-): dimerization

monomer 1 monomer 2HI HII HIII
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HHR (-): dimerizationmonomer 1 monomer 2HI HII HIII
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HHR(-) 
dimer
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HHR(-): monomer 1
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HHR(-): monomer 2
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HHR(-): monomer seeds
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HHR(-) monomers

51



Mir et al., Biochem., 2015

HHR: Monomer & Dimer 

 

Figure S2. Crystal contacts involve intermolecular base pairs. A. In crystals of the RzB 

ribozyme, an intermolecular dimer is formed. Stem Ia is disrupted, allowing base pairing 

between two adjacent molecules. The green molecule and purple molecule are related 

by crystallographic symmetry. B. Close up view of the packing interaction. C. A structure 

for the ‘monomeric’ ribozyme can be generated using appropriate nucleotides from 

green and purple molecules to generate an intact stem Ia. In the resulting model for the 

monomer, the termini of the green and purple fragments are close enough to be linked. 

PDB ID:
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Rg & self-association
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R(exp)g ~ 50Å

Rg*=50.4Å
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MD setup for HHR dimer
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•~ 300 000 atoms
• K+ & Cl- (0.15M)
• T = (283K, 313K)
• NAMD



Dynamics of HHR(-) dimer

RMSD vs time (ns)
Rg vs time (ns)
Histogram of Rg
Histogram of RMSD
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HHR dimer: MD trajectory
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A

B

Emonomer(10ºC) =   -92.3 kcal/mol 
Emonomer(25ºC) =   -68.7 kcal/mol
Emonomer(45ºC) =   -37.9 kcal/mol 
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intra-molecular base-pairs
tertiary or inter-molecular contacts
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nucleotide in tertiary contact
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Edimer(10ºC) =   -163 kcal/mol 
Edimer(25ºC) =   -120 kcal/mol
Edimer(45ºC) =   -63.6 kcal/mol 

Eint(10ºC) =   -9.35 kcal/mol
Eint(25ºC) =   -7.27 kcal/mol 
Eint(45ºC) =   -5.61 kcal/mol 
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GG A A G A G A U U G A A G A C G A G U G A A C U A A U U U U U U U A A U A A A A G U U C A C C A C G A C U C C U C C U U C U C U C A C A A G U C G A A A C U C A G A G U C GG A A A G U C GG A A C A G A C C U GG U U U C G U C A A A C A A A G U U U A A U C A U A U C C U C A C U U C U U G U U C U A A U A A A C A A G A U U U U G U A A A A A A A C A A U G A A G A U A G A GG A A U A A A C C U U G C G A G A C U C A U C A G U G U U C U U C C C A U C U U U C C C U G A A G A G A C G A A G U G A U C GG A A G A G A U U G A A G A C G A G U G A A C U A A U U U U U U U A A U A A A A G U U C A C C A C G A C U C C U C C U U C U C U C A C A A G U C G A A A C U C A G A G U C GG A A A G U C GG A A C A G A C C U GG U U U C G U C A A A C A A A G U U U A A U C A U A U C C U C A C U U C U U G U U C U A A U A A A C A A G A U U U U G U A A A A A A A C A A U G A A G A U A G A GG A A U A A A C C U U G C G A G A C U C A U C A G U G U U C U U C C C A U C U U U C C C U G A A G A G A C G A A G U G A U C

1a 10a 20a 30a 40a 50a 60a 70a 80a 90a 100a 110a 120a 130a 140a 150a 160a 170a 180a 190a 200a 210a 220a 230a 240a 249a 10b 20b 30b 40b 50b 60b 70b 80b 90b 100b 110b 120b 130b 140b 150b 160b 170b 180b 190b 200b 210b 220b 230b 240b 249b1b

