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ZUSAMMENFASSUNG
Zusammenfassung
Hairpin Ribozyme kommen natürlich in den Minussträngen der Satelliten RNAs
dreier Pflanzenviren (sTRsV, sArMV and sCYMoV) vor. In dieser Arbeit wurden
mit dem Programm Mfold darin mehrere distinkte Sekundärstrukturelemente
gefunden, die außerhalb des katalytischen Zentrums der Ribozyme lokalisieren.
Verschiedene Varianten der drei Ribozyme wurden hergestellt und die Funktion
der beobachteten peripheren Strukturelemente biochemisch untersucht. Die
sTRsV Hairpin Ribozyme mit unterschiedlichen Längen in Arm C wiesen ähnliche
cis‐Spaltungsreaktionen auf, unabhängig von der Anzahl interner bulges in Arm
C. Das gleiche Verhalten, jedoch bei schnelleren Spaltungsraten, wurde nach
Entfernen der threeway junction, die 3’ von der Spaltstelle in Arm A liegt,
beobachtet. Hier hat Arm C demnach keinen Einfluss auf die Katalyse, wogegen
ein verlängerter Arm A die Reaktion verlangsamt. Unter den experimentellen
Bedingungen war die Rückreaktion in Anwesenheit des natürlichen Arms A nicht
messbar. Im Gegensatz dazu zeigten alle Varianten ohne die Arm A Erweiterung
Ligationsaktivität, die am höchsten in dem Molekül mit dem längsten Arm C war,
und gleichermaßen erniedrigt für zwei Varianten mit kürzerem Arm C. Keine der
Reaktionen diverser sArMV Hairpin Ribozyme konnte reproduzierbar analysiert
werden. Für das sCYMoV Hairpin Ribozym wurde schließlich in cis‐
Spaltungsreaktionen eine Zunahme der Geschwindigkeit mit Abnahme der Länge
von Arm D beobachtet. Dies war der Fall in Anwesenheit der threeway junction
in Arm A, nicht jedoch in ihrer Abwesenheit, wo Varianten mit unterschiedlichen
Längen des Arms D ähnliche Spaltungsreaktionen aufwiesen. In Anwesenheit der
threeway junction in Arm A war eine Reduzierung der Ligationsgeschwindigkeit
zu beobachten, und bei ihrer Abwesenheit stieg diese mit der Länge von Arm D.
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Dies zeigt, dass sowohl die threeway junction in Arm A, als auch die Länge und
Anzahl der bulges in Arm D die Reaktion des Hairpin Ribozyms aus sCYMoV
beeinflussen, wobei sich Unterschiede in Vorwärts‐ und Rückreaktion auf die
experimentellen Bedingungen zurückführen lassen. In zwei Serien wurde die
zentrale fiveway junction dieses Ribozyms durch verschiedene fourway
junctions ersetzt. Die kinetischen Parameter der Selbstspaltung waren ähnlich
für Varianten ohne Arm E auf, jedoch verlangsamt bei Varianten ohne Arm C.
Dies zeigt, dass das sCYMoV Hairpin Ribozym auch um eine fourway junction
gebildet werden kann, deren konstituierenden Helices jedoch nicht beliebig sind.
In einem zweiten Projekt wurde die Konservierung von Hammerhead Ribozym‐
motiven, die bereits früher im Genom der Brassicacee A. thaliana gefunden
worden waren, exemplarisch an zehn Mitgliedern dieser Familie untersucht. Da
deren Genome nicht sequenziert sind, wurde PCR mit Primern angewandt, die
für die A. thaliana Motive spezifisch waren. Damit konnten Ribozymmotive in
allen untersuchten Brassicaceen außer B. nigra and B. oleracea gefunden
werden. Diese gehören zu den sechs Brassica Pflanzen, für die der koreanische
Botaniker U 1935 im “triangle of U” die genetische Verwandtschaft beschrieb.
Darin ist B. carinata, für die Ribozymmotive gezeigt wurden, die Tochterspezies
der Brassica Pflanzen ohne diese Motive. Dieser Widerspruch könnte darauf
zurückzuführen sein, dass in der PCR unspezifische Primer genutzt wurden, oder
aber die Motive aus B. carinata könnten ein Artefakt aus einer Luft‐übertragenen
Kontamination sein. Technische Schwierigkeiten in der Durchführung von
Southern Blots, mit denen zwischen diesen Möglichkeiten unterschieden werden
sollte, haben eine abschließende Antwort verhindert. Nach einer Optimierung
der Methode sollte diese aber geeignet sein, diese Frage zu klären.
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INTRODUCTION
Introduction
1.1 Structure of Ribonucleic Acid (RNA)
RNA is a biologically important molecule and is involved in diverse cellular
processes ranging from DNA replication to protein sythesis, including regulatory
and catalytic functions. The diversity of functions carried out by the RNA
molecules arises from their ability to fold into unique three‐dimensional
structures. The structural diversity in turn arises due to the chemical nature of
their component nucleotides. Understanding the chemical structure of RNA
molecules is key to the understanding of their structure‐function relationship.
Chemically, RNA is a negatively charged polynucleotide chain composed of
subunits called nucleotides joined by phosphodiester bonds in 5´‐3´ direction.
Each nucleotide subunit is composed of a ribose sugar, a phosphate group and
one of the four nitrogenous bases such as adenine, guanine, cytosine and uracil
(Figure 1). The chemical structure of RNA differs from its chemical cousin, DNA
(deoxyribonucleic acid), where the sugar molecule is deoxyribose and one of the
four nitrogenous bases is thymine instead of uracil in RNA.
Figure 1: Chemical structure
of RNA chain. Four different
nucleotides linked to each other
via
phosphodiester
bond
between sugar and phosphate
in 5´‐3´ directions. Each
nucleotide is composed of a
phosphate group, a ribose sugar
and nitrogenous bases. Adenine
and guanine are linked to sugar
in a glycosidic bond via N9 and
uracil and cytosine via N1.
Figure adopted from Westhof et
al. 2000.
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In addition to the four major bases, RNA also contains modified bases, which are
produced post‐transcriptionally; the prominent ones include inosine (I),
pseudouridine

(Ψ),

ribothymidine

(T),

dihydrouridine

(D),

and

1‐methylguanosine. The single polynucleotide chain of RNA comprises its
primary sequence and can fold into double helical structure by hydrogen
bonding between base pairs within single RNA molecule or between two RNA
molecules. The double‐stranded RNA adopts a right‐handed A‐type conformation
with 11 bp per turn and has a deep, narrow major groove and a shallow, broad
minor groove (figure2). This is in contrast to DNA, which can exist in three types
of conformations; B, A and Z‐form, the B‐type conformation being the
predominant one (Watson and Crick 1953). The difference between two types of
nucleic acids arises due to the presence of 2´‐hydroxyl of ribose, which favours
C3´‐endo conformation in RNA, whereas the deoxyribose in DNA can adopt both
C2´and C3´‐conformations. Additionally the 2´‐hydroxyl of ribose is responsible
for increased flexibility and decreased stability of RNA molecules.
Figure 2: Structure of A
type double RNA: The three
dimensional
helical
structure of base paired
RNA, along with their minor
and major grooves. Figure
adopted from Westhof et al.
2000.

The double helical RNA is often interrupted by other secondary structure
elements, which comprise of single stranded regions such as bulges, hairpin or
internal loops and junctions. The distant nucleotides belonging to the distinct
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secondary structure elements mediate long‐range intramolecular interactions as
well as intermolecular interactions, imparting the compact three‐dimensional
(3D) structure to the RNA. The intramolecular interactions include the formation
of tertiary interaction motifs between (a) two helices such as coaxial helices,
adenosine (A) platform etc., (b) a helix and a loop such as base triples, tetraloop‐
tetraloop receptor interactions etc., and (c) between two loops such as
pseudoknots and kissing hairpin loops (Batey et al. 1999; Westhof et al. 2000).
The intermolecular interactions involve interactions of secondary structure
elements with ligands including metals and small molecules or other
macromolecules (DNA, RNA and proteins). These intramolecular and
intermolecular interactions motifs stabilize the three dimensional (3D) structure
of a functional RNA molecule and involve a multiple of conventional Watson‐
Crick and non‐conventional hydrogen bonding between distant nucleotides. This
possibility arises due to the ability of a nucleobase to establish more than one
hydrogen bond, besides being involved in canonical Watson‐Crick base pairing.
Leontis and Westhof (Leontis and Westhof 2001) had proposed a classification
scheme that defines how three different edges of purines and pyrimidines are
involved in hydrogen bonding. These include the conventional Watson‐Crick
edge, the Hoogsteen edge (‐CH edge for pyrimidines) and the sugar edge
(includes 2’‐OH) and also referred to as the Shallow‐groove‐edge as shown in
figure 3. The classification scheme also takes into account the cis or trans
orientation of the glycosidic bond relative to the hydrogen bonds of the bases
(figure 3) (Leontis and Westhof 1998; Leontis and Westhof 2001; Leontis and
Westhof 2002).
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A

B

Figure 3: Chemical structure representation of different interaction edges
of the ribonucleobases and different orientations of their Nglycosidic
bonds. (A) Upper right panel indicates chemical structure of the adenosine
monophosphate and its different interaction edges, along with Watson‐Crick
edge. Lower right panel indicates the chemical structure of the cytosine
monophosphate and its different interaction edges, along with Watson‐Crick
edge. (B) Upper and lower panels indicate the cis and trans orientation of the N‐
glycosidic bond with respect to GC and AU base pairs, respectively. Figure
adopted from Leontis and Westhof 2001; Leontis et al. 2002
Based on such a classification scheme, 12 geometric types have been identified,
with each geometric type further classified into cis or trans orientation(Leontis
and Westhof 2002). For the sake of simplification, such types of interactions are
indicated by symbols and graphical conventions on a secondary structure
diagram (figure 4)
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Figure 4: Twelve different possibilities of basepairing geometries between
nitrogenous bases in RNA. Upper and lower panel indicates six cis and trans
base‐pairing geometries, along with the filled and open symbols, respectively.
Circles represent Watson‐Crick edge; squares present Hoogsteen edge and
triangles represent Sugar edge. Figure adopted from Leontis et al. 2002.
Due to presence of different types of tertiary interactions, it is difficult to predict
the three‐dimensional structure of a given RNA molecule based on its primary
sequence and secondary structure information. This had become possible due to
the use of biophysical techniques such as X‐ray crystallography and NMR, which
have given us the three‐dimensional structures of a large number of RNA
molecules in the last ten years.
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1.2

Functions of RNA

RNA plays a central role in transmitting the genetic information contained in
DNA sequence to the amino‐acid sequence of proteins, essential to the
functioning of the cell. Earlier thought to be a passive molecule where its only
role is to make copies of DNA strand as messenger RNA (mRNA) and gets
transported to the protein sythesis machinery of the cell ‐ the ribosomes, to be
translated into proteins. This unidirectional flow of genetic information from
DNA to protein via messenger RNA (mRNA), formed the basis of central dogma
of molecular biology (Crick 1970) as shown in figure 5.

Figure 5: The extended central
dogma of molecular biology. The
unidirectional flow of genetic
information as per central dogma
of molecular biology from DNA to
proteins is indicated by blue
arrows (Crick 1970). The brown
arrows show the additional roles of
RNA involved in RNA‐dependent
RNA and DNA synthesis.

There are other RNA molecules, which unlike mRNAs are not translated into
proteins and are known as non‐coding RNAs (ncRNAs). These ncRNAs serve as
structural, informational and catalytic molecules either independently or in
conjunction with proteins. Quite often ncRNAs perform overlapping functions,
making it difficult to classify them exclusively into one single group as defined in
figure 6.
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Figure 6: Schematic representation of different functions carried out by
RNAs. Upper left panel (blue) shows the coding RNA ‐ mRNA, which is
responsible for transmitting information from DNA to proteins. Central and the
lower panels show different non‐coding RNAs, which perform various roles in
the cells, occasionally overlapping. Right panel shows most of the ncRNAs with
overlapping functions. Figure redrawn from Przybilski et al. 2007
Two prominent ncRNAs that are involved in protein synthesis, which is the
central process of the cell, include transfer RNAs (tRNAs) and ribosomal RNAs
(rRNAs). tRNA transfers a specific amino acid to the site of protein synthesis in
the ribosomes. This is owing to the specific L‐shaped three‐dimensional
structure of tRNA that carries amino acid at one end (acceptor arm) and an
anticodon region at the other end (anticodon loop), which binds to the specific
codon in mRNA through hydrogen bonding. rRNA forms the major component of
ribosomes and provides structural framework as well as the catalytic function to
the ribosomes.
Other non‐coding RNAs include small nuclear RNAs (snRNAs) and small
nucleolar RNAs (snoRNAs), which are involved in the processing of coding and
non‐coding precursor RNAs (pre‐RNAs). snRNAs are involved in the splicing of
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precursor‐mRNA (pre‐mRNA) and snoRNAs are involved in rRNA processing and
act as guide RNA for RNA modifying enzymes, often resulting in methylation and
pseudouridylation of the specific nucleosides.
Additionally, the ncRNAs are involved in processing of RNAs via their catalytic
function. These ncRNAs include self‐splicing introns and RNase P, the former
excise themselves from pre‐rRNAs and other pre‐RNAs and the latter trims the
5´‐end of pre‐tRNA by endonuclease activity. These RNAs along with rRNA as
catalytic molecules will be discussed in detail in next section of catalytic RNAs.
Furthermore, ncRNAs widely found in all kingdoms of life, are also involved in
the regulation of gene expression. This can be achieved at different levels of the
flow of the genetic information such as transcriptional, post‐transcriptional,
translational, and chromatin level.
In prokaryotes the transcriptional repression by cis‐regulatory RNAs known as
riboswitches is well studied. Riboswitches are bimodular structures usually
located in the 5´‐untranslated region (UTR) of many mRNAs encoding
biosynthetic genes (Mandal and Breaker 2004; Grundy and Henkin 2006;
Sudarsan et al. 2003). Binding of metabolites to the aptamer domain (ligand
binding domain), induces structural changes in the expression platform, which
switches off the gene expression. Switching “off” takes place either by
transcriptional attenuation or translational inhibition. The majority of the
riboswitches are “off ” switches though they can act as “on” switch as well.
Different classes of riboswitches are known that act is response to different
metabolites. Though widely known in bacteria, only one functional riboswitch
such as thiamine pyrophosphate (TPP)‐riboswitch is known in fungi and plants
(Cheah et al. 2007; Sudarsan et al. 2003). Another interesting class of riboswitch
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in bacteria is the glmSriboswitch (Barrick et al. 2004), which performs catalytic
function, will be discussed in detail in the next section. Besides riboswitches, the
gene regulation by antisense RNAs is widely known in prokaryotes (Wagner and
Simons, 1994). These include ColE1 antisense RNA I mediated inhibition of
plasmid DNA replication in bacteria (Lacatena and Cesareni 1981), E. coli MicF
RNA mediated translational inhibition of mRNA encoding the major outer
membrane porin OmpF (Mizuno et al. 1984).
In eukaryotes, a classic example of transcription regulation by ncRNAs is dosage
compensation in mammals. A ncRNA, Xist, inactivates one X‐chromosome in
females which in turn, is controlled by an antisense transcript, Tsix (Shibata and
Lee 2004). Other examples of ncRNAs include Kcnqot1 and Igf2r/Air, which are
involved in genome imprinting by coating their target loci in allele specific
manner (Nagano et al. 2008; Pandey et al. 2008).
The RNA component of telomerase enzyme is another example of ncRNAs in
eukaryotes that is involved in chromosome stability. The enzyme uses its RNA
component as template to add telomeric repeats at the ends of chromosomes,
which are shortened during each replication cycle (Legassie and Jarstfer 2006).
Yet another way of obtaining gene regulation by ncRNAs is via formation of short
double‐stranded RNAs via RNA interference (RNAi) mechanism (Fire et al.
1998). RNA interference or posttranscriptional gene silencing mediates
resistance to both endogenous parasitic and exogenous pathogenic nucleic acids.
These molecules are processed from their precursor molecules with the help of
Dicer enzymes and are brought to their target RNAs with the help of loading
enzymes, RISC (RNA induced silencing complex). After base pairing to their
complementary targets, they prevent the mRNA from being translated, thus
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bringing about the repression of gene expression. MicroRNA (miRNA) (Carthew
and Sontheimer 2009) and small interfering RNA (siRNA) (Hamilton and
Baulcombe 1999) are the two central molecules in RNAi, but both molecules are
processed in different pathways. Whereas siRNAs show perfect complementarity
to the target mRNA, miRNAs display partial complementarity. Additionally, RNAi
is also involved in epigenetic regulation via chromatin‐based silencing and DNA
methylation (Grewal and Rice 2004; Martienssen 2003). These include recently
identified small RNAs, piRNAs (PIWI‐interacting RNAs) that are restricted to the
germline cells (Girard et al. 2006; Horwich et al. 2007). In prokaryotes, the
CRISPR (Clustered regularly interspersed palindromic repeats) RNAs, act in
mechanism similar to RNAi and provide immunity against attack by
bacteriophages and plasmids (Barrangou et al. 2007).
The versatility of RNAs is represented by their additional roles as the genome of
many retroviruses, viroids and satellite RNA that leads to the extension of the
central dogma of molecular biology (figure 5). In viroids and satellite RNAs,
these RNAs are also known to harbour self‐cleaving motifs, which are involved in
processing of their replication intermediates. The catalytic functions of various
RNA molecules will be discussed in next section.
1.3 Catalytic RNAs
RNA molecules that catalyze reactions on themselves or other molecules are
called RNA enzymes or ribozymes (Wilson and Lilley 2009). Naturally existing
ribozymes perform functions in replication, mRNA processing and splicing,
translation and gene‐regulation. The range of chemical reactions carried out by
known ribozymes is limited, mostly involving phosphoryl transfer, notably
transesterification reaction (the large majority), hydrolysis reaction and peptidyl
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transferase activity. The history of ribozymes dates back to early 1980s when in
independent studies, Thomas Cech and Sydney Altman had reported the catalytic
activity of RNA molecules. Thomas Cech had found that the intron (Group I
intron) in rRNA is able to catalyze its own splicing in Tetrahymena thermophila
(Cech et al. 1981) and Sydney Altman had reported that it is the RNA component
of RNase P, that catalyzes the processing of pre‐tRNAs to mature tRNAs
(Guerrier‐Takada et al. 1983). These discoveries led to a new era of RNA
biochemistry, earlier dominated by protein enzymes. In 1989, both scientists
were awarded Nobel Prize in chemistry for this revolutionary discovery of
ribozymes. Since then a variety of ribozymes has been and are being reported
and studied in terms of their structure‐function mechanism. Based on their size,
ribozymes are broadly classified into two groups‐ large ribozymes (>200nts) and
small ribozymes.
Large ribozymes include self‐splicing ribozymes (Group I and II introns), RNA
component of RNase P and ribosome. Group I and II introns are involved in the
processing of precursors RNAs of mRNA, tRNA and rRNA. Despite different
structures and reaction mechanisms, both introns catalyze self‐splicing reaction
by means of two‐step transesterification reactions. The first step frees the 3´‐
hydroxyl of 5´‐exon, which allows in the second step an attack of the
phosphodiester at the junction between the last residue of the intron and the
first residue of the 3´‐ exon (figure 7). In group I intron (Cech et al. 1981; Zaug
and Cech 1982), the reaction is initiated by the nucleophilic attack of 3´‐hydroxyl
of external guanosine at the 5´‐splice site. This results in covalent linkage of
guanosine to the 5´‐end of the intron and the release of the 3´‐hydroxyl of the 5´‐
exon. In the second step, the 3´‐hydroxyl of 5´ exon attacks the 3´‐ splice site
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located immediately after the conserved guanosine, resulting in excision of the
intron with guanosine at the 5´end and the release of the ligated exons.
In group II introns (Peebles et al. 1986), self‐splicing takes place by a branching
reaction in which 2´‐hydroxyl of a conserved adenosine within the intron attacks
the 5´‐ splice site, resulting in the formation of a 2´, 5´‐phosphodiester linkage.
The free 3´‐hydroxyl of the 5´‐exon attacks the 3´‐splice site, releasing the
circular intron lariat and ligated exons. Many group II introns can catalyze self‐
splicing through an alternative pathway using water as the nucleophile in the
first step, as a result of which in the second step of splicing, a linear form of
intron is released (Vogel and Borner 2002). A unique feature of the group II
intron
is its ability to use DNA also as the natural substrate ( Yang et al. 1996).
RNA Synthesis a
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ligation of flanking exons (green) and release of lariat intron (yellow). Figure
adopted from Molecular Biology of the Cell by Bruce Alberts.
Besides self‐splicing introns, an enzyme known as spliceosome carries out the
processing of many pre‐mRNAs. Spliceosome is a huge ribonucleoprotein
complex consisting of five small ribonucleoproteins (snRNPs)(Staley and Guthrie
1998; Brow 2002; Lührmann 2006). Each RNP contains one of the five small
nuclear RNAs (snRNA, denoted U1, U2, U4, U5 and U6) and many proteins.
Likewise self‐splicing ribozymes, splicing of pre‐mRNAs by spliceosomes also
involves two transesterification steps. However, the reaction mechanism is
similar to the group II intron ribozyme, and involves participation of U2 and U6
snRNAs that form the catalytic centre for the first step of the splicing reaction
FMBC04
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(Cech 1986; Collins and Guthrie 2000; Sharp 1985). In fact, protein free U2
snRNA has been shown to mediate catalysis in splicing reaction, providing direct
evidence for the role of snRNAs as ribozymes (Valadkhan and Manley 2001).
Furthermore, the large ribozymes include RNase P that performs the function of
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maturation of pre‐tRNAs to mature tRNAs by removing extra sequences from the
5´ end of pre‐tRNA in a hydrolytic reaction (figure 8).
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Figure 8: Maturation of tRNA catalyzed by RNase P. The 5´‐leader sequence of
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activity of RNaseP forming mature tRNA (right hand side). Figure adopted from
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2007.
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In addition to tRNA, RNase P can process other RNAs as well, for example 4.5S
rRNA or tmRNA (Goodenbour and Pan 2006; Peck‐Miller and Altman 1991;
Komine et al. 1994). RNase P is a ribonucleoprotein complex and RNA alone‐
activity has been observed for bacterial RNase P, archeal and eucaryal
counterparts under in vitro conditions (Kikovska et al. 2007; Pannucci et al.
1999). This activity was high in bacterial RNase P though the RNA component is
homologous in all the three kingdoms (Hartmann and Hartmann 2003),
indicating that in archea and eukarya, both RNA and protein are required for the
catalytic activity of RNase P.
The most abundant ribozyme is ribosome that carries out the central process of
protein synthesis in the cell. Ribosomes are macromolecular complexes
consisting of rRNAs and several proteins. High‐resolution crystal structure of the
prokaryotic ribosome has revealed that the condensation of amino acids is
carried out by the peptidyl transferase activity of 23S rRNA. While proteins
provides the structural framework for the organization of the catalytic RNA (Ban
et al. 2000; Nissen et al. 2000). This finding had confirmed earlier biochemical
studies by Noller, who was able to demonstrate the peptidyl transferase activity
of the 23S rRNA under in vitro conditions (Noller et al. 1992). As can be seen in
the three‐dimensional structure of the prokaryotic ribosome in figure 9, the
proteins (grey) are located at the periphery and the catalytic center is occupied
by the 23S rRNA (blue).
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Figure 9: Threedimensional structure of the prokaryotic 70S ribosome.
The whole ribosome shown in the center contains the 16S rRNA of the small
subunit (purple), 23S rRNA (blue) and the 5S rRNA (light blue) of the large
subunit as well as the tRNAs at the P‐site (orange) and E‐site (green). Ribosomal
proteins are shown in grey. In the upper part the less condensed mRNA tunnel
with the tRNAs can be seen. In the left and right panels, the 30S (small) and
50S(large) subunits are shown separately along with tRNAs and it can be seen
that the ribosomal proteins are rather located at the periphery of the ribosome.
Figure adopted from Przybilski et al., 2007
Ribosome is unique in carrying out the peptidyl‐transferase reaction amongst all
the ribozymes which attack the phosphodiester bonds in their target RNAs. The
underlying peptidyltransferase reaction involves nucleophilic attack of α‐amino
group of aminoacyl‐tRNA at the A‐site on the carbonyl carbon of the ester bond
linking the peptide moiety of the P‐site peptidyl‐tRNA (Katunin et al. 2002;
Beringer and Rodnina 2007).
Among small ribozymes include nucleolytic ribozymes ‐ hammerhead (Buzayan
et al. 1986), hairpin (Buzayan et al. 1986), hepatitis delta virus (HDV)(Wu et al.
1989), Neurospora crassa Varkud satellite (VS) (Saville and Collins 1990) and
glmS (Barrick et al. 2004; Winkler et al. 2004) ribozymes. These are exploited for
the processing of replication intermediates, and in the control of gene expression
by metabolite‐induced cleavage of mRNA. The underlying reaction catalyzed by
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these nucleolytic ribozymes involves site‐specific cleavage (or reverse ligation)
of phosphodiester backbone by means of transesterification reaction. The
reaction follows an SN2‐like mechanism and proceeds via a trigonal bipyramidal
phosphorane transition state, in which the attacking and leaving group oxygens,
both occupy the two axial positions (figure 10).

Figure 10: Schematic representation of the chemical reaction of nucleolytic
ribozymes. Left panel: Cleavage reaction is initiated by the nucleophilic attack
of the deprotonated 2´‐oxygen preceding nucleotide on the adjacent scissile 3´,
5´‐phosphodiester bond. Central panel: This results in a trigonal‐bipyramidal
transition state in which the attacking 2´‐oxygen is in an in‐line arrangement
with the adjacent phosphate and the 5´‐oxygen of the following nucleotide. Right
panel: The resulting cleavage products carry 2´, 3´‐cyclic phosphate and 5´‐
hydroxyl termini Reversal of the reaction results in the ligation of cleaved
products indicated by reverse arrows. Figure adopted from Przybilski and
Hammann 2006
Despite catalyzing identical reaction, the small nucleolytic ribozymes differs in
their sequence and overall three‐dimensional structures. However, organization
of their structure is centred around either helical junctions (hammerhead,
hairpin and VS) or pseudoknots (HDV, glmS); the motifs that allow these
molecules to fold into structures necessary to perform essential functions.
Additionally, divalent metal ions are also known to contribute to the global
folding of these ribozymes, however, their specific roles in catalysis are being
explored (Wilson and Lilley 2009). These ribozymes can be manipulated under
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in vitro and in vivo to catalyze reactions in trans, making them amenable for
biochemical and structural studies. Crystal structures are available for four of the
nucleolytic ribozymes except the VS ribozyme.
Hepatitis Delta virus (HDV) ribozymes are found in the genome of small
pathogenic satellite RNA of (HDV) of hepatitis B virus, where they function in
replication by cleaving concatemeric intermediates of rolling circle replication
(Wu et al. 1989). The genome of HDV is a single stranded circular RNA of 1.7 kb
and harbors HDV ribozyme in the sense RNA. The ribozyme is also found in
antisense RNA produced as a result of rolling circle replication mechanism.
Catalytically active HDV ribozyme folds into a compact structure comprising five
helical segments joined by unpaired loops as shown in figure 11 (Fedor 2009;
Ferré‐D'Amaré et al. 1998). Unlike other small nucleolytic ribozymes, HDV
ribozyme catalyzes cleavage reaction in sequence independent manner, as the
cleavage site is located after any nucleotide in front of the 5´‐terminal nucleotide
of the ribozyme. Further, the transesterification reaction in this ribozyme is
mediated by conserved nucleobases (Perrotta et al. 1999).
Figure 11: Structure of HDV
ribozyme. (A) Secondary structure
sequence and (B) Ribbon diagram
of global structure of HDV
ribozyme Cleavage site is indicated
by red arrow at 5´‐ G1 (guanosine).
Both
structures
have
corresponding color codes. Figure
adopted from Fedor 2009

Recently, an HDV‐like self‐cleaving sequence was identified within the intron of
human CPEB3 (cytoplasmic polyadenylation element‐binding protein3) gene
26

INTRODUCTION
under in vitro selection scheme. But the exact function of this ribozyme is not yet
known, and its structural and biochemical similarity to HDV ribozyme point
towards their common origin from the human genome (Salehi‐Ashtiani et al.
2006).
The glmS ribozyme is a ligand induced catalytic riboswitch, identified in the
5´‐UTR of the bacterial mRNA that encodes glucosamine‐6‐phosphate (GlcN6P)
synthetase (Barrick et al. 2004). The enzyme generates glucosamine‐6‐
phosphate (GlcN6P), a molecule that is used in cell‐wall biosynthesis. High
concentration of GlcN6P acts a cofactor for glmS ribozyme, which induces
degradation of its own mRNA, thereby switching off the gene. Crystal structure
has shown that the tertiary structure of glmS ribozyme represents a double
pseudoknot consists of three helical regions packed side by side, each helical
region consisting of coaxial helices (figure 12) (Klein and Ferré‐D'Amaré 2006;
Fedor 2009). The cofactor‐binding site is positioned immediately adjacent to the
scissile phosphate.
Figure 12: Structure of
glmS
ribozyme
(A)
Secondary
structure
sequence and (B) Ribbon
diagram of global structure
of the glmS ribozyme
complexed
with
glucosamine‐6‐phosphate
(GlcN6P). Red arrow at the
5´‐end indicates cleavage
site. Figure adopted from
Fedor 2009.
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VS ribozyme is the largest member (150 nt) of the small nucleolytic ribozymes. It
is found encoded in the mitochondrial plasmid of the Varkud isolate of
Neurospora crassa (Saville and Collins 1990) and is involved in processing the
replication intermediates of the VS RNA, transcribed from the VS plasmid.
Secondary structure prediction by a combination of probing and mutagenesis
experiments reveal the H‐shaped structure consisting of five helices (figure 13)
(Beattie et al. 1995; Lafontaine 2002). The three dimensional model of the
ribozyme consists of coaxial stacking of the helices IV, III and VI, from which
helices V and II radiate as deduced by comparative gel electrophoresis and FRET
(Lafontaine et al. 2002; Rastogi et al. 1996).