intra-molecular base-pairs
tertiary or inter-molecular contacts

HHR motif

nucleotide in tertiary contact

cleavage site

GG A A G A G A U U G A A G A C G A G U G A A C U A A U U U U U U U A A U A A A A G U U C A C C A C G A C U C C U C C U U C U C U C A C A A G U C G A A A C U C A G A G U C GG A A A G U C GG A A C A G A C C U GG U U U C G U C A A A C A A A G U U U A A U C A U A U C C U C A C U U C U U G U U C U A A U A A A C A A G A U U U U G U A A A A A A A C A A U G A A G A U A G A GG A A U A A A C C U U G C G A G A C U C A U C A G U G U U C U U C C C A U C U U U C C C U G A A G A G A C G A A G U G A U C GG A A G A G A U U G A A G A C G A G U G A A C U A A U U U U U U U A A U A A A A G U U C A C C A C G A C U C C U C C U U C U C U C A C A A G U C G A A A C U C A G A G U C GG A A A G U C GG A A C A G A C C U GG U U U C G U C A A A C A A A G U U U A A U C A U A U C C U C A C U U C U U G U U C U A A U A A A C A A G A U U U U G U A A A A A A A C A A U G A A G A U A G A GG A A U A A A C C U U G C G A G A C U C A U C A G U G U U C U U C C C A U C U U U C C C U G A A G A G A C G A A G U G A U C

1a 10a 20a 30a 40a 50a 60a 70a 80a 90a 100a 110a 120a 130a 140a 150a 160a 170a 180a 190a 200a 210a 220a 230a 240a 249a 10b 20b 30b 40b 50b 60b 70b 80b 90b 100b 110b 120b 130b 140b 150b 160b 170b 180b 190b 200b 210b 220b 230b 240b 249b1b

monomer 1 monomer 2

monomer 1 monomer 2HI HII HIII

A

B

Eint(10ºC) =   -9.3 kcal/mol
Eint(25ºC) =   -8.5 kcal/mol
Eint(45ºC) =   -5.8 kcal/mol

Edimer(10ºC) =   -47.1 kcal/mol 
Edimer(25ºC) =   -33.6 kcal/mol
Edimer(45ºC) =   -15.7 kcal/mol 

Emonomer(10ºC) =   -26.9 kcal/mol 
Emonomer(25ºC) =   -19.4 kcal/mol
Emonomer(45ºC) =     -9.6 kcal/mol 

Edimer(10ºC) =   -53.7 kcal/mol 
Edimer(25ºC) =   -38.9 kcal/mol
Edimer(45ºC) =   -19.2 kcal/mol 
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g g u u c u u c c c a u c u u u c c c u g a a g a g a c g a a g c a a g u c g a a a c u c a g a g u c g g a a a g u c g g a a c a g a c c u g g u u u c g u c g g u u c u u c c c a u c u u u c c c u g a a g a g a c g a a g c a a g u c g a a a c u c a g a g u c g g a a a g u c g g a a c a g a c c u g g u u u c g u c

1a 10a 20a 30a 40a 50a 60a 70a 79a 10b 20b 30b 40b 50b 60b 70b 79b1b

monomer 1 monomer 2HI HII HIII

intra-molecular base-pairs
tertiary or inter-molecular contacts

nucleotide in tertiary contact

cleavage site

g g u u c u u c c c a u c u u u c c c u g a a g a g a c g a a g c a a g u c g a a a c u c a g a g u c g g a a a g u c g g a a c a g a c c u g g u u u c g u c g g u u c u u c c c a u c u u u c c c u g a a g a g a c g a a g c a a g u c g a a a c u c a g a g u c g g a a a g u c g g a a c a g a c c u g g u u u c g u c

1a 10a 20a 30a 40a 50a 60a 70a 79a 10b 20b 30b 40b 50b 60b 70b 79b1b

HHR (-)

ASBVd(-): self-association

57
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Emonomer(10ºC) =   -92.3 kcal/mol 
Emonomer(25ºC) =   -68.7 kcal/mol
Emonomer(45ºC) =   -37.9 kcal/mol 
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Edimer(10ºC) =   -163 kcal/mol 
Edimer(25ºC) =   -120 kcal/mol
Edimer(45ºC) =   -63.6 kcal/mol 