Figure 13: Structure of the VS ribozyme (A) Sequence and secondary
structure of the H‐form of VS ribozyme, consisting of five helices II‐IV. Arrow
indicates the site of cleavage in the substrate helix I. Bold letters in helix VI
indicates the putative active site. The dashed lines indicate the 3 bp interactions
between loops, I and V (B) Left panel indicates the schematic secondary
structure of the ribozyme indicating coaxial stacking of helices IV, III and VI, with
helices V and II projecting away form the helix. The corresponding 3D model of
the structure is shown in right panel. Figure adopted from Lafontaine 2002.
The loop‐loop interactions between the GAC triplet in the terminal loop of stem
V, and a GUC triplet in the substrate stem I are essential in mediating tertiary
folding and cleavage activity of the VS ribozyme (Rastogi et al. 1996).
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Other two members of small nucleolytic ribozymes; the hammerhead and the
hairpin ribozymes, which are the subjects of my thesis will be discussed in detail
in following chapter.
1.4. Hammerhead ribozyme
Hammerhead ribozymes are small self‐cleaving RNAs, first discovered in the
satellite RNAs of plant RNA viruses, viroids, (Buzayan et al. 1986b; Forster and
Symons 1987a; Hutchins et al. 1986; Prody et al. 1986), where they are involved
in processing replication intermediates. The ribozyme is also found in
transcripts of satellite DNA from amphibians, schistosomes and cave cricket
(Epstein et al. 1986; Ferbeyre et al. 1998; Rojas et al. 2000). Recently, it has been
reported in the genome of Arabidopsis thaliana (Graf et al. 2005; Przybilski et al.
2005) and 3´‐UTR of mammalian mRNA (Martick et al. 2008). It is the best‐
characterized ribozyme, because of its small size and was the first ribozyme
whose crystal structure was solved (McKay 1996). Earlier biochemical,
biophysical and crystallographic studies were carried out on the minimal
hammerhead ribozyme as deduced by phylogenetic comparisons and
mutagenesis experiments (Buzayan et al. 1986c; Forster and Symons 1987a;
Forster and Symons 1987b; Hutchins et al. 1986). The minimal hammerhead
ribozyme consists of a catalytic core of 15‐nucleotides containing 11 conserved
nucleotides, flanked by three helices (I‐III) of variable composition (figure 14),
the conserved core nucleotides being essential for ribozyme´s catalytic activity
(Uhlenbeck 1987; Ruffner et al. 1990; Sheldon and Symons 1989).
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Figure 14. Secondary structure of the minimal hammerhead ribozyme (A)
Extended hammerhead ribozyme, showing three helices I‐III flanking the
catalytic core of conserved nucleotides. (B) Y‐shaped conformation formed by
coaxial stacking of stem II and stem III and stem I protrudes from the junction
giving it Y‐shape. The conventional numbering system as proposed by Hertel et
al., 1992 is used. Red arrow indicates cleavage site between nucleotides 17 and
1.1 and is indicated by an arrow. H denotes any nucleotide except G. N denotes
any nucleotide. Figure adopted from Przybilski and Hammann 2006.
The hammerhead ribozyme performs reversible transesterification reaction that
involves nucleophilic attack of 2´‐oxygen of C17 on the adjacent scissile
phosphate. The resulting cleavage products possess 2´, 3´‐cyclic phosphate and
5´‐hydroxyl termini. The trans‐acting form of hammerhead ribozyme was
created during late 1980s (Sampson et al. 1987; Haseloff and Gerlach 1988). The
minimal hammerhead ribozyme was used to study structure‐function
relationships for more than a decade. The first crystal structure by McKay and
co‐workers has revealed the Y‐shaped conformation of the minimal
hammerhead as well as two structural domains in the catalytic core (Pley et al.
1994). Y‐shaped conformation represents the coaxial stacking of stems II on
stem III and protruding stem I at the junction of coaxial stacking (figure 14B).
Coaxial stacking is induced by domain 1 consisting of two tandem G:A base pairs
between G8:A13 and A9:G12. Whereas, domain 2 containing consensus
C3U4G5A6 sequence forms a U‐turn motif, which induces a sharp bend causing
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stem I to localize parallel to stem II (Scott et al. 1995; Pley et al. 1994). The
divalent metal ion induced Y‐shaped conformation of the minimal hammerhead
ribozyme was also confirmed by biophysical techniques including comparative
gel electrophoresis, florescence resonance energy transfer (FRET) and nuclear
magnetic resonance (NMR) (Hammann et al. 2001; Bassi et al. 1997; Bassi et al.
1995). However, this crystal structure failed to provide correspondence between
the arrangement of functional groups in the Y‐shaped conformation and the
proposed catalytic mechanism for the intermediate transition state, which
requires an in‐line arrangement of the attacking nucleophile and the leaving
group oxyanion (Wedekind and McKay 1998; Blount and Uhlenbeck 2005;
Blount et al. 2002). This discrepancy between structure‐function relationships
was resolved by the rediscovery of natural form of hammerhead ribozymes (De
la Pena et al. 2003; Khvorova et al. 2003). The natural hammerhead ribozyme
took into account the importance of the presence of peripheral elements such as
loops/bulges at the ends of helices (De la Pena et al. 2003; Khvorova et al. 2003;
Przybilski and Hammann 2006; Canny et al. 2004). Unlike minimal hammerhead
ribozymes, these extended forms of hammerhead ribozymes have shown
enhanced cleavage and ligation activity at submillimolar concentrations of
divalent metal ions (Penedo et al. 2004; Canny et al. 2004; Canny et al. 2007,
Nelson et al. 2005; Shepotinovskaya and Uhlenbeck 2008; Przybilski et al. 2005).
Based on the presence of loops/bulges at the ends or in any helices,
extended/natural hammerhead ribozymes can be classified into three types ‐ (a)
type I having open end helix I, (b) type II having open end helix II and (c) type III
having open end helix III. Type III and I hammerhead ribozymes have been
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reported in biological context and widely studied (figure 15), while type II
hammerhead ribozyme has not yet been reported.
Figure 15: Secondary structures of
natural hammerhead ribozymes
showing tertiary interactions (A)
Type I hammerhead ribozyme showing
interactions between internal loop
(B1) and terminal loop (L2) from
stems I and II, respectively (B) Type
III hammerhead ribozyme showing
interactions between terminal loops L1
and L2, from stems I and II,
respectively. Cleavage site indicated by
red
arrow.
The
conventional
numbering system as proposed by
Hertel et al., 1992 is used. Figure
redrawn
from
Przybilski
and
Hammann, 2006
Major breakthrough in the field of hammerhead ribozyme was achieved when in
2006, Scott’s group had reported the first crystal structure of the full length type
I hammerhead ribozyme from Schistosoma mansoni (Martick and Scott 2006).
This crystal structure has explained the structural basis for the enhanced
catalytic activity observed for the full‐length natural hammerhead ribozymes (as
reviewed in Przybilski and Hammann 2006). As shown in figure 16, the global
fold of the natural hammerhead ribozyme does not resemble the Y‐shaped
minimal hammerhead ribozyme but still retained the coaxial stacking of stem II
on III and parallel orientations of stem I and II. The new structure has shown
more compact arrangement in the overall shape as well the catalytic core due to
the presence of tertiary interactions between terminal loop in stem II and
internal loop in stem I. The compact arrangement of the catalytic core in this new
crystal structure was in accordance studies described by Burke and co workers
(Lambert et al. 2006).
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Figure 16: Structure of extended type I hammerhead ribozyme from
Schistosoma mansoni (A) Secondary structure sequence indicating tertiary
interactions. Non‐Watson‐Crick interactions are indicated according to the
classification system by Leontis and Westhof (Leontis and Westhof, 2001). Thick
black lines with arrows mark the backbone continuity of the molecule. Thin
green lines with T‐termini are used for stacking interactions of base pairs. (B)
Ribbon model of global structure with corresponding colour codes. Cleavage site
nucleotide C17 is shown in green colour. Figure adopted from Martick and Scott
2006.
The striking feature of the catalytic core of the natural hammerhead ribozyme is
the arrangement of the active site nucleotides in which the 2´ oxygen of the C17
is near in‐line geometry with the adjacent phosphate as well as the 5´oxygen of
the nucleotide C1.1 (figure 17). This arrangement is consistent with the SN2
mechanism proposed for the transesterification reaction, which proceeds via
trigonal‐bipyramidal pentacoordinated transition state as shown in figure 10.
Nucleotide A9 and the scissile phosphates now close (4.3 Å apart) to each other,
in comparison to large distance (20 Å) in the minimal hammerhead ribozyme, a
finding consistent with the phosphorothioate rescue experiments by Herschlag
and coworkers (Wang et al., 1999).
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A

B

Figure 17. Arrangement of the activesite nucleotides in the catalytic core
of natural type I hammerhead ribozyme from Schistosoma mansoni (A) The
light blue dotted lines show that the 2´‐oxygen, the attacking nucleophile of C17,
is in line with the scissile phosphorous and the leaving group 5´oxygen.
Hydrogen bonds are shown as white and orange dotted lines. The orange dotted
lines indicate hydrogen bonds that might act in acid base catalysis. (B) The
transition state configuration as deduced from (A). In this, the nucleobase of G12
(red) serves as general bases, the sugar of G8 (blue) as general acid and the
substrate RNA (black) are shown. A hydroxide (pink) and/or a hydronium ion
(light blue) might additionally be involved in the reaction. Figure adopted from
Martick and Scott 2006.
Additionally, the novel arrangement of the specific catalytic core residues could
also explain the mechanism by which natural hammerhead ribozyme can
accelerate the transesterification reaction. This included positioning of G12 and
G8 residues proposed to be involved in general acid‐base catalysis (Han and
Burke 2005). N1 of G12 is within hydrogen bonding distance to the 2´‐oxygen of
C17 which acts as the nucleophile in the cleavage reaction, where by 2´‐oxygen
could be subtracted by the N1 of G12, suggesting its role as the general base in
the reaction. However, G8 is involved in Watson‐Crick pairing with the C3, in
addition to being stacked on C1.1. Since N1 of G8 base is involved in Watson‐
Crick pairing with C3, it cannot serve as general acid. Rather it is 2´‐oxygen of G8
which serves the role of general acid as indicated by the orientation of ribose in
the crystal structure as a result of stacking of G8 on C1.1. This was further
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supported by the biochemical data that resulted in loss of activity upon changes
in 2´‐hydroxyl of G8 (McKay 1996) and restoration of catalytic activity upon
changing G8:C3 base pairs (Martick and Scott 2006; Nelson and Uhlenbeck 2008;
Przybilski and Hammann 2007). But the exact mechanism by which ribose
moiety achieves the function is not clear and suggests that the divalent metal ion
may be involved in mediating catalysis (Przybilski and Hammann 2006), though
no metal ion was found near the active site in this crystal structure. This crystal
structure brought a great relief to reconcile the earlier observed discrepancies
between structure‐function relationships of the hammerhead ribozyme and
paved the way towards more detailed mechanistic investigations and functions
in the biological context.
The importance of tertiary interactions in contributing towards the global
architecture and catalytic activity has been enhanced by the discovery of more
type III hammerhead ribozymes in other organisms. These include the discovery
of two type III hammerhead ribozyme motifs, Ara1 and Ara2 in the genome of
Arabidopsis thaliana (Przybilski et al. 2005; Graf et al. 2005). Both motifs are
located at two discrete loci and are embedded in conserved sequence context of
300 bp, located at a distance of 5 kb on the chromosome IV. The two loci are 95%
identical and the embedding hammerhead ribozymes differ from each other by
two nucleotides, one each in loop 1 and 2. The hammerhead ribozyme sequences
in Ara1 and Ara2 have a cytosine in loop 1 and 2, and a uracil in loop 2 and 1,
respectively. Each of the motifs is in antisense orientation downstream to an
open reading frame (ORF), with Ara1 and Ara2, located downstream to the ORFs,
At4g30870 and At4g30860, respectively as shown by their schematic
organization in figure 18.
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ringspot virus satellite RNA (sTRsV) (Rupert and Ferré‐D'Amaré 2001; Rupert et
al. 2002; Ferré‐D'amaré 2004). As shown in figure 19, hairpin ribozyme consists
of four‐way junction structure formed by coaxial stacking of stem A on stem D
and stem B on stem C, with two coaxial helices arranged in antiparallel
orientation. Stems A and B contain an internal loop of conserved nucleotides
critical for catalysis, with their cleavage site located in loop A. The helical regions
being variable are constrained only by maintaining base pairs (Walter and Burke
1998).

Figure 19: Structure of hairpin ribozyme (A) Secondary structure sequence of
the hairpin ribozyme, consists of four helical stems (A‐B) connected by a four
way junction. Lines with embedded arrows indicate the direction of the chain at
the crossovers. Nucleotides important for catalysis lie in stem A and B. Thin lines
indicate Watson–Crick pairs; black circles indicate non‐canonical pairs involving
at least one hydrogen bond between co‐planar bases. Nucleotides that
participate in a ribose zipper are connected by dotted lines. Nucleotides with C2'‐
endo ribose puckers (asterisk), those in the syn conformation (double asterisk),
and the A‐1 residue that carries the 2'‐methoxy modification (triple asterisk) are
indicated; (B) Ribbon model of the global architecture of the hairpin ribozyme
with corresponding colour codes. Cleavage indicated by arrow at cleavage site
nucleotides is in yellow colour. Green spheres indicate two tightly bound calcium
ions. Functionally dispensable portions of the RNA in gray, included for the
purpose of crystallization. Figure adopted from (Rupert and Ferré‐D'Amaré
2001); (C) Active site structure of the hairpin‐ribozyme as observed in the
crystal structure of vanadium‐containing transition state analogue. G8 and A38
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are hydrogen bonded to the three purine residues in blue (from stem A) and red
(from stem B) make a total of five hydrogen bonds to the vanadate (double
headed arrows). Figure adopted from Ferré‐D'amaré 2004.
The active site of hairpin ribozyme involves a complex ribose zipper formed
between A10, G11 in stem A and A24, C25 in stem B. Nucleotide G+1 is extruded
from loop A, and inserted into a pocket within loop B by forming a Watson‐Crick
base pair with C25. This extrusion changes the backbone conformation and the
2´oxygen of A‐1 is well aligned for the nucleophilic attack. Nucleotides G8 and
A38 are closely juxtaposed at the active center and hydrogen bonded with the
scissile phosphate (figure 19C) suggesting that they may respectively function as
the general base and general acid, to participate in general acid‐base catalysis
(Rupert and Ferré‐D'Amaré 2001). The magnesium ion induced folding of the
ribozyme in its natural format has been studied in great detail (Wilson and Lilley
2002; Wilson et al. 2007), however no metal ions binding was observed near the
active site, suggesting possible roles of local nucleobases in general acid‐base
catalysis.
1.6 Aims of the thesis
The catalytically active hairpin ribozyme consists of two formally bulged helices
A and B, which contain consensus nucleotides essential for their catalytic activity
(Berzal‐Herranz et al. 1993; Butcher and Burke 1994). The catalytic activity of
hairpin ribozyme is accelerated with the introduction of naturally present four‐
way junction structure, joining two additional helices C and D (Murchie et al.
1998; Rupert and Ferré‐D'Amaré 2001). Mfold (Zuker 2003) prediction of the
minus strand of three satellite RNAs harboring these hairpin ribozymes has
revealed additional features distant to the catalytic core. In order to study the

38

INTRODUCTION
importance of presence of additional naturally existing elements, different
variants and sub variants of the three hairpin ribozymes were artificially created.
The purpose of creating different variants was to investigate the tertiary
interactions between distant elements by determining their cleavage and
ligation activity under in vitro conditions.
Another goal of my thesis was to investigate the presence of hammerhead
ribozymes in different plants. Two hammerhead ribozyme motifs have been
found in the genome of the model plant A. thaliana and are expressed in different
tissues (Graf et al. 2005; Przybilski et al. 2005), indicating their role in biological
context. Since the model plant A. thaliana belongs to the family Brassicaceae, for
my study I have chosen ten plants belonging to the same family. The family
includes agronomically and economically well‐known species such as B. oleracea
(cabbage, cauliflower etc.), B. campestris (turnip, Chinese cabbage etc.) and many
others. Besides their importance as crop plants, majority of these plants have
been subjected to cytological, genetic and molecular studies and are evolutionary
and genetically related to each other (U 1935; Prakash and Hinata 1980; Attia
and Röbbelen 1986; Delseny et al. 1990). The relationship among these plants
intrigued me to look for the presence of hammerhead ribozymes in their
genome, including other plants belonging to the family Brassicaceae by direct
amplification reaction and hybridization experiments.
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2
2.1

Materials
Biological material

Bacterial strain
Escherichia coli DH5αTM

Invitrogen, Karlsruhe

Plant material

IPK, Gatersleben

1.

Arabidopsis thaliana; ecotype: Columbia

2.

Brassica oleracea

3.

Brassica campestris

4.

Brassica nigra

5.

Brassica carinata

6.

Brassica juncea

7.

Sinapis alba

8.

Raphanus sativus

9.