Eint(10ºC) =   -9.35 kcal/mol
Eint(25ºC) =   -7.27 kcal/mol 
Eint(45ºC) =   -5.61 kcal/mol 
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GG A A G A G A U U G A A G A C G A G U G A A C U A A U U U U U U U A A U A A A A G U U C A C C A C G A C U C C U C C U U C U C U C A C A A G U C G A A A C U C A G A G U C GG A A A G U C GG A A C A G A C C U GG U U U C G U C A A A C A A A G U U U A A U C A U A U C C U C A C U U C U U G U U C U A A U A A A C A A G A U U U U G U A A A A A A A C A A U G A A G A U A G A GG A A U A A A C C U U G C G A G A C U C A U C A G U G U U C U U C C C A U C U U U C C C U G A A G A G A C G A A G U G A U C GG A A G A G A U U G A A G A C G A G U G A A C U A A U U U U U U U A A U A A A A G U U C A C C A C G A C U C C U C C U U C U C U C A C A A G U C G A A A C U C A G A G U C GG A A A G U C GG A A C A G A C C U GG U U U C G U C A A A C A A A G U U U A A U C A U A U C C U C A C U U C U U G U U C U A A U A A A C A A G A U U U U G U A A A A A A A C A A U G A A G A U A G A GG A A U A A A C C U U G C G A G A C U C A U C A G U G U U C U U C C C A U C U U U C C C U G A A G A G A C G A A G U G A U C
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intra-molecular base-pairs
tertiary or inter-molecular contacts

HHR motif
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ASBVd(-): self-association
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What did we learn ?

• for RNA and ribozymes: « too short » may be bad

• don’t forget about dynamics 

• SANS & modeling approaches to infer self-
association modes

• theoretical approaches to explore reaction 
mechanisms and pathways



Viroids: Plant Parasites
Genus Pospiviroids: 
PSTVd (potato spindle tuber) 

Genus Hostuviroids: 
HSVd (hop stunt) 

Genus Cocadviroids: 
CCCVd (coconut cadang-cadang) 

Genus Apscaviroids: 
ASSVd (apple scar skin)

Genus Coleviroids: 
CbVd 1 (coleus blumei 1) 

Genus Avsunviroids: 
ASBVd (avocado sunblotch) 

Genus Pelamoviroids: 
PLMVd (peach latent mosaic)
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Viroid & HDV:
Hepatitis D
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Assembling the RNA World

 Higgs & Lehman, Nat. Rev. Genet., 2011
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Viroids: Phylogeny

ASYMMETRIC 
PATHWAY

REPLICATION

SYMMETRIC 
PATHWAY
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Modeling RNA-RNA 
Interactions

than the lower band (Fig. 1B; Li and Wartell 1998). This
observation was consistent with the notion of either two
conformations of different mobility or monomer and dimer
forms. Since the upper band was not observed after a heat
and quick-cool step (Fig. 1B), it was tentatively assigned to
a dimer form.

Observation of what are assumed to be RNA dimer
bands is not uncommon in characterization of RNA
transcripts (Ferrandon et al. 1997; Lease and Woodson
2004). Although the 79-nt RNA has no known biological
function—it was transcribed from a plasmid region that
was a fusion of a multiple cloning site and a HIV viral
segment (Li and Wartell 1998)—its ability to readily form
two bands with similar intensity at low mM concentrations
suggested further investigation.

In this article, we describe results that indicate that the
79-nt RNA does indeed form a dimer. A secondary structure
prediction algorithm and two experimental approaches
indicate that the first 21 nt at the 59 end of the 79-nt RNA
is the essential element in dimer formation. Melting curve
and gel mobility analysis of the 21-nt RNA sequence also
provide evidence that this RNA can form a monomer hairpin
and intermolecular dimer. The lowest energy structure pre-
dicted for the hairpin has four GdC base pairs (bp) in the
stem, a seven-base loop, and a six-base dangling end. The

lowest energy self-complimentary duplex structure is predicted
to have 18 bp with two internal two-base bulge loops.

Studies on the conversion of the 21-nt RNA from its
hairpin to dimer form produced unexpected results. Fol-
lowing a heating and quick-cool step to produce the hair-
pin conformation, little or no conversion to the dimer form
(<10%) was observed at 2–20 mM strand concentration by
slow cooling through the dimer melting region (z35°C)
or from extended incubations at 0°C or 23°C. However,
freezing RNA solutions at z2 mM concentration converted
over 60% of hairpin to the dimer conformation even
though the RNA has a Tm z82°C in the solvent employed.
The affect of base sequence changes on the RNA’s ability to
form a dimer indicated that loop–loop pairing between
hairpins is not required.