Brassica napus

10. Diplotaxis erucoides
11. Crambe maritima
2.2

Growth Medium for bacteria

LB medium

10 g bacto‐ tryptone
5 g bacto‐yeast extract
10 g NaCl
filled to 1 l of distilled H2O

LB Ampmedium

+50 μg/ml Ampicillin to
LB‐medium

LB agar

+9 g of agar + 1 l of LB‐medium
autoclaved, cooled to 550C
and poured into petri plates

LB Amp – plate

LB agar, autoclaved, cooled to
550C, 50 μg/ml of ampicillin,
poured into petri plates
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2.3

Buffers and solutions

CTAB extraction buffer

2% CTAB
100 mM Tris.HCl (pH 8.0)
20mM EDTA
1.4 M NaCl
0.2% β‐Mercaptoethanol, added to CTAB buffer just before DNA isolation
Solution I (GTE solution)

50 mM glucose
25 mM Tris‐HCl, pH 8.0
10 mM EDTA

Solution II

0.2 N NaOH
1% SDS

Solution III

3 M Sodium acetate, pH 4.7

10 M LiCl

423.9 g in 1 l of distilled water

10 X TBE

1 M Tris
0.83 M Borate
100 mM EDTA (pH 8.0)

6 X DNA loading dye

10 mM Tris‐HCl (pH 7.6)
0.03% bromophenol blue
0.03% xylene cyanol
60% glycerol
60 mM EDTA

Ethidium bromide dye

1 mg/ml in water

Denaturing polyacrylamide solution
7 M Urea
(10‐20%)
1 X TBE
Acrylamide/bisacrylamide solution (39:1)
0.5% (v/v) of 20 % (w/v) APS
0.1% TEMED
APS and TEMED are added prior to casting gel
2 X loading dye

95 % formamide
25 mM EDTA, pH 8.0
traces of bromophenol blue
traces of xylene cyanol

1 X TE buffer (pH 8.0)

10 mM Tris.HCl (pH 8.0)
1 mM EDTA

Elution buffer for DNA

1 X TE buffer (pH 8.0)
0.7% SDS
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Elution buffer for RNA

40% formamide
1 X TE buffer (pH 8.0)
0.7% SDS

2 X Rapid Ligation buffer

60 mM Tris.HCl (pH 7.8)
20 mM MgCl2
20 mM DTT
2 mM ATP
10% PEG

10 X Transcription Buffer
(Ferré‐D'Amaré & Doudna, 1996)

400 mM Tris.HCl (pH 8.0)
200 mM MgCl2
20 mM spermidine
0.1% Triton X‐100

10 X Transcription Buffer
(Modified Ferré‐D'Amaré & Doudna, 1996)

400 mM Tris.HCl (pH 8.0)
20 mM spermidine
0.1% TritonX‐100

10 X Transcription Buffer
(Long & Uhlenbeck, 1994)

400 mM Tris‐HCl (pH 8.1)
110 mM MgCl2
100 mM Spermidine
500 mM DTT
5 mg/ml BSA
1% Triton X‐100

2 X Buffer C
(cleavage buffer for
hammerhead ribozyme)

50 mM NaCl
20 mM Tris.HCl (pH‐7.5)
0.2 mM EDTA

2 X Buffer

50 mM Tris‐HCl, pH 7.0
100 mM NaCl

2 X Start Buffer

50 mM Tris‐HCl, pH 7.0
100 mM NaCl
20 mM MgCl2
2 X Buffer and 2 X Start buffers were used in trans‐cleavage and trans‐ligation
reactions for hairpin ribozyme
20 X SSC

3 M NaCl
0.3 M Sodium citrate

Denaturation Buffer

1.5 M NaCl
0.5 M NaOH

Neutralization Buffer

1.5 M NaCl
0.5 M Tris‐HCl (pH 7.0)

100 X Denhardt Reagent

2% Ficoll 400
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2% Polyvinylpyrrolidone
2% BSA
Hybridization Solution

5 X SSC
50 % formamide
5 X Denhardt Solution
120 mM Phosphate buffer, (pH 6.7)
1% SDS

Wash Solution I

2 X SSC
0.1% SDS

Wash Solution II

0.1 X SSC
0.1% SDS

Prehybridization Solution

10 ml 1 M Sodium phosphate buffer (pH 6.5)
7 ml 20% SDS
3 ml Millipore H2O

10 X OLB mix

200 mM Tris.HCl, pH 7.5
25 mM MgCl2
10 mM β‐mercaptoethanol
1 M HEPES, pH 6.6
0.25 mM of each dCTP, dGTP, dTTP
random hexadeoxynucleotides

Stripping solution

1 X SSC
0.1% SDS

0.1 M CaCl2

11.098 g in 1 l of distilled water

Chloroform:Isoamylalcohol

24:1

70% Ethanol (100 ml)

70 ml 100% ethanol
30 ml millipore water

Commercial buffers
10 X Red buffer

Fermentas

10 X EcoR I buffer

Fermentas

10X Buffer Y‐Tango

Fermentas

10 X Taq buffer

Fermentas

10 X Klenow buffer

Fermentas

10 X RNA ligase buffer

Fermentas

5 X Transcription buffer

Fermentas
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2.4 Chemicals and reagents
Acetic acid

Roth, Karlsruhe

Acrylamide/bisacrylamide Mix (Gel 40%) (19:1)

Roth, Karlsruhe

Agar‐agar

Euler, Frankfurt am Main

Agarose NEEO Ultra

Roth, Karlsruhe

Ammonium acetate

Roth, Karlsruhe

Ampicillin

Sigma‐Aldrich, Taufkirchen

APS

Merck, Darmstadt

β‐mercaptoethanol

Fluka, Deisenhofen

Boric acid ≥99,8% p.a.

Roth, Karlsruhe

Bromophenol blue

Fluka, Deisenhofen

BSA

MBI‐Fermentas

deoxyribonucleotide (dATP, dGTP, dCTP, dTTP)
Chloroform

MBI‐Fermentas, St. Leon‐Roth
Roth, Karlsruhe

CTAB

Sigma‐Aldrich, Taufkirchen

DTT

Roth, Karlsruhe

EDTA ≥99% p.a.

Roth, Karlsruhe

Ethidiumbromide

Fluka, Deisenhofen

Ethanol ≥99,8% p.a.

Roth, Karlsruhe

Ficoll

Sigma‐Aldrich, Taufkirchen

Formamide ≥99,5% p.a.

Roth, Karlsruhe

GTC

Roth, Karlsruhe

Glacial acetic acid

Sigma‐Aldrich, Taufkirchen

Glucose

Roth, Karlsruhe

Glycerol

Roth, Karlsruhe

HCl

Roth, Karlsruhe

HEPES

Roth, Karlsruhe

Isopropanol

Fluka, Deisenhofen

LiCl

Roth, Karlsruhe

MgCl 2

Roth, Karlsruhe

NaCl (99,5%)

Roth, Karlsruhe

NaOAc

Roth, Karlsruhe

pH‐standard solutions pH 4,7,9

Fluka, Deisenhofen
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Phenol/chloroform/isoamylalcohol (25:24:1)

Roth, Karlsruhe

Phosphoric acid

Merck

PVP

Sigma‐Aldrich, Taufkirchen

Ribonucleotides (ATP, GTP, CTP, UTP)

Roche

SDS ≥99%

Roth, Karlsruhe

Sephadex‐G50

Amersham

Sodium citrate

Roth, Karlsruhe

Sodium Dihydrogen phosphate

Roth, Karlsruhe

Sodium monophosphate

Roth, Karlsruhe

Sodium borate

Roth, Karlsruhe

Spermidine

Roth, Karlsruhe

TEMED

Roth, Karlsruhe

Tris ≥ 99,9% p.a.

Roth, Karlsruhe

Triton X‐100

Serva, Heidelberg

Bacto‐ tryptone

MP‐ biomedicals

Urea ≥99,5% p.a.

Roth, Karlsruhe

Xylene xyanol

Fluka, Deisenhofen

Bacto‐yeast extract

Roth, Karlsruhe

2.5 Radioactive materials
[α‐32P ‐UTP] (110TBq/ mmol)

Hartmann Analytic

[α‐32P dATP] (110TBq/mmol)

Hartmann Analytic

[α32 P pCp] (110TBq/mmol)

Hartmann Analytic

2.6 Enzymes
Bam HI (10 U/µl)

Fermentas

Bcu I/Spe I (10 U/µl)

Fermentas

EcoR I (10 U/µl)

Fermentas

EcoR V (10 U/µl)

Fermentas

Hind III (10 U/µl)

Fermentas

Xho I (10 U/µl)

Fermentas

Xba I (10 U/µl)

Fermentas

Klenow enzyme (10 U/µl)

Fermentas
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Pfu DNA polymerase (2.5 U/µl)

Promega

T4 Polynucleotide kinase (10 U/µl)

Fermentas

Proteinase K (14‐22mg/ml)

Fermentas

RNase Inhibitor (35 U/µl)

Fermentas

RNA ligase (10 U/µl)

Fermentas

Taq‐polymerase

Homemade

Taq‐polymerase (1 U/µl)

Fermentas

T7‐RNA polymerase

Homemade

T7‐RNA polymerase (10 U/µl)

Fermentas

2.7 Cloning Vectors
pJET1/blunt cloning vector

Fermentas

pGEM®‐T Easy vector

Promega

2.8 Kits
Nucleobond AX

Macherey & Nagel

Nucleospin Extract II

Macherey & Nagel

Ligation Kit pGEM ‐ T‐easy vector system

Promega

GeneJETTM PCR Cloning Kit

Fermentas

2.9 Molecular weight markers
GeneRuler™ 1kb DNA ladder

Fermentas

GeneRuler™ 100bp DNA ladder Plus

Fermentas

Low range RNA marker

Fermentas

High range RNA marker

Fermentas

Utralow range DNA marker

Fermentas

Decade Marker

Promega
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2.10 Oligonucleotides (5´3´)

Invitrogen

Oligos for hairpin ribozymes used to prepare templates for selfcleavage
and transligation reaction reaction
sTRsV hairpin ribozyme
sTRsV C2B
sT7
: GCGTAATACGACTCACTATAGGG
sTRsV_6L : CCTGATGAGTCCGTGAGGACGAAACAGGACTGTCAGGTGGC
sTRsV_L1 : CCAGAGAAACACACGTTGTGGTATATTACCTGGTACGCCTTGACTAGCTACACCGG
sTRsV_3 : CTAGTTTACGTGGTGGCTTTCGGCCACCTGACAGTCCTGTTT
sTRsV_2L
CCACAACGTGTGTTTCTCTGGTTGACTTCTCTGTTTGTTGTGTCAGGCCCTATAGTGAGTC
GTATTACGC
sTRsV_L4 : CGAAAGCCACCACGTAAACTAGTGAACCGTTTCCGGTGTAGCTAGTCAAGGC

sTRsV C1B
sT7
: GCGTAATACGACTCACTATAGGG
sTRsV_6L : CCTGATGAGTCCGTGAGGACGAAACAGGACTGTCAGGTGGC
sTRsV_S1 : CCAGAGAAACACACGTTGTGGTATATTACCTGGTACGCCTTGACTAG
sTRsV_3 : CTAGTTTACGTGGTGGCTTTCGGCCACCTGACAGTCCTGTTT
sTRsV_2L : CCACAACGTGTGTTTCTCTGGTTGACTTCTCTGTTTGTTGTGTCAGGCCCTATAGTGAGTC
GTATTACGC
sTRsV_S4 : CGAAAGCCACCACGTAAACTAGTTTCCTAGTCAAGGCGTACCAGGTAA

sTRsV C0B
sT7
: GCGTAATACGACTCACTATAGGG
sTRsV_6L : CCTGATGAGTCCGTGAGGACGAAACAGGACTGTCAGGTGGC
sTRsV_Cbp1 : CCAGAGAAACACACGTTGTGGTATATTACCTGGTACGTAGACTAGGAA
sTRsV_3
: CTAGTTTACGTGGTGGCTTTCGGCCACCTGACAGTCCTGTTT
sTRsV_2L : CCACAACGTGTGTTTCTCTGGTTGACTTCTCTGTTTGTTGTGTCAGGCCCTATAGTGA
GTCGTATTACGC
sTRsV_Cbp4 : CGAAAGCCACCACGTAAACTAGTTTCCTAGTCTACGTACCAGGTAATA

sTRsV, ΔJ_C2B

sT7
: GCGTAATACGACTCACTATAGGG
sTRsV_6 : AAACAGGACTGTCAGGTGGC
sTRsV_L1 : CCAGAGAAACACACGTTGTGGTATATTACCTGGTACGCCTTGACTAGCTACACCGG
sTRsV_3 : CTAGTTTACGTGGTGGCTTTCGGCCACCTGACAGTCCTGTTT
sTRsV_2 : CCACAACGTGTGTTTCTCTGGTTGACTTCTCTGTTTCCCTATAGTGAGTCGTATTACGC
sTRsV_L4 : CGAAAGCCACCACGTAAACTAGTGAACCGTTTCCGGTGTAGCTAGTCAAGGC

sTRsV, ΔJ_C1B
sT7
sTRsV_6
sTRsV_S1
sTRsV_3
sTRsV_2
sTRsV_S4

: GCGTAATACGACTCACTATAGGG
: AAACAGGACTGTCAGGTGGC
: CCAGAGAAACACACGTTGTGGTATATTACCTGGTACGCCTTGACTAG
: CTAGTTTACGTGGTGGCTTTCGGCCACCTGACAGTCCTGTTT
: CCACAACGTGTGTTTCTCTGGTTGACTTCTCTGTTTCCCTATAGTGAGTCGTATTACGC
: CGAAAGCCACCACGTAAACTAGTTTCCTAGTCAAGGCGTACCAGGTAA

sTRsV, ΔJ_C0B
sT7
: GCGTAATACGACTCACTATAGGG
sTRsV_6
: AAACAGGACTGTCAGGTGGC
sTRsV_Cbp1: CCAGAGAAACACACGTTGTGGTATATTACCTGGTACGTAGACTAGGAA
sTRsV_3
: CTAGTTTACGTGGTGGCTTTCGGCCACCTGACAGTCCTGTTT
sTRsV_2
: CCACAACGTGTGTTTCTCTGGTTGACTTCTCTGTTTCCCTATAGTGAGTCGTATTACGC
sTRsV_Cbp4 : CGAAAGCCACCACGTAAACTAGTTTCCTAGTCTACGTACCAGGTAATA
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sTRsV C2B, GCrescue mutant

T7‐GGG : TAATACGACTCACTATAGGG
TLA_5 : CCTGATGAGTCCGTGAG
TLA_1 : GAGAAGTCAACCAGAGAAACACACGGGGTGGTATATTACCTGGTACGCCTTGACTAACTACA
CCGG
TLA_4 : CGAAAGCCACCACGTAAACTAGTGAACCGTTTCCGGTGTAGTTAGTCAAG
TLA_6 : TTTACGTGGTGGCTTTCGGCCACCTGACAGTCCTGTTTCGTCCTCACGGACTCATCAGG
TLA_7 : GTTTCTCTGGTTGACTTCTCTGTTTGGGGTGTCAGGCCCTATAGTGAGTCGTATTA

sTRsV C2B, Gmutant

T7‐GGG : TAATACGACTCACTATAGGG
TLA_5 : CCTGATGAGTCCGTGAG
TLA_1 : GAGAAGTCAACCAGAGAAACACACGGGGTGGTATATTACCTGGTACGCCTTGACTAACTACA
CCGG
TLA_2 : TTTACGTGGTGGCTTTCGGCCACCTGACAGTCCTGTTTGGTCCTCACGGACTCATCAGG
TLA_3 : GTTTCTCTGGTTGACTTCTCTGTTTCCCGTGTCAGGCCCTATAGTGAGTCGTATTA
TLA_4 : CGAAAGCCACCACGTAAACTAGTGAACCGTTTCCGGTGTAGTTAGTCAAG

sCYMoV hairpin ribozyme
sCYMoV, D2B

sT7
: GCGTAATACGACTCACTATAGGG
sChYLAC_SP : CCCGGCCTGATGAGTCC
sChYMV_AC1 : CAACAGCGAAGCGCGCCAGGGAAACACACCATGTGTGGTATATTATCTGGCACCATAC
sChYMV_AC2 : TAGGACCGTCCTATACCCTTACCACAGGATAAATCCCAGGTAACATCAGCAGGGAA
GGTC
sChYMV_AC3 : GTAGTCTCACCTCTTAGCGCAGTACTGTTTCGTCCTTTCGGACTCATCAGGCCGGG
sChYMV_AC4 : GGCGCGCTTCGCTGTTGTATGTGTAAGTCGGGCCCTATAGTGAGTCGTATTACGC
sChYMV_AC5 : GTAAGGGTATAGGACGGTCCTACCATACGTTTCCGTATGGTGCCAGATAATATACCAC
sChYMV_AC6 : GCGCTAAGAGGTGAGACTACTTCAATCCTCTTATGACCTTCCCTGCTGATGTTAC

sCYMoV, D1B
sT7_YL
: GCGTAATACGACTCACTATAGGGCCCGACTTACACATACAACAGC
sCYMV_6L : CCCGGCCTGATGAGTCCGAAAGGACGAAACAGTACTGCGCTAAGAGGTG
sCYMV_1 : GGGAAACACACCATGTGTGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGAC
CGTC
sCYMV_3 : GGGAAGGTCATAAGAGGATTGAAGTAGTCTCACCTCTTAGCGCAGTACTGTT
sCYMV_2L : CCACACATGGTGTGTTTCCCTGGCGCGCTTCGCTGTTGTATGTGTAAGTCGGG
sCYMV_L4 : CTTCAATCCTCTTATGACCTTCCCTGCTGATGTTACCTTTCGGTAAGGGTATAGGACGGT
CCTACCATACGTTTC

sCYMoV, D0B
sT7_YL
: GCGTAATACGACTCACTATAGGGCCCGACTTACACATACAACAGC
sCYMV_6L : CCCGGCCTGATGAGTCCGAAAGGACGAAACAGTACTGCGCTAAGAGGTG
sCYMV_1 : GGGAAACACACCATGTGTGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGAC
CGTC
sCYMV_3 : GGGAAGGTCATAAGAGGATTGAAGTAGTCTCACCTCTTAGCGCAGTACTGTT
sCYMV_2L : CCACACATGGTGTGTTTCCCTGGCGCGCTTCGCTGTTGTATGTGTAAGTCGGG
sCYMV_S4 : CTTCAATCCTCTTATGACCTTCCCTTTCAGGACGGTCCTACCATACGTTTC