The microenvironment of frozen aqueous solutions has
been previously shown to be conducive to several potential
prebiotic reactions including formation of dinucleosides
from adenosine 29,39 cyclic phosphate (Renz et al. 1971),
synthesis of polynucleotides from imidazole-activated mono-
nucleotides (Monnard et al. 2003), and ligation of RNA
oligomers by a hairpin ribozyme (Vlassov et al. 2004).
The current study shows that frozen solutions can promote
formation of intermolecular RNA structures from small
stable hairpin RNAs. The results support the notion that
freezing and/or freeze–thaw cycles could enable small RNA
molecules to form more complex structures in a frozen
environment where RNA degradation is minimized. The
freezing-induced concentration of solute molecules and the
interaction of water and ions with RNA in this environ-
ment apparently provide a conformational rearrangement
pathway not readily available in liquid solution.

RESULTS AND DISCUSSION

The purified 79-nt RNA transcript showed different band
patterns under different conditions. In a 12% denaturing
PAG containing 8 M urea, only one band was detected (not
shown). However, the same RNA sample at concentrations
of 0.5–2 mM showed two bands in a 12% native PAG using
a TBE buffer with 5 mM Mg2+ (Fig. 1B). The observation
of two bands was unchanged if one maintained the RNA
samples at 23°C for several hours prior to loading. The
intensity of the upper band was equal to or greater than the
intensity of the lower band. After heating the RNA to 65°C
or 85°C for 2 min and quickly cooling in ice, only the lower
band was observed. Figure 1B illustrates this result up to
120 min after the cooling step. A similar outcome occurred
when TBE buffer was employed except that a lower fraction
of RNA formed the upper band.

Sedimentation equilibrium studies

The PAG patterns described above indicated that the 79-nt
RNA transcript formed two different structures, most likely

FIGURE 1. (A) Predicted secondary structure of the 79-nt RNA. The
numbered and bracketed seven or eight base long segments indicate
the sites complimentary to eight DNA oligomers used in the RNase H
assay. (B) 12% native PAG of 79-nt RNA at 1 mM. Left lane shows
RNA monomer and dimer bands. Lanes labeled 10, 30, 60, and 120
correspond to samples heated and quick-cooled and then incubated
for the specified minutes at 23°C prior to loading.
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monomer and dimer forms. A sedimentation equilibrium
method was employed to test this interpretation (see
Materials and Methods). The average molecular weight of
an RNA sample that produced two gel bands was evaluated
first. Three DNA molecules were used as molecular weight
markers: a 25-nt DNA strand, a 47-nt DNA strand, and a
47-bp DNA duplex. The three DNAs and the RNA sample
were run in separate tubes at 20,000 rpm for 20 h at 5°C.
The average molecular weight of the RNA was 1.660.15
times the molecular weight of the 79-nt RNA monomer.
When the RNA was prepared under conditions that pro-
duced one band in a native PAG, its average molecular
weight was 1.160.1 times the RNA monomer. These results
are consistent with the interpretation that the two gel bands
are the monomer and dimer forms of the RNA.

Predicted RNA secondary structures

In order to gain insight on the structure of the 79-nt RNA
monomer and dimer, low-energy secondary structures were
predicted using the Mfold and RNA Structure 4.5 algo-
rithms and parameters (Zuker 2003; Mathews et al. 2004).
The lowest energy structure of the 79-nt RNA monomer is
shown in Figure 1A. This structure, which has two hairpins
sandwiching a 17-nt single stranded region, has a calculated
DGo

37 of !20.2 kcal/mol. The next lowest energy structure
has DGo

37=17.7 kcal/mol. In the latter structure, the longer
stem–loop in Figure 1A was unchanged, but the stem–loop
close to the 59 end rearranged to form a hairpin with a 3:2
internal mismatch loop in the stem.

To explore what intermolecular interactions may give
rise to dimer formation the Mfold secondary structure pre-
diction algorithm was employed using a linker consisted of
10–20 unspecified nucleotides (X) to connect two 79-nt
monomer sequences in a 59-39 to 59-39 fashion. The X
nucleotides were constrained to be single stranded and the
sequence submitted for energy minimization. The low
energy structure produced for this sequence is shown
in Figure 2. The free energy was –47.7 kcal/mol. The first
21-nt from the 59 end of the 79-nt RNA is predicted to be
the essential element for dimerization. The stem–loop at
the 59 end of two RNAs convert to an intermolecular
duplex. The 39 end stem–loop structure remains the same
in both monomer and dimer forms.

RNase H assay

The above results provide structural models to test by
experiment. An RNase H assay was carried out to probe the
secondary structures of the 79-nt RNA sequence in the
monomer and dimer forms using DNA oligonucleotides.
RNA was prepared to give the monomer gel band (M) or a
mixture of monomer and dimer bands (M/D). Figure 1A
shows the location of the target sequences within the 79-nt
RNA for eight DNA probes. Figure 3 shows the results from

incubating 0.5 unit (U) of RNase H at 23°C for 30 min with
1.5 mM RNA and 9 mM of each DNA probe.

The major difference between the digestions of M and
M/D samples are observed with the first two DNA oligo-
mers. If no DNA probe was added, the 79-nt RNA band in
control lanes M-c and M/D-c gave similar intensities and a
faint band of faster mobility that resulted from the 2 min
90°C heating step to stop the reaction. This faint band was
observed in nearly all lanes. In this assay, the intensity of
the 79-nt RNA band for the M and M/D samples were
measured relative to the intensity of this band in their
respective control lanes. Results are tabulated in Figure 3
below the gel image. For DNA oligomer 1, the M sample
(lane 1) showed twofold greater RNA degradation com-
pared with the M/D sample in lane 19. The RNA target
sequence is the 7-nt hairpin loop at the 59 end of the 79-nt
RNA monomer (Fig. 1A). The predicted dimer structure
places this target sequence in an intermolecular duplex
consistent with reduced RNase H cleavage (Fig. 2). Incu-
bating the RNA with DNA oligomer 2, the M/D sample
(Fig. 3, lane 29) exhibited 16% less degradation than incu-
bating this DNA with the monomer or M sample (Fig. 3,
lane 2). DNA oligomer 2 is complementary to a sequence
predicted to be single stranded in the monomer but
partially base paired in the predicted dimer structure. The
six other DNA probes targeted segments further toward
the 39 end of the 79-nt RNA sequence. They showed little
difference in degradation between M and M/D samples

FIGURE 2. Predicted secondary structure of a dimer of the 79-nt
RNA sequence using Mfold.

RNA hairpin to duplex conversion in frozen solution
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HHR motifs



HHR (-): symmetric
dimerization
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Eint(10ºC) = -12.0 kcal/mol
Eint(25ºC) =   -9.6 kcal/mol 
Eint(45ºC) =   -5.9 kcal/mol 

Edimer(10ºC) =   -54.8 kcal/mol 
Edimer(25ºC) =   -40.7 kcal/mol
Edimer(45ºC) =   -22.0 kcal/mol 
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ASBVd(-): symmetric 
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Glms ribozyme

at the cleavage site (labeled “Site 1” in Figure 1B) were
investigated. Specifically, an active site Mg2+ ion was placed
near one or the other of the nonbridging oxygens of the scissile
phosphate. No holoribozyme (i.e., with the cofactor bound) or
wild-type aporibozyme (i.e., without the cofactor) glmS crystal
structure has been reported with a Mg2+ ion near the cleavage
site. However, our recent mechanistic work provides support
for a divalent metal ion at the cleavage site of the glmS
aporibozyme.27

In an effort to understand the absence of a divalent metal ion
at the active site of the holoribozyme, we examined two
representative cases for the presence of a Mg2+ ion at Site 1, the
cleavage site for the holoribozyme. In one case, the Mg2+ ion
was coordinated to the pro-RP oxygen, and in the other case, the