sCYMoV, ΔJ_D2B
sT7
: GCGTAATACGACTCACTATAGGG
sChYL_SP : AACAGTACTGCGCTAAGAGGTG
sChYMV_C1 : GGGAAACACACCATGTGTGGTATATTATCTGGCACCATACGGAAACGTATGGTAGG
ACCG
sChYMV_C2 : CCCAGGTAACATCAGCAGGGAAGGTCATAAGAGGATTGAAGTAGTCTCACCTCTTAG
CGCAGTACTGTT
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sChYMV_C3 : CCACACATGGTGTGTTTCCCTGGCGCGCTTCGCTGTTCCCTATAGTGAGTCGTATTACGC
sChYMV_C4 : CCTGCTGATGTTACCTGGGATTTATCCTGTGGTAAGGGTATAGGACGGTCCTACCATAC
GTTTCC

sCYMoV, ΔJ_D1B
sT7
: GCGTAATACGACTCACTATAGGG
sCYMV_6 : AACAGTACTGCGCTAAGAGGTG
sCYMV_1 : GGGAAACACACCATGTGTGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGAC
CGTC
sCYMV_3 : GGGAAGGTCATAAGAGGATTGAAGTAGTCTCACCTCTTAGCGCAGTACTGTT
sCYMV_2 : CCACACATGGTGTGTTTCCCTGGCGCGCTTCGCTGTTCCCTATAGTGAGTCGTATTACGC
sCYMV_L4 : CTTCAATCCTCTTATGACCTTCCCTGCTGATGTTACCTTTCGGTAAGGGTATAGGACGGT
CCTACCATACGTTTC

sCYMoV, ΔJ_D0B
sT7
: GCGTAATACGACTCACTATAGGG
sCYMV_6 : AACAGTACTGCGCTAAGAGGTG
sCYMV_1 : GGGAAACACACCATGTGTGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGACC
GTC
sCYMV_3 : GGGAAGGTCATAAGAGGATTGAAGTAGTCTCACCTCTTAGCGCAGTACTGTT
sCYMV_2 : CCACACATGGTGTGTTTCCCTGGCGCGCTTCGCTGTTCCCTATAGTGAGTCGTATTACGC
sCYMV_S4 : CTTCAATCCTCTTATGACCTTCCCTTTCAGGACGGTCCTACCATACGTTTC

sCYMoV, D2B, ∆E
T7‐GGG : TAATACGACTCACTATAGGG
ChY8
: CCCGGCCTGATGAGTC
ChY1
: CCAGGGAAACACACCATGTGTGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGA
CCGTC
ChY4
: TGATGTTACCTGGGATTTATCCTGTGGTAAGGGTATAGGACGGTCCTACCATACGTT
ChY6
: GATAAATCCCAGGTAACATCAGCAGGGAAGGTCAGCGCAGTACTGTTTCGTCCTTTCGGAC
TCATCAGGCCGGG
ChY7
: CATGGTGTGTTTCCCTGGCGCGCTTCGCTGTTGTATGTGTAAGTCGGGCCCTATAGTGAGTC
GTATTA

sCYMoV, D1B, ∆E
T7‐GGG : TAATACGACTCACTATAGGG
ChY8
: CCCGGCCTGATGAGTC
ChY1
: CCAGGGAAACACACCATGTGTGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGA
CCGTC
ChY7
: CATGGTGTGTTTCCCTGGCGCGCTTCGCTGTTGTATGTGTAAGTCGGGCCCTATAGTGAGTC
GTATTA
ChY10 : GCTGATGTTACCTTTCGGTAAGGGTATAGGACGGTCCTACCATACG
ChY11 : ACCGAAAGGTAACATCAGCAGGGAAGGTCAGCGCAGTACTGTTTCGTCCTTTCGGACTCATC
AGGCCGGG

sCYMoV, D0B, ∆E
T7‐GGG : TAATACGACTCACTATAGGG
ChY8
: CCCGGCCTGATGAGTC
ChY1
: CCAGGGAAACACACCATGTGTGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGA
CCGTC
ChY7
: CATGGTGTGTTTCCCTGGCGCGCTTCGCTGTTGTATGTGTAAGTCGGGCCCTATAGTGAGTC
GTATTA
ChY16 : GGGAAGGTCAGCGCAGTACTGTTTCGTCCTTTCGGACTCATCAGGCCGGG
ChY17 : CTGCGCTGACCTTCCCTTTCAGGACGGTCCTACCATACGTT

sCYMoV, ∆J_D2B, ∆E
T7‐GGG : TAATACGACTCACTATAGGG
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ChY5
ChY1
ChY2
ChY3
ChY4

: AAACAGTACTGCGCTGACC
: CCAGGGAAACACACCATGTGTGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGA
CCGTC
: GATAAATCCCAGGTAACATCAGCAGGGAAGGTCAGCGCAGTACTGTTT
: CATGGTGTGTTTCCCTGGCGCGCTTCGCTGTTCCCTATAGTGAGTCGTATTA
: TGATGTTACCTGGGATTTATCCTGTGGTAAGGGTATAGGACGGTCCTACCATACGTT

sCYMoV, ∆J_D1B, ∆E

T7‐GGG : TAATACGACTCACTATAGGG
ChY5
: AAACAGTACTGCGCTGACC
ChY1
: CCAGGGAAACACACCATGTGTGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGA
CCGTC
ChY3
: CATGGTGTGTTTCCCTGGCGCGCTTCGCTGTTCCCTATAGTGAGTCGTATTA
ChY9
: CCTTACCGAAAGGTAACATCAGCAGGGAAGGTCAGCGCAGTACTGTTT
ChY10
: GCTGATGTTACCTTTCGGTAAGGGTATAGGACGGTCCTACCATACG

sCYMoV, ∆J_D0B, ∆E
T7‐GGG : TAATACGACTCACTATAGGG
ChY5
: AAACAGTACTGCGCTGACC
ChY12
: GAAGCGCGCCAGGGAAACACACCATGTGTGGTATATTATCTGGCACC
ChY13
: GTATGGTAGGACCGTCCTGAAAGGGAAGGTCAGCGCAGTACTGTTT
ChY14
: TTCCCTGGCGCGCTTCGCTGTTCCCTATAGTGAGTCGTATTA
ChY15
: AGGACGGTCCTACCATACGTTTCCGTATGGTGCCAGATAATATACCAC

sCYMoV, D2B, ∆C
T7‐GGG
: TAATACGACTCACTATAGGG
sChYLAC_SP : CCCGGCCTGATGAGTCC
sChYMV_4w1 : AGCGCGCCAGGGAAACACACCATGTGTGGTATATTATCTGGCAGGACCGTCCTATACC
CTTACCACAG
sChYMV_4w2 : GGTCATAAGAGGATTGAAGTAGTCTCACCTCTTAGCGCAGTACTGTTTCGTCCTTTCG
GACTCATCAGGCCGGG
sChYMV_4w3 : TGTGTTTCCCTGGCGCGCTTCGCTGTTGTATGTGTAAGTCGGGCCCTATAGTGAGTCG
TATTA
sChYMV_4w4 : TACTTCAATCCTCTTATGACCTTCCCTGCTGATGTTACCTGGGATTTATCCTGTGGTA
AGGGTATAGGAC

sArMV hairpin ribozyme
sArMV, C1B
sT7
sAMV_6L
sAMV_1
sAMV_3
sAMV_2L
sAMV_4

: GCGTAATACGACTCACTATAGGG
: CCGACCTGACGATGGCCCAAAAGGGCCGAAACAGTACTGCGTCATGCCG
: CGAAGCGGAACGGCGAAACACACCTTGTGTGGTATATTACCCGTTGGAG
: GGAATTCACGTCTGGTCTCCCCATGCCCAACTCGGCATGACGCAGTACTGTT
: GTTTCGCCGTTCCGCTTCGCTGTTGCTTGTGGTCGTTAGCCGGCCCTATAGTGAGTCGTA
TTACGC
: GGAGACCAGACGTGAATTCCTCTGGATACTCCAACGGGTAATATACCACAC

sArMV, C0B
sT7
sAMV_6L
sAMV_1
sAMV_3

: GCGTAATACGACTCACTATAGGG
: CCGACCTGACGATGGCCCAAAAGGGCCGAAACAGTACTGCGTCATGCCG
: CGAAGCGGAACGGCGAAACACACCTTGTGTGGTATATTACCCGTTGGAG
: GGAATTCACGTCTGGTCTCCCCATGCCCAACTCGGCATGACGCAGTACTGTT

sArMV, ∆J_C1B
sT7
sAMV_6
sAMV_1
sAMV_2

: GCGTAATACGACTCACTATAGGG
: AACAGTACTGCGTCATGCCG
: CGAAGCGGAACGGCGAAACACACCTTGTGTGGTATATTACCCGTTGGAG
: GTTTCGCCGTTCCGCTTCGCTGTTCCCTATAGTGAGTCGTATTACGC
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sAMV_3
sAMV_4

: GGAATTCACGTCTGGTCTCCCCATGCCCAACTCGGCATGACGCAGTACTGTT
: GGAGACCAGACGTGAATTCCTCTGGATACTCCAACGGGTAATATACCACAC

sArMV, ∆J_C0B

sT7
: GCGTAATACGACTCACTATAGGG
sAMV_6
: AACAGTACTGCGTCATGCCG
sAMV_1
: CGAAGCGGAACGGCGAAACACACCTTGTGTGGTATATTACCCGTTGGAG
sAMV_2
: GTTTCGCCGTTCCGCTTCGCTGTTCCCTATAGTGAGTCGTATTACGC
sAMV_3
: GGAATTCACGTCTGGTCTCCCCATGCCCAACTCGGCATGACGCAGTACTGTT
sAMV_Cbp4 : GGAGACCAGACGTGAATTCCTCTGGTCTCCAACGGGTAATATACCACAC

Open arm constructs of sArMV
sArMV, C1B, open arm A
T7GGG : TAATACGACTCACTATAGGG
AOA6 : CCGACCTGACGATGG
AOA1 : GAAACACACCTTGTGTGGTATATTACCCGTTGGAGTATCCAGAGGAATTCACGTCTGGTC
TCCCCATGCCCAAC
AOA2 : CCACACAAGGTGTGTTTCGCCGTTCCGCTTCGCTGTTGCTTGTGGTCGTTAGCCGGCCCT
ATAGTGAGTCGTATTA
AOA4 : CCGACCTGACGATGGCCCAAAAGGGCCGAAACAGTACTGCGTCATGCCGAGTTGGGCATGG
GGAG

sArMV, C1B, open arm B

T7GCG : TAATACGACTCACTATAGCG
AOB6 : GTGTGTTTCGCCGTTC
AOB1 : CTGGTCTCCCCATGCCCAACTCGGCATGACGCAGTACTGTTTCGGCCCTTTTGGGCCATCGTCA
GGTC
AOB2 : GCATGGGGAGACCAGACGTGAATTCCTCTGGATACTCCAACGGGTAATATACCACACGCTATA
GTGAGTCGTATTA
AOB4 : GTGTGTTTCGCCGTTCCGCTTCGCTGTTGCTTGTGGTCGTTAGCCGGTTTCCCGACCTGACGAT
GGCC

sArMV, C1B, open arm C
T7GGG : TAATACGACTCACTATAGGG
AOC6 : TCTGGATACTCCAACG
AOC1 : CCTTTTGGGCCATCGTCAGGTCGGGAAACCGGCTAACGACCACAAGCAACAGCGAAGCGG
AOC2 : GACGATGGCCCAAAAGGGCCGAAACAGTACTGCGTCATGCCGAGTTGGGCATGGGGAGACCAG
ACCCTATAGTGAGTCGTATTA
AOC4 :TCTGGATACTCCAACGGGTAATATACCACACAAGGTGTGTTTCGCCGTTCCGCTTCGCTGTTGC

sArMV, C1B, open arm D
T7GGC : TAATACGACTCACTATAGGC
AOD6 : GGCATGGGGAGACCAG
AOD1 : GGGAAACCGGCTAACGACCACAAGCAACAGCGAAGCGGAACGGCGAAACACACGTGTGGTAT
ATTACCCGTTGGAG
AOD2 : CGTTAGCCGGTTTCCCGACCTGACGATGGCCCAAAAGGGCCGAAACAGTACTGCGTCATGCC
TATAGTGAGTCGTATTA
AOD4 : GGCATGGGGAGACCAGACGTGAATTCCTCTGGATACTCCAACGGGTAATATACC

Oligos for substrate strands of hairpin ribozyme used to prepare templates
for transcleavage kinetics
sTRsV, C2B
sT7
: GCGTAATACGACTCACTATAGGG
sTRsV_TLAP : CCTGATGAGTCCGTGAGGACGAAACAGGACTGTCAGGTGGCC
sTRsV_TLAT1 : CGGTTCACTAGTTTACGTGGTGGCTTTCGGCCACCTGACAGTCCTG
sTRsV_TLAT2NEW : CACCACGTAAACTAGTGAACCGGAAACCCTATAGTGAGTCGTATTACGC
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sTRsV, C1B and sTRsV, C0B

sT7
: GCGTAATACGACTCACTATAGGG
sTRsV_AP : CCTGATGAGTCCGTGAGGACGAAACAGGAC
sTRsV_AT1 : CGTGGTGGCTTTCGGCCACCTGACAGTCCTGTTTCGTCCTCACG
sTRSV_AT2 :GGCCGAAAGCCACCACGTAAACTAGCCCTATAGTGAGTCGTATTACGC

sTRsV, ΔJ_C2B
sT7
: GCGTAATACGACTCACTATAGGG
sTRsV_R : AAACAGGACTGTCAGGTGGC
sTRsV_TL1 : GCGTAATACGACTCACTATAGGGAAACGGTTCACTAGTTTACGTGGTGGCTTTCGGCC
sTRsV_T2 : AAACAGGACTGTCAGGTGGCCGAAAGCCACCACG

sTRsV, ΔJ_C1B and sTRsV, ΔJ_C0B
sT7
: GCGTAATACGACTCACTATAGGG
sTRsV_R : AAACAGGACTGTCAGGTGGC
sTRsV_T1 : GCGTAATACGACTCACTATAGGGCTAGTTTACGTGGTGGCTTTCGGCC
sTRsV_T2 : AAACAGGACTGTCAGGTGGCCGAAAGCCACCACG

sArMV, C1B and sArMV, C0B
sT7
: GCGTAATACGACTCACTATAGGG
sAMV_AP : CCGACCTGACGATGGCCCAAAAGGGCCGAAACAGTACTGCG
sAMV_AT1 : CGTCTGGTCTCCCCATGCCCAACTCGGCATGACGCAGTACTGTTTCGGC
sAMV_AT2 : GCATGGGGAGACCAGACGTGAATTCCCTATAGTGAGTCGTATTACGC

sArMV, ∆J_C1B and sArMV,∆J_ C0B
sT7
: GCGTAATACGACTCACTATAGGG
sAMV_P : AACAGTACTGCGTCATGCCG
sAMV_T1 : CACGTCTGGTCTCCCC ATGCCCAACTCGGCATGACGCAG
sAMV_T2 : ATGGGGAGACCAGACGTGAATTCCCTATAGTGAGTCGTATTACGC

Oligos for ribozyme and substrate strands of sCYMoV
sCYMoV, D2B, ribozyme strand
sT7
sChYLAC_RP
sChYLAC_R1
sChYLAC_R2
sChYLAC_R3
sChYLAC_R4

: GCGTAATACGACTCACTATAGGG
: GGTTTCCTGTGGTAAGGGTATAG
: TACACATACAACAGCGAAGCGCGCCAGGGAAACACACCATGTGTGGTA
: CACCATACGGAAACGTATGGTAGGACCGTCCTATACCCTTACCACAGGAAACC
: GCGCTTCGCTGTTGTATGTGTAAGTCGGGcccTATAGTGAGTCGTATTACGC
: CTACCATACGTTTCCGTATGGTGCCAGATAATATACCACACATGGTGTGTTTCCC

sCYMoV, D2B, substrate strand

sT7
sChYLAC_SP
sChYLAC_S1
sChYLAC_S2
sChYLAC_S3
sChYLAC_S4

: GCGTAATACGACTCACTATAGGG
: CCCGGCCTGATGAGTCC
: CAGGTAACATCAGCAGGGAAGGTCATAAGAGGATTGAAGTAGTCTCACC
: AGCGCAGTACTGTTTCGTCCTTTCGGACTCATCAGGCCGGG
: CTTCCCTGCTGATGTTACCTGGGAcccTATAGTGAGTCGTATTACGC
: GGACGAAACAGTACTGCGCTAAGAGGTGAGACTACTTCAATCCTCTTA

sCYMoV, D1B, ribozyme strand
sT7
sChYLA_RP
sChYLA_R1
sChYLA_R2
sChYLA_R3
sChYLA_R4

: GCGTAATACGACTCACTATAGGG
: GGGGGTAAGGGTATAGGAC
: GACTTACACATACAACAGCGAAGCGCGCCAGGGAAACACACCATGTGTGGT
: CTGGCACCATACGGAAACGTATGGTAGGACCGTCCTATACCCTTACCCCC
: CTTCGCTGTTGTATGTGTAAGTCGGGCCCTATAGTGAGTCGTATTACGC
: ATACGTTTCCGTATGGTGCCAGATAATATACCACACATGGTGTGTTTCCC
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sCYMoV, D1B, substrate strand
sT7
: GCGTAATACGACTCACTATAGGG
sChYLA_SP : CCCGGCCTGATGAGTCC
SChYLA_S1 : AACATCAGCAGGGAAGGTCATAAGAGGATTGAAGTAGTCTCACCTC
SChYLA_S2 : GCGCAGTACTGTTTCGTCCTTTCGGACTCATCAGGCCGGG
SChYLA_S3 : TATGACCTTCCCTGCTGATGTTACCCCCTATAGTGAGTCGTATTACGC
sChYLA_S4 : GGACGAAACAGTACTGCGCTAAGAGGTGAGACTACTTCAATCCT

Hammerhead ribozyme
Primers used for direct amplification of hammerhead ribozymes on the
genomic DNA of plants
Aracon1
: CAAAGTCGAGAAACTTCAAC
Aracon2
: CTAAGTATCAAGAATCATCATGT
Aracon4
: CTAAGTATCAAGTTTCATCATGT
Aracleavrev : GACCAGTTGTTTAAGGGT
Aracleavrev2 : GACCAGTTGATTAAGGGT
napus_for
: GACCCTTAAACAACTGGTC

Oligos for recursive PCR
Arabidopsis thaliana
T7
: GTCGCCTGCAGTAATACGACTC
Ara12 : GACTGGTTTCGCTCTACCTTGAGCTCATCAGGTGATC
AraN : CAGATCACGACCAGTTGTCTCCCTATAGTGAGTCGTATTACTGCAGGCGAC
Ara11 : CAACTGGTCGTGATCTGAAACCCGATCACCTGATGAGCTC

Brassica carinata
T7
: GTCGCCTGCAGTAATACGACTC
Ara22 : GACTGGTTTCGCTCTGCCTTGAGCTCATCAGGTGATC
AraN : CAGATCACGACCAGTTGTCTCCCTATAGTGAGTCGTATTACTGCAGGCGAC
ARA21_BCAR : CAACTGGTCGTGATCTGAGACTCGATCACCTGATGAGCTC

Diplotaxis erucoides
T7
: GTCGCCTGCAGTAATACGACTC
Ara22_Diplo : GACTGGTTTCGCTATACCTTGAGCTCATCAGGTGATC
AraN
: CAGATCACGACCAGTTGTCTCCCTATAGTGAGTCGTATTACTGCAGGCGAC
Ara11
: CAACTGGTCGTGATCTGAAACCCGATCACCTGATGAGCTC

Antisense oligos used to block cleavage of hammerhead ribozyme during
transcription
Rz_in : CAGATCACGACCAGTTGTCTCCCT
AraN: CAGATCACGACCAGTTGTCTCCCTATAGTGAGTCGTATTACTGCAGGCGAC

Sequencing primers
T7 primer : TGTAATACGACTCACTATAGGG
SP6 primer : ATTTAGGTGACACTATAGAATAC
pJET1 Forward sequencing primer : GCCTGAACACCATATCCATCC
pJET1 Reverse sequencing primer : GCAGCTGAGAATATTGTAGGAGATC

RNA oligo sequence used for 3´end labelling
GUACUGUUAUCUUU
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2.11 Equipments & Instruments
Autoclave Zirbus

Bad Grund

Balance Delta Range PC440

Mettler

Balance BP 210 S

Sartorius

Centrifuge Microfuge Lite

Beckmann

Centrifuge Centrifuge 5417C

Eppendorf

Centrifuge MicroCen 13

Herolab

Centrifuge Avanti™ 30 (Rotoren C0650, C1015)

Beckmann

Centrifuge Sigma 1‐15

Sigma

Centrifuge Sigma 1K‐15

Sigma

Centrifuge Rotanta/R

Hettich

Centrifuge Rotina 48R

Hettich

Chromatographic plastic columns

Sarstedt

Counter mini‐monitor g‐m meter type 5.10

Mini‐Instruments LTD

Falcon tubes (different volumes)

Sarstedt

Flasks (different volumes)

Schott

Gel‐documentation system

Intas

Agarose gel electrophoresis apparatus

University Kassel workshops

PAGE apparatus

University Kassel workshops

Glass plates for PAGE

University Kassel workshops

Glas beakers (different volumes)

Schott

Gloves

Unigloves

Injection needles

Braun

Injection syringes

Braun

Heating block Stork

Tronic

Heating block

Liebisch

Magnetic stirring plate

Jahnke & Kunkel GmbH Staufen

Measuring cylinder

VitLab

Microwave

Siemens

3MM paper

Whatman

Parafilm

Schütt

PCR caps

Schütt

Thermal Cycler

Eppendorf
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Gradient thermal cycler

Eppendorf

Petri‐dishes

Sarstedt

Pipet tips

Sarstedt

pH‐meter

Bachofer Reutlingen

Phosphorimager

Fuji

Phosphorimager BAS‐casettes 2040/2025

Fuji

Photometer gene‐quant

Pharmacia

Nano spectrophototemeter

Eppendorf

Pipettes (for different volumes)

Gilson

Pipette for 0.5 µl – 10 µl

Abimed

Eppendorf tubes (1.5 ml/ 2 ml)

Schütt

Scalpels

Bayha

Screw caps

Schütt

Shaker Mixer 5432

Eppendorf

Sterile hood

Galaire

Storage box for radioactive material

Amersham

Tank for liquid nitrogen Messer

Grießheim

Transfer membrane Parablot NCP

Macherey &Nagel

UV‐table

Bachofer

Vortex REAX top

Heidolph

Vortex, Vortex‐genie Bender

Hobein AG

Working protection

Amersham

Power supplies
EPS 3500

Pharmacia

EPS 200

Pharmacia

ECPS 3000/150

Pharmacia
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3. Methods
3.1 Isolation of nucleic acid
3.1.1 Isolation of genomic DNA from plants (Doyle and Doyle 1990)
15 ml of CTAB extraction buffer containing 0.2% β‐mercaptoethanol is activated
in sterile 50 ml sterile falcon tube at 60°C in a water bath. 1‐2 g of leaves from 3
to 4 week grown plants are harvested and finely powdered by grinding in liquid
Nitrogen in a sterile mortar and pestle. This finely powdered mass is
resuspended in the activated CTAB buffer with the help of clean spatula, avoiding
the formation of clumps. The cell suspension is incubated at 600C for 30 minutes,
with occasional shaking in between. After incubation is over, this cell suspension
is kept at room temperature. 25 ml of CHCl3/Isoamylalcohol (24:1) is added and
mixed gently, but thoroughly at room temperature and subjected for phase
separation in the centrifuge, at 8000 rpm for 30 minutes at room temperature.
The upper aqueous phase is carefully transferred to the fresh falcon tube with
the help of sterile tip having blunt end. Adding one volume of cold isopropanol,
mixing immediately and incubating at ‐200C for 20 minutes precipitates the DNA.
The DNA pellet is recovered by centrifugation at 8000 rpm at 40C for 30 minutes
and discarding the supernatant. The DNA pellet is washed with 5 ml of 70%
ethanol at room temperature. Supernatant is discarded and the pellet dried in
vacuum drier speed vac. DNA is reconstituted by dissolving the dried pellet was
dissolved in 1 ml UV treated– H2O.
3.1.2 Largescale plasmid DNA isolation from Escherichia coli by alkali lysis
method (modification of Bimboim and Doly, 1979)
The bacterial culture transformed with recombinant plasmid is inoculated into
100 ml of LB liquid medium containing 50 μg/ml ampicillin and incubated at
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370C at 200 rpm for 14‐16 hours. The liquid culture is aseptically transferred
into sterile 50 ml falcon tubes. The cells are harvested by centrifugation at
10,000 rpm for 10 minutes at 40C. The supernatant is discarded. The resulting
cell pellet obtained is resuspended in 4 ml of Solution I with the help of pipette.
The resuspended cells are lysed by 8 ml of Solution II with gentle and complete
mixing. This solution is incubated at room temperature for 5 minutes. Adding 6
ml of solution III and gentle mixing till an off‐white flocculant is formed,
neutralizes the cell lysate. The entire solution is centrifuged at 10,000 rpm for 30
minutes at 40C to separate the cell debris from the supernatant containing
soluble plasmid DNA. The clear supernatant is transferred to the fresh sterile 50
ml falcon tube and 0.6 volume of isopropanol is added to precipitate the plasmid
DNA. The DNA pellet is obtained by centrifugation at 10,000 rpm, 10 minutes,
40C. The supernatant is discarded and the pellet is dissolved in 300 µl of water.
To this suspension, 300 µl of 10 M LiCl is added, mixed and incubated at ‐200C
for 20 minutes. This step precipitates the residual bacterial proteins, which are
removed by centrifugation at 14,000 rpm for 20 minutes at 40C. The supernatant
is transferred to the fresh sterile Eppendorf tube and the pellet is discarded. The
volume of the supernatant is determined with the help of pipette. Same volume
of 100% ethanol is added for DNA precipitation and incubated at ‐200C for 20
minutes. DNA pellet is obtained by centrifugation at 14,000 rpm at 40C for 20
minutes. The supernatant is discarded and the pellet is washed with 70%
ethanol at room temperature. The supernatant is discarded again, pellet dried
and dissolved in 200 μl of UV‐H2O.

57

METHODS
3.1.3 Largescale plasmid DNA isolation from Escherichia coli using
MachereyNagel Nucleobond Kit
100 ml bacterial culture is used to isolate plasmid DNA by as per instructions in
kit protocol.
3.2 Electrophoresis
3.2.1 Agarosegel electrophoresis (Sambrook, 1989)
The desired amount of agarose powder is dissolved in I X TBE buffer by boiling
in a microwave. This solution is allowed to cool to 600C, 500 ng /ml of ethidium
bromide dye is added and mixed properly. The electrophoresis chamber is
sealed from all sides to prevent any leakage and fitted with a comb to make wells
in the cell. The molten gel solution is then poured into this chamber and allowed
to solidify at room temperature. After the gel is solidified, the comb is gently
removed without breaking the wells. I X TBE buffer is added as the
electrophoresis buffer, sufficient enough to submerge the gel. The DNA sample to
be analyzed is mixed with appropriate volume of DNA loading dye and loaded
onto the wells in the gel. 5 μl of appropriate DNA marker is also loaded along
with DNA samples for size comparison. The electrophoresis apparatus is covered
with the lid and connected to the power supply with the help of cables. The
negatively charged DNA migrates from the cathode to the anode. This migration
of DNA is monitored with the help of tracking dyes, bromophenol blue and
xylene cyanol present in the loading dye. The DNA bands are visualized in the gel
under UV‐ illuminator using ethidium bromide dye that intercalates between the
bases in DNA and fluoresces as orange dye. 0.8% ‐ 1% agarose gel is used to
analyze larger DNA fragments > 750 bp ‐1 kb and 1.5 ‐2% agarose gel is used to
analyze shorter DNA fragments < 500 bp.
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3.2.2 Denaturing polyacrylamide gel electrophoresis (PAGE)
Desired percentage of polyacrylamide gels (10‐20%) are prepared by dissolving
urea, acrylamide/bis‐acrylamide (38%/2%) in distilled water, followed by
filtration. The two glass plates, one normal and other with notch, are cleaned and
sealed from three sides with the help of spacers, held together with the help of
clamps. To 60 ml of polyacrylamide solution in a beaker, 300 μl of 20 % (w/v)
APS and 60 μl of TEMED are added and mixed gently. This gel solution is
immediately poured into glass plates from the top, avoiding any bubble
formation in the gel. A tethered comb is then inserted from the top to make wells
in the gel. The gel is allowed to polymerize at room temperature for 10‐ 15
minutes. After the gel is formed, the spacer at the bottom of the glass plates is
removed. The whole assembly is mounted in a vertical electrophoresis apparatus
having an upper reservoir and a lower reservoir containing I X TBE as the
running buffer. The comb is gently removed from the gel and the wells are
washed gently with running buffer to remove unpolymerized gel. The upper
reservoir of the electrophoresis apparatus is covered with the lid, keeping the
level of the buffer above the wells in the gel. The RNA sample to be analyzed is
added to the denaturing loading dye, heat denatured at 950C for 2 minutes and
incubated on ice for 2 minutes. The denatured RNA samples are then loaded onto
the wells along with RNA and DNA marker. The electrophoresis apparatus is
then connected to the power supply and the RNA is allowed to separate in the gel
from cathode to anode at 25 mA for approximately 3 hours. After electrophoresis
is finished, the glass plates are disassembled and processed in two different ways
depending upon the nature of transcription reaction.
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(i) For non radio‐labeled samples, the gel is transferred to a tray containing
water and ethidium bromide and kept for shaking for 2‐3 minutes. Thereafter,
the gel is transferred to the UV‐ table to visualize the bands and photographed.
(ii) For radio‐labeled samples, the gel is wrapped in plastic sheet, sealed on all
the sides and kept for exposure to phosphoimager screen in phosphoimager
cassette overnight. The screen is scanned in the scanner and the RNA bands are
visualized as black dots formed by exposure of radioactivity. These are then
quantified using Multigauge/ Tina programs.
3.3 Gel elution techniques
3.3.1 Elution of DNA fragments from agarose gel using MACHEREYNAGEL
Nucleospin Extract II Kit
This technique is used to elute DNA fragments from agarose gel using
Nucleospin® extract II columns. The DNA fragment of desired size is cut out of
the agarose gel with the help of sterile scalpel under UV‐table and crushed into
small pieces. The elution of DNA is carried out as per instructions given in the
kit’s manual.
3.3.2 Elution of DNA fragments from agarose gel by electro elution
technique
This technique is based on the elution of DNA from agarose gel by trapping in
high‐salt solution containing 8 M ammonium acetate under the influence of
electric field. This entire procedure takes place in a specialized electrophoresis
chamber designed to elute nucleic acids from the gel pieces under the influence
of the electric field. The center of the chamber consists of several slots for
keeping gel pieces and each slot is connected to the V‐shaped tubes, which are
filled with high salt solution for collecting nucleic acids. The elution of nucleic
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acids is carried out in the presence of electrophoresis buffer added to the buffer
reservoirs surrounding the central platform designed for keeping the gel pieces
connected to the inbuilt V‐tubes. The DNA fragment to be eluted is cut with the
help of sterile scalpel and kept in the slots of the V‐ tube electrophoresis
chamber. The electrophoresis tank is filled with 0.25 X TBE just enough to cover
the gel slice. Air bubbles are removed from the V‐tube with the help of Pasteur
pipette. 180 μl of 8M‐ammonium acetate is added into these V‐tubes avoiding the
formation of any bubbles. Electrophoresis is performed at 180 Volts for 45
minutes. After electrophoresis is finished, the V‐tubes are sealed with tips having
blunt ends. The buffer in the reservoir of the tank is removed with the help of
syringe to a level lower than the mouth of the V‐tube. The DNA trapped in high
salt solution in the V‐tube is collected in a sterile eppendorf tube and
precipitated by addition of three volumes of 100% ethanol at ‐200C for 20
minutes. DNA pellet is obtained by centrifugation at 14,000 rpm for 20 minutes
at 40C. The supernatant is discarded and the pellet is washed with 70% ethanol
at room temperature. The pellet is dried and dissolved in 10 μl of UV‐H2O. The
eluted DNA is then checked on agarose gel to determine its quality and integrity.
DNA concentration and purity is determined by spectrophotometer at a
wavelength of 260 nm.
3.3.3 Elution of nucleic acid using gel elution buffer
The desired DNA fragment (linearized DNA and PCR product) and RNA fragment
(products of transcription reaction) is cut out of the gel with sterile scalpel on
the UV‐ table crushed into small pieces and transferred into sterile eppendorf
tubes. 500 µl of the respective elution buffers are added to submerge the gel
pieces and kept for shaking overnight at room temperature. The supernatant is
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transferred to the sterile eppendorf tubes and purified with Phenol: CHCl3
(25:24) at 14,000 rpm for 5 minutes. The upper aqueous phase is carefully
transferred to the fresh sterile eppendorf tubes and precipitated with 1/10
volume of 3 M sodium acetate, pH‐4.7 and 0.6 volumes of isopropanol. The
samples are incubated at ‐200C for 20 minutes. The nucleic acid pellet is obtained
by centrifugation at 14,000 rpm for 30 minutes at 40C. Supernatant is discarded
and the pellet washed with 70% ethanol at room temperature for 10 minutes
Supernatant is discarded; pellet dried and dissolved in 10 μl of sterile water.
3.4. Amplification of DNA by polymerase chain reaction
3.4.1 PCR on the genomic DNA of plants
This technique is used to amplify the hammerhead ribozyme containing motif
from Arabidopsis thaliana and other plants belonging to the family Brassicaceae.
The cocktail of PCR reaction consists of following components:
50‐100 ng of genomic DNA,
1 X Taq polymerase buffer
0.2 μM of forward and reverse primers,
0.5 μl each of Taq and Pfu polymerase (homemade)
Diluted with UV‐H2O
An amplification reaction of 35 cycles from Step II to Step IV is carried out as per
following program;
Step I Denaturation,
Step II Denaturation,
Step III Annealing,
Step IV Extension,
Step V Extension step,

950C,
950C,
45‐500C,
720C,
720C,

5 minutes
30 seconds
30 seconds
30 seconds
5 minutes

3.4.2 Creating templates for in vitro transcription using recursive PCR
The templates for hairpin ribozyme and hammerhead ribozyme are generated by
amplification of the overlapping oligos. Outer oligos are used as primers and
inner oligos are used as templates. Forward primer always contained T7
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promoter sequence, which is used to transcribe templates during transcription
reaction. The underlying principle is shown in figure 20.

Figure 20: Schemtatic representation of the principle underlying recursive
PCR. Overlapping oligos having homologous sequences are hybridized first, the
gaps between them are filled by dNTPs. The complete fragment is then used as
DNA template for PCR using outer oligos ‐ T7 promoter (red) as forward primer
and sequence specific reverse primer (blue). Figure redrawn from Przybilski
2008.
The amplification reaction comprises of following components
2 μM Outer oligos
0.02 ‐ 1 μM Inner Oligos
0.2 mM dNTPs
1 X Taq Buffer
0.5μl each of Taq and Pfu polymerase (homemade)
Diluted with UV‐H2O
Program ‐ 30 cycles from step II to step IV, is as follows:
Step I: Denaturation,
Step II: Denaturation,
Step III: Annealing,
Step IV: Extension,
Step V: Extension,

950C,
950C,
570C,
720C,
720C,

2 minutes
20 seconds
20 seconds
20 seconds
5 minutes
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3.5. Cloning techniques
3.5.1 Cloning into pGEM® Teasy vector
The hammerhead ribozyme amplified directly from the genomic DNA of plants
are cloned into pGEM® Teasy vector as shown in figure 21. This vector contains
T7 and SP6 RNA polymerase promoters, flanking a multiple cloning region,
which can be subsequently used for transcription in either orientation of the
insert. The cloning strategy relies on the enzymatic ligation of the gel‐eluted PCR
products having 3' A‐overhangs into linearized pGEM® Teasy vector having 3'‐T
overhangs at either ends, in presence of T4 DNA ligase. The 3' A‐overhangs of the
PCR product are generated by non‐proof reading Taq DNA polymerase during
PCR or can be added later by adding ATP's before ligation. Insertion of the PCR
product into the multiple cloning site (MCS) results in the disruption of α‐
peptide coding region of the enzyme β‐galactosidase, that allows selection of the
recombinant clones based on the formation of blue and white colonies on LB
agar plates containing ampicillin and IPTG/X‐gal. Blue colonies are formed by
the non‐recombinant clones and white colonies by the recombinant ones.

Figure 21: Map of pGEM® Teasy vector. The commercially available vector
contains T7 and SP6 promoters each flanking the multiple cloning site (MCS)
containing several restriction sites at either end. Cloning of insert into the lacZ
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gene interferes with its expression, allowing the blue/white selection of
recombinant clones on the indicator plates containing X‐gal and IPTG. The
ampicillin resistance gene, Ampr encoding β‐lactamase is used for selection and
maintenance of recombinant E.coli cells. Figure adopted from Promega technical
manual for pGEM®‐T and pGEM®‐T Easy vector systems.
The cloning is carried out in following two steps
(i) Atailing procedure
The PCR product to be ligated is eluted from the gel and subjected to A‐tailing in
a 10 μl reaction;
15 ‐ 45 ng of gel eluted PCR product, 100 bp and 300 bp respectively
I X Taq buffer
0.2 mM dATP
0.5 μl of Taq polymerase (homemade)
Diluted with UV‐H2O
The above reaction is incubated at 700C for 30 minutes
(ii) Ligation into vector is carried out in a 10 μl reaction as follows
5 ‐15 ng of A‐tailed DNA fragment, 100bp and 300bp respectively
50 ng of vector
1 X of Rapid Ligation Buffer
3 Weiss units of T4 DNA ligase
Diluted with UV‐H2O
The reaction mixture is incubated 160C for overnight. The entire ligation reaction
is used to transform into competent cells.
3.5.2 Cloning into pJET1/ blunt cloning vector
The hammerhead ribozyme and hairpin ribozyme motifs containing T7
promoter, generated by recursive PCR are cloned into pJET1/ blunt cloning
vector. The vector lacks either of T7 and SP6 promoter sequences, making it the
vector of choice for the cloning of above‐mentioned motifs. This cloning
technique is based on the principle of ligation of linearized blunt‐end cloning
vector ‐ pJET1/blunt, with blunt or blunted PCR or other blunted DNA fragments.
The 5'‐ends of the DNA at the vector cloning site contain phosphoryl groups, thus
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avoiding the need of additional phosphorylation of the PCR product or the use of
phosphorylated primers during the PCR for the purpose of ligation. Blunt‐end
PCR products generated by proofreading DNA polymerases can be directly
ligated with the pJET1/blunt cloning vector. While PCR products with 3'‐dA
overhangs generated using Taq DNA polymerases or other non‐proofreading
thermostable DNA polymerases are blunted with thermostable DNA blunting
enzyme prior to ligation, provided in the kit. The vector contains the gene for a
restriction endonuclease, which is lethal for E.coli strains commonly used for
cloning. This allows selection of only those plasmids that contain the insert DNA
to transform in E.coli cells. Recircularized pJET1/blunt vector molecules lacking
the insert express a lethal restriction endonuclease after transformation and are
not propagated.

Fig 22: Map of pJET1/blunt cloning vector. The commercially available vector
is a positive selection cloning vector, containing lethal gene eco47IR, encoding
restriction enonuclease. Ligation of insert disrupts this gene, resulting in
survival of only recombinant clones. Bla (ApR) gene in the vector encodes β‐
lactamase, allowing selection and maintenance of recombinant E.coli cells. Figure
adopted from Fermentas technical manual for the GeneJETTM PCR cloning.
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The ligation procedure is carried out in two steps;
(a) Blunting of the PCR products in 18 μl reaction
1 X Reaction buffer
2 μl of PCR product (non‐purified)
1 μl of DNA blunting enzyme
14 μl of H2O, nuclease free
The reaction mixture is incubated at 700C for 5 minutes followed by incubation
on ice for 5 minutes.
(b) Ligation reaction ‐ the following components are added to the above
reaction mixture only
1 μl of pJET1/blunt cloning vector (50 ng/μl)
1 μl of T4 DNA ligase (5 U/μl)
This ligation reaction is incubated at room temperature for 30 minutes and the
entire ligation reaction is used to transform competent cells.
3.5.3 Preparation of competent cells of DH5α E.coli (variation of Cohen et
al. 1972)
100 ml of LB medium is inoculated with overnight grown 10 ml E. coli culture
and incubated at 370C for 3 ‐ 4 hours at 200 rpm till OD600 reaches 0.4 ‐ 0.5. The
culture is transferred to the 50 ml sterile falcon tubes and centrifuged at 4000
rpm for 10 minutes at 40C. The supernatant is discarded and the cell pellet is
resuspended in 10 ml of ice‐cold 0.1 M CaCl2. This cell suspension is incubated on
ice for 10 minutes and the cells are harvested by centrifugation at 4000 rpm for
10 minutes at 40C. The supernatant is discarded and the cell pellet is
resuspended in 2 ml of ice cold 0.1 M CaCl2 to each falcon tube. Add 10 %
glycerol and aliquot 200 μl of cell suspension into sterile eppendorf tubes and
store at ‐800C for long‐term storage.
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3.5.4 Transformation of ligation reaction into competent cells of E.coli
DH5α
An aliquot of 100 µl of competent cells is taken from ‐80°C freezer and thawed
on ice for 5 minutes The cells are mixed by gently tapping the tube and the
ligation reaction mixture is added. The cells are incubated on ice for 30 minutes
The cells are incubated 42°C for 90 seconds, followed by incubation on ice for
5 minutes 1 ml of LB medium is added to this reaction mixture and incubated at
37°C for 1 hour at 180 rpm. The cells are harvested at 8,000 rpm for 1 minute at
room temperature. The supernatant is discarded and the remaining 100 μl of
cells‐suspension is plated on the LB agar selection plates. The plates are
incubated at 37°C overnight.
3.6 Analysis of recombinant clones
3.6.1 Colony PCR
This method relies on the identification of the presence of insert in the
recombinant clones directly after transformation by PCR. A total of ten random
clones are picked for each transformation plate with the help of sterile toothpick
and inoculated into the PCR reaction of 20 μl, containing the following
components;
1 X Taq buffer
0.2 mM dNTPs
0.2 μM forward primer (T7‐Teasy vector/pjetfor.‐pJET1/blunt cloning vector)
0.2 μM reverse primer (SP6‐Teasy vector/pjetrev. ‐ pJET1/blunt cloning vector)
1.0 μl of home made Taq polymerase
Diluted with UV‐H2O
PCR reaction is carried out for 30 cycles in thermal cycler as per the following
program;
Step I: Denaturation,
Step II: Denaturation,
Step III: Annealing,

940C,
940C,
550C,

3 minutes
30 seconds
30 seconds
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Step IV: Extension,
Step V: Extension,

720C,
720C,

30 seconds
5 minutes

3.6.2 Restriction Digestion
(i) The DNA fragment cloned into pGEM®T easy vector is digested with EcoR I
enzyme. Since the restriction sites for this enzyme flank both ends of the
multiple cloning site, digestion with this enzyme only results in the release of
insert. The reaction is carried out at 370C for 1 hour in total volume of 10 μl.
5 μl of DNA
1 X EcoR I Buffer
0.2 U of 10 U/ μl EcoR I
0.5 μl of 2 mg/ml RNase A
Diluted with UV‐H2O
(ii) The DNA fragments cloned into pJET1/blunt vector is subjected to
restriction digestion with two enzymes to check for the presence of insert in a
reaction of 20 μl at 370C for 1 hour.
5 μl of DNA
1 X Tango Buffer
0.25 U of 10 U/ μl Nco I enzyme
0.25 U of 10 U/ μl Xho I enzyme
0.5 μl of 2 mg/ml RNase A
Diluted with diluted with UV‐H2O
3.7 In vitro transcription
3.7.1 Standard transcription
(i) Hairpin ribozyme: The DNA template‐encoding hairpin ribozyme cloned in
pJET1/blunt cloning vector is linearized either Xba I or Xho I enzymes depending
upon the orientation of insert. These linearized DNA fragments are eluted and
quantified using a UV spectrophotometer. The detailed recipes for radio‐labeled
and non radio‐labeled transcription are described
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(a) Non radiolabeled transcription (30 μl reaction)
20 ng/μl of DNA
I X Transcription buffer (Ferré‐D'Amaré & Doudna, 1996)
2.5 mM rNTP’s
0.3 U of 10U/ μl RNasein
2.0 μl T7 polymerase‐ homemade
Diluted with UV‐H2O
(b) Radiolabeled transcription (30 μl reaction)
20 ng/μl of DNA
I X Transcription buffer (Ferré‐D'Amaré & Doudna, 1996)
2.5 mM A, C, G
0.5 mM U
2.0 μl (α‐32P) UTP
0.3 U RNasein
2.0 μl T7 polymerase‐ homemade
Diluted with UV‐H2O
The reaction is incubated at 370C for 1‐2 hours, stopped by adding same volume
of 2 X denaturing dye, heat denatured at 950C for 2 minutes and snap cooled on
ice. The RNA samples are subjected to denaturing PAGE.
(ii) Type III hammerhead ribozyme identified in Brassicaceae plants
Brassica carinata and Diplotaxis erucoides
(a) The hammerhead ribozyme motifs cloned in pGEM®Teasy vector is
linearized with Nco I enzyme and purified before transcription
Radiolabeled transcription (50 μl reaction)
20 ng/μl DNA
O.75 mM A, C, G
0.03 mM U
2.0 μl (α‐32P) UTP
1.0 μl RNasein
1 X Transcription buffer (MBI Fermentas)
1.0 μl SP6 polymerase (10 U/ μl)
17.0 μl UV‐ H2O
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(b) Transcription of hammerhead ribozyme motifs from Brassica carinata
and Diplotaxis erucoides
The variant sequences corresponding to the hammerhead ribozyme motifs in
these plants are generated by recursive PCR are directly subjected to radio‐
labeled transcription
Radiolabeled transcription (50 μl reaction)
10.0 μl PCR product
0.75 mM A, C, G
0.03 mM U
2.0 μl (α‐32P) UTP
1.0 μl RNasein
1 X Transcription buffer (Ferré‐D'Amaré & Doudna, 1996)
5.0 μl T7 polymerase (10 U/ μl –MBI fermentas)
18.0 μl UV‐ H2O
3.7.2 Modified Transcription
(i) Cis cleavage assay of HPRz
The hairpin ribozyme variants generated by recursive PCR and cloned into
pJET1/blunt cloning vector are linearized with either Xho I or Xba I enzyme
depending upon orientation in the vector. This technique is used to analyze
cleavage kinetics of HPRz during transcription itself in a reaction called
transcription coupled cis‐cleavage assay (Uhlenbeck, 1984). The 30 μl radio‐
labeled reaction comprises of;
20 ng/μl of DNA
1 X Transcription buffer (Modified Ferré‐D'Amaré & Doudna, 1996)
5 mM MgCl2
2.5 mM A, C, G
0.5 mM U
1.0 μl (α‐32P) UTP
0.3 U of 10U/ μl RNasein
Diluted with UV‐H2O
1.0 μl T7 polymerase‐ homemade (added at the end to start the reaction)
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All the components except T7 polymerase are mixed in a sterile eppendorf tube
and incubated at 370C for 2 minutes. An aliquot of 2 μl is added to 8 μl of
denaturing loading dye as the zero time point. The reaction is initiated by the
addition of 1 μl of T7 polymerase. 2 μl aliquots of this reaction is taken out and
added to 8 μl of 2 X denaturing loading dye starting from 10 s time point. All the
subsequent time points are taken at an interval of 30 seconds till 300 seconds.
The reaction tubes prepared at different time points are heat denatured at 950C
for 2 minutes, snap cooled on ice for 2 minutes. These reactions are then
subjected to denaturing PAGE and the gel exposed to phosphoimager screen for
data analysis. The data obtained is fitted to the equation 1

L
1
= (1− e−kt ) − Eq.1
L + S kt
where L is the concentration of full‐length transcript, S is the concentration of
cleaved€transcript, t is time, and k is the unimolecular rate constant for cis‐
cleavage (Long & Uhlenbeck, 1994). The equation is applicable for the kinetic
analysis of ribozyme self‐cleavage reactions under the pre‐requisite that the
transcription reaction itself is constant and not rate‐limiting. All reactions were
carried out at least in duplicate.
(ii)

Antisense

oligo

mediated

inhibition

of

selfcleavage

during

transcription of hammerhead ribozyme
Antisense oligo is added during transcription reaction to block the cleavage of
hammerhead ribozyme
(a) Hammerhead ribozyme cloned in pGEM®Teasy vector
A 50 μl radio‐labeled reaction comprised
10.0 μl DNA
0.75 mM A, C, G
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0.03 mM U
2.0 μl (α‐32P) UTP
1.0 μl RNasein
1 X Transcription buffer (MBI Fermentas)
20 μM Rz_in
1.0 μl SP6 polymerase (10 U/ μl)
7.0 μl UV‐ H2O
(b) Hammerhead ribozyme generated by recursive PCR
10.0 μl PCR product
0.75 mM A, C, G
0.03 mM U
2.0 μl (α‐32P) UTP
1.0 μl RNasein
1 X Transcription buffer (Ferré‐D'Amaré & Doudna, 1996)
20 μM AraN
5.0 μl T7 polymerase (10 U/ μl –MBI fermentas)
8.0 μl UV‐ H20
The reaction is incubated at 370C for 1 hour. Equal amount of 2 X denaturing
loading dye is added to stop the reaction, heat denatured at 950C for 2 minutes,
snap cooled on ice and subjected to denaturing PAGE at 25 mA for 3 hours. The
uncleaved full‐length transcript is eluted from the gel, eluted in denaturing
elution buffer, precipitated by isopropanol and subjected to kinetic analysis by
cleavage reaction.
3.8 Kinetic analysis of hairpin ribozymes
3.8.1 Post transcription trans cleavage reaction
Single turnover kinetics reaction is performed to monitor the cleavage reaction
of hairpin ribozyme in trans. This cleavage reaction is performed on all the
variants of sTRsV and sArMV. The DNA template for the ribozyme strand is
cloned in pJET1/ blunt cloning vector. For sTRsV, the DNA is treated with Spe I
/Bcu I enzyme and for sArMV, the cloned DNA fragment is linearized by EcoR I
enzyme. While the DNA template for generating substrate strand is prepared by
recursive PCR. For all the variants of sCYMoV, the templates for both the
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ribozyme and substrate strands were generated by recursive PCR and cloned
into pJET1/blunt cloning vector. The ribozyme strand is non radio‐labeled and
the substrate is radio‐labeled, eluted from the gel and purified. The non radio‐
labeled strand is quantified using spectrophotometer. 200 nM of ribozyme
strand is used to perform cleavage on traces of radio‐labeled substrate. 20 μl of
ribozyme and the substrate strands are prepared in 1 X buffer. Both the strands
are denatured separately at 950C for 2 minutes, renatured on ice for 5 minutes
and incubated at 250C for 15 minutes. 20 μl of 1 X start buffer containing 10 mM
MgCl2 is added to both the strands and incubated 250C for 5 minutes. The zero
time point is taken by adding 5 μl aliquot of radio‐labeled substrate strand is to 5
μl of denaturing loading dye. 5 μl from ribozyme strand is discarded at this time
to make the reaction volumes of both the strands constant in order to start the
cleavage reaction. The cleavage reaction is initiated by mixing the ribozyme and
the substrate strands. An aliquot of 10 μl reaction mixture is taken at each time
point and added to 10 μl of denaturing loading dye. The samples are denatured
at 950C for 2 minutes, snap cooled on ice for 2 minutes and subjected to
denaturing PAGE for analysis of the cleavage reaction. Using non‐linear
regression analysis, the rate of ligation was determined by fitting the data to the
single exponential equation 2
L
= F0 + F∞ (1− e−kt ) − Eq.2
S1 + L

where L is the concentration of ligation product, S1 the concentration of radio‐
€
labeled 3' substrate,
F0 the fraction ligated at the time zero, and F∞ that at the end

of the reaction. Time is symbolized by t and the observed pseudo‐first order rate
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constant is k (Stage‐Zimmermann and Uhlenbeck, 1998).

All reactions are

carried out at least in duplicate.
3.8.2 Post transcription transligation reaction
The ligation reaction is performed under conditions of pseudo first order
conditions. The DNA template is cloned into pJET1/blunt cloning vector,
linearized with appropriate enzyme depending upon the orientation of the
insert. The hairpin ribozymes have the ability to cleave during transcription
reaction, which is exploited to prepare substrates for the ligation reaction. For
this purpose, the substrates for the ligation reaction are prepared in two
independent transcription reactions using same DNA templates. One of the
reactions is radio‐labeled, while other is non radio‐labeled. From the former, the
3’ cleavage product is gel purified, and from the latter the 5’ cleavage product.
The ligation is performed under the same buffer conditions as described for the
cleavage reaction in previous reaction An excess of 200 nM of 5’ substrate and
traces of the radio‐labeled 3’ substrate are used to perform ligation reaction. The
data obtained is fitted to the equation 2. All reactions are carried out at least in
duplicate.
3.8.3 Post transcription ciscleavage reaction of hammerhead ribozymes
The uncleaved transcript obtained during transcription in the presence of
antisense oligo eluted from the gel is subjected to cis cleavage assay. The 20 μl
reaction mixture consists of the following components
5 μl of RNA
10 μl 2 X buffer C
5 μl UV‐H2O
The above reaction mixture is denatured at 900C for 2 minutes, snap cooled on
ice for 2 minutes and incubated at 250C for 20 minutes. Zero time point is taken
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by removing an aliquot of 2 μl and adding to 8 μl of 2X denaturing loading dye.
Cleavage is initiated by addition of 2 μl of 5 mM MgCl2 to the 18 μl reaction
mixture. 2 μl aliquot is removed at different time points and adding it to 8 μl of
2 X denaturing loading dye. The RNA sample are denature at 950C for 2 minutes,
snap cooled on ice and loaded onto 10% or 20% denaturing polyacrylamide gel.
The gel is subjected to electrophoresis at 25 mA for 3 hour, exposed to
phosphoimager screen. kobs value is obtained by fitting the data to the single
exponential equation. The data obtained is fitted to the equation 2. All reactions
are carried out at least in duplicate.
3.9 Southern blot hybridization (Southern 1975)
Developed by Edwin M. Southern, this hybridization technique is used to
determine the presence of specific DNA sequences in the given DNA samples
based on complementarity of known DNA sequence known as probe. The probe
is a stretch of single stranded DNA fragment labeled radioactively. The DNA
sample to be analyzed is subjected to restriction digestion with a suitable
restriction enzyme, followed by agarose gel electrophoresis and finally transfers
to the membrane in the presence of high salt solution. This blotting technique is
used to determine the presence of hammerhead ribozyme sequences in
Arabidopsis thaliana and other plants belonging to family Brassicaceae. The
whole procedure is carried out in following steps;
1. Preparation of genomic DNA  described in section 3.1.1
2. Proteinase K treatment ‐ 20 μl of 25 mg/ml of Proteinase K was added to
500 μl of genomic DNA, incubated at 600C for 3 h. The genomic DNA was checked
on agarose gel for integrity and subjected to Phenol: CHCl3 (24:1) treatment.
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3. Restriction digestion of genomic DNA
The purified genomic DNA was subjected to restriction digestion with Hind III
and other restriction enzymes at various concentrations in a reaction of 500 μl at
370C overnight
500‐1000 μg of DNA
1 X Red Buffer
10 μl of 2 mg/ml of RNaseA
10 μl of 10 U/μl of enzyme
Diluted with UV‐H2O 100 μl
The DNA is subsequently purified by Phenol: Chloroform (25:24) treatment. The
purified DNA is quantified before loading onto agarose gel to determine its
concentration at an absorbance of A260
4. Agarose gel electrophoresis
The quantified DNA is loaded onto 0.8% agarose gel. 15‐25 V is used to run the
gel overnight (10‐16 h) at different times. After the electrophoresis is done, the
gel is photographed along with the ruler under UV table with the purpose to
determine the size of the fragment after the blotting is done based on the
distance of the DNA fragment from the well.
5. Preparation of agarose gel for the transfer of DNA to the membrane
The DNA is denatured in the gel before transferring to the membrane by shaking
in denaturation buffer for 20 minutes twice. Afterwards, the gel is treated with
neutralization buffer with shaking for 20 minutes twice followed by 15 minutes
wash with distilled water. The gel is briefly soaked in 20 X SSC for 5 minutes
before transfer to the solid support.
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6. Transfer of DNA fragments to the membrane in presence of high salt
solution
The agarose gel is placed on the glass plate covered with long sheet of Whatman
filter paper the ends of which are dipped in a glass tank with transfer buffer
20 X SSC. 2 μl of 6X loading dye is added to the wells of the gel. The nylon
membrane of the exact size of the gel is cut and carefully placed on the gel. Two
Whatman filter papers of the same size are placed on the top of membrane. Care
is taken at all these steps to avoid the formation of any air bubbles, which can be
removed gently by rolling glass pipettes on the filter papers and the membrane
whenever needed. The membrane is covered on all the sides with strips on
parafilm so as to prevent the transfer of buffer from the sides of the membrane.
Finally, a stack (10‐12 cm) of filter papers is kept on the top of Whatman filter
paper that is covered with a glass plate on the top of which is kept weight of one
litre filled glass bottle attached with clamp support. The DNA is transferred to
the membrane by upward capillary action of the 20 X SSC buffer. The whole
assembly is kept undisturbed for 24‐48 hours during which this transfer takes
place.
7. Crosslinking of DNA
The blotting assembly is disassembled and the membrane is carefully removed
from the gel with the help of forceps. The position of the wells in the membrane
is marked with pencil with the help of the markings of the blue loading dye that
has been loaded in the gel before blotting step. The DNA is cross‐linked to the
membrane by UV exposure at 0‐520 J/cm2.
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8. Prehybridization
The membrane is then transferred to the glass bottles containing hybridization
buffer containing 100 μg/ml of denatured Salmon Sperm DNA and incubated at
420C for 1 hour with shaking in hybridization oven. The hybridization solution is
discarded.
9. Hybridization
The radioactively labelled probed is added to 3.5 ml of hybridization solution
and denatured by boiling for 5 minutes, snap cooled on ice for 2 minutes. This
probe is then added to the glass bottle containing membrane for hybridization at
420C for 24 hours with shaking in hybridization oven.
10. Washing of the membrane
After hybridization step, the probe is collected in sterile falcon tube for future
use. The membrane is washed with Wash Solution I at 420C for 1 hour with
shaking in hybridization oven. The wash solution I is discarded in the isotope
waste. The membrane is washed again with wash solution II at 420C for 30
minutes twice with shaking. This solution is also discarded and the membrane is
wrapped in the transparent plastic film, sealed from all sides and exposed to
phosphoimager screen for overnight to 2 days
3.10 Preparation of radiolabeled probes
3.10.1 Random labelling
This technique is used to obtain labeled DNA fragments of high specific activity
using random primers (Feinberg and Vogelstein, 1983). The DNA to be labeled is
heat denatured to obtain single stranded template in the presence of short
primers. The primers anneal to the single‐stranded template DNA and are
extended by the Klenow fragment in presence of four dNTPs out of which one is
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radio‐labeled. These labeled DNA fragments are used as probes in hybridization
experiments. This technique is used to label PCR product encoding hammerhead
ribozyme directly amplified from Arabidopsis thaliana. The PCR product is eluted
from the gel, purified and quantified. All the components of the reaction except
labeled dATP and Klenow fragment are denatured at 940C for 5 minutes and
incubated on ice for 5 minutes The radio‐ labeled dATP and Klenow fragment is
added, mixed nicely with pipette and incubated at 370C for 1 hour. The
composition of the labelling reaction is described below;
300 ng of DNA
1 X OLB mix
0.4 mg of 10mg/ml of BSA
5 μL of (α‐32P) dATP
0.4 U of 10U/ μl of Klenow fragment
Diluted with UV‐H2O
At the end of the reaction, the volume of the reaction mixture is increased to
100 μl with UV‐H2O and purified using Phenol:CHCl3 (25:24). The supernatant is
transferred to the sephadex G‐50 column packed manually in 1ml syringe. The
radio‐labeled fragment is collected in a sterile collection tube kept at the end of
the column in 15 ml falcon tube during spinning step. The collection tube is close
with screw cap and stored at – 200C for future use or added directly to the
hybridization solution for immediate use.
3.10.2 3’ end labelling of RNA oligo
The 14 nt long RNA oligo to be used as 3´ substrate in ligation reaction of Δ
junction, C2B form of sCYMoV hairpin ribozyme construct is commercially
synthesized. 3’ substrate is radio‐labeled using radioactive (α32P) pCp in
presence of RNA ligase. The 20 μl reaction cocktail is described below;
4 μl RNA oligo
1 X RNA ligase buffer
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5 μl (α32 P) pCp
2 μl DMSO
0.5 mM ATP
1 U of T4 RNA ligase (10U/ μl)
Diluted with UV‐H20
Incubation is performed at 4°C overnight. 20 μl of 2 X denaturing loading dye is
added to stop the reaction, heat denatured at 95°C for 2 minutes, snap cooled on
ice for 2 minutes and loaded onto 20% denaturing polyacrylamide gel at 25 mA
for 3 hours. After electrophoresis, the gel is exposed to phosphoimager screen.
The blob of RNA seen at the end of the gel is eluted in denaturing elution buffer,
purified by Phenol:CHCl3 (25:24)and used for ligation reaction.
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4. Results
4.1 Hairpin Ribozyme
4.1.1 In silico analysis of the secondary structure of the three hairpin
ribozymes containing satellite RNAs
I have used Mfold (Zuker 2003) program to analyze the secondary structures of
the minus strand of the satellite RNAs of tobacco ringspot virus (sTRsV), arabis
mosaic virus (sArMV) and chicory yellow mottle virus (sCYMoV) (figure 23). The
hairpin ribozyme sequence of sTRsV is by far the most widely studied Ferré‐
D'Amaré and Rupert 2002; Ferré‐D'Amaré 2004) and it is the only one that
forms a fully base‐paired four‐way junction, that is named 4H in the conventional
nomenclature (Lilley et al. 1995). The hairpin ribozyme of sArMV, on the other
hand, also forms a four‐way junction with three single stranded nucleotides at
the branchpoints (2HS1HS1HS1) junction. Surprisingly, Mfold predicts that an
additional helix is present at the hairpin ribozyme junction of sCYMoV, which can
be described as 4HS2HS1 and thus is a five‐way helical junction. The extra arm in
sCYMoV was designated as arm E, and resides between arms D and A. The
secondary structures of the three satellite RNAs along with their hairpin
ribozymes are shown in figure 23.
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Figure 23. Secondary structure predictions of the minus strand of the three
viral satellite RNAs that harbour hairpin ribozymes. (A) The structures of
the tobacco ringspot virus satellite RNA (sTRsV) and (B) of the arabis mosaic
virus satellite RNA (sArMV) are shown at the top of the panels. The helical arms
A, B, C and D form a four‐way helical junction around which the hairpin ribozyme
is organized in these RNAs. The arms are denoted and identically color‐coded
both in the lower and in the upper part of either panel. The lower part shows the
sequences of the constructs used in this study as wild type sequences. Black
arrows denote the position of the hairpin ribozyme self‐cleavage. The pink
stretch starting in arm A in the lower part of either panel shows the position of
the hammerhead ribozyme encoded in the plus strand of the respective satellite
RNA. (C) The structure of the chicory yellow mottle virus satellite RNA (sCYMoV)
is shown in the left panel. In this RNA, the hairpin ribozyme is organized around
a five‐way helical junction featuring an extra arm E. The right panel shows the
sequence of the construct used in this study as sCYMoV wild type sequence. All
other descriptions are as in (A) and (B). Secondary structure predictions were
calculated using Mfold (Zuker 2003).
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A common feature of the three natural hairpin ribozymes is that they all contain
a three‐way helical junction as part of arm A, which is located 3' to the cleavage
site. In sTRsV, this is a HS1HS3HS6 junction, in sArMV a HS1HS8HS2 junction and
in sCYMoV it is a HS2HS5HS8 junction (Lilley et al. 1995). We observed that in
either junction, the longest single‐stranded sequence (S6, S8 or S8, respectively)
shows Watson‐Crick sequence complementarity to the terminal loop of arm B
(figure 24). This opened the question if a kissing loop interaction might take
place between these sequences distant to the actual catalytic core. This
possibility is also reasoned by the identification of distant tertiary interactions in
another small nucleolytic ribozyme, the hammerhead (De la Pena et al. 2003;
Khvorova et al. 2003; Penedo et al. 2004)
Figure24. Sequences of the
three‐way helical junctions in
arm A (magenta) and the apical
loop in arm B (orange) of the
indicated hairpin ribozymes
display
Watson‐Crick
complementarity.

4.1.2. Design of hairpin ribozyme