Mg2+ ion was coordinated to the pro-SP oxygen. To test the
mobility of this Mg2+ ion, we conducted a classical free energy
simulation with the string method combined with umbrella
sampling. This simulation was performed for the canonical
state, in which both A-1 and G40 are in their canonical
protonation states, as shown in Figure 1B. The calculated
minimum free energy path indicated that the free energy barrier
associated with the movement of the Mg2+ ion from one
nonbridging oxygen to the other is ∼3−5 kcal/mol, with
another stable configuration midway between the two oxygen
atoms, and that the free energy difference between these
equilibrium configurations is less than 1 kcal/mol (Figure S3).
Thus, the Mg2+ ion was able to move from one nonbridging
oxygen of the scissile phosphate to the other under the
simulation conditions used in this work.
To investigate the impact of this active site Mg2+ ion on the

hydrogen-bonding interactions at the cleavage site, we
performed classical MD simulations for three different
protonation states of the system. In the canonical state, both
A-1 and G40 are in their canonical protonation states, as shown
in Figure 1B. In the second state, denoted the “dN1 state”,
G40(N1) is deprotonated and thus able to serve as the general
base. In the third state, denoted as the “dO2′ state”, A-1(O2′)
is deprotonated and thus able to act as a nucleophile to attack
the phosphate. In all three of these protonation states, the
amine group of the cofactor is protonated to enable it to act as
the general acid, as supported by prior studies.18 In each state,
the active site Mg2+ ion was initially placed near either the pro-
RP or the pro-SP oxygen of the scissile phosphate. The Mg2+ ion
did not move significantly during the classical MD trajectories
for the canonical and dO2′ states. For the dN1 state, however,
even when the Mg2+ ion was placed near the pro-RP oxygen, it
moved toward the pro-SP oxygen to coordinate with the
deprotonated G40(N1) (Figure S4A).
In contrast to our previous classical MD simulations of this

system, which were without an active site Mg2+ ion,20 when a
Mg2+ ion was near the cleavage site, classical MD simulations
showed a disruption of the active site hydrogen-bonding
pattern. In particular, the hydrogen bonds between GlcN6P-
(O1) and G1(pro-Rp), and between A-1(O2′) and G40(N1),
which are depicted in Figure 1B, were no longer maintained. As
a result of this disruption, A-1(O2′) did not always retain an in-
line attack conformation with the scissile phosphate, and the

Figure 1. (A) Structure of the glmS holoribozyme from Thermoanaer-
obacter tengcongensis (PDB ID 2Z75). Modified from ref 20. The
crystal structure consists of two chains, an oligomer substrate (gray),
and a motif from the glmS ribozyme RNA (blue). The active site
consists of A-1 (red), G1 (black), G40 (green), and the cofactor
(orange). The Mg2+ ions in the crystal structure are represented by
pink spheres. (B) Illustration of the active site in the glmS ribozyme
and the proposed self-cleavage mechanism indicated by the red arrows.
The pro-RP and pro-SP oxygens of the scissile phosphate are labeled
with subscripts R and S, respectively. Dashed black lines indicate
important hydrogen bonds in the active site. The potential positions of
the active site Mg2+ ion examined in this Letter are indicated by dotted
circles. They are denoted “Site 1”, which is near the nonbridging
oxygens of the scissile phosphate, and “Site 2”, which is near the
Hoogsteen face of G40.

Table 1. Average Active Site Distances from Classical MD Simulations with a Mg2+ Ion at the Cleavage Sitea

species Mg2+ positionb GlcN6P(O1):pro-RP A-1(O2′):G40(N1)
canonical w/o Mg2+ n/a 2.66 (0.10) 3.20 (0.28)
canonical Mg2+@SP 1.96 (0.05)/4.08 (0.19) 4.39 (0.74) 5.16 (1.95)
canonical Mg2+@RP 4.03 (0.21)/1.94 (0.04) 6.04 (1.62) 4.91 (0.83)
dO2′ w/o Mg2+ n/a 2.51 (0.08) 2.93 (0.19)
dO2′ Mg2+@SP 1.96 (0.06)/4.03 (0.32) 2.56 (0.09) 6.12 (1.17)
dO2′ Mg2+@RP 4.32 (0.36)/1.96 (0.05) 2.83 (0.12) 7.47 (1.55)
dN1 w/o Mg2+c n/a 2.71 (0.09) 2.88 (0.11)
dN1 Mg2+@SP

d 1.96 (0.05)/4.22 (0.16) 3.82 (0.19) 4.60 (1.79)

aThe cleavage site is labeled as Site 1 in Figure 1B, and both hydrogen-bonding distances given in this table are depicted by dashed lines. The species
labels refer to the protonation states of A-1(O2′) and G40(N1) and the position of the Mg2+ ion at the cleavage site. Data for the systems without an
active site Mg2+ ion are reanalyzed from ref 20. Distances are given in Å. The numbers in parentheses are the standard deviations. Similar hydrogen-
bonding patterns were determined from QM/MM geometry optimizations, as given in Table S1. bThe number before the slash is the Mg2+:pro-SP
distance, and the number after the slash is the Mg2+:pro-RP distance. cAverage distances for only the frames that have the A-1(O2′):G40(N1)
hydrogen bond. The free energy barrier associated with the rotation from the A-1(O2′):pro-RP hydrogen bond to the A-1(O2′):G40(N1) hydrogen
bond is ∼1 kcal/mol according to ref 20. ddN1 Mg2+@RP is not given because the Mg2+ moves to the SP position even when started at the RP
position.
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Localization

Owens & Hammond, Viruses, 2009.75



Viroid& RNA silencing

Gomez et al., Trends Plant. Sci., 2009.

Different endogenous RNA silencing pathways, in-
cluding ta-siRNA biogenesis, are involved in the regulation
of developmental process in the plant. Thus, one could
argue that the recruitment or redirection of key com-
ponents of the RNA silencing machinery by the viroid
genome and/or replication intermediates would be a plaus-
ible alternative to the (vd)ta-siRNA-mediated degradation
model proposed here. However, the latter would not
explain the accumulation of PSTVd-derived sRNAs in

asymptomaticN. benthamiana plants [42] or data showing
that endogenous tomato miRNA pathways were not
affected in CEVd-infected plants [29]. A more detailed
analysis of the plant endogenous miRNA pathways in
different, symptomatic and asymptomatic viroid–host
interactions is necessary to illuminate this issue.

The ‘(vd)ta-siRNAs’ hypothesis suggested here proposes
a biogenesis pathway for the (vd)sRNAs involved in patho-
genesis and does not exclude the possibility that

Figure 1. Proposed model for the role of the ta-siRNA pathway in the pathogenic processes induced by nuclear viroids. (a) The conventional ta-siRNA pathway [23,47] is
shown as a reference. (b) Replication of the Pospiviroidae family members generates (+) strand monomeric-RNAs cleaved by unknown host factors [52] with well defined
30and 50ends [58]. The processing of (+) strand oligomeric RNAs to circular monomers occurs mainly in the nucleolus. However, in an alternative pathway, the linear
multimeric (+) strand RNA is cleaved into monomers and circularized in the nucleoplasm [52,54]. The single-stranded monomers, which lack a 50cap and 30poly(A)-tail,
accumulate in the nucleoplasm and might act as RDR6 templates, leading to the production of (vd)dsRNAs. The phased (vd)dsRNAs could then be incorporated into the ta-
siRNA biogenesis pathway, generating functional (vd)ta-siRNAs. The mature (vd)ta-siRNAs can traffic to the cytoplasm, where they might guide the cleavage of partially
homologous host mRNAs to induce plant symptoms. Furthermore, the (vd)ta-siRNAs have the potential to cleave their precursors, forcing the traffic of replication
intermediates (which are susceptible to RNA-silencing-mediated degradation) to the nucleolus to complete their replication. Mature viroids, which are resistant to RNA
silencing, evade this regulatory pathway. Alternatively, disease symptoms could result from direct interaction between the genomic viroid RNAs and unknown host factors
(proteins and/or RNAs) [1,2]. Abbreviations:?, no experimental evidence available; AGO1/7, ARGONAUTE 1 or 7; DCL4, Dicer-like protein 4; DRB4, dsRNA-binding protein 4;
HEN1, Hua enhancer 1 (miRNA methyltransferase); HF, unknown host factor; Pol II, RNA polymerase II; RDR6, RNA-dependent RNA polymerase 6; SGS3, suppressor of
gene silencing 3.
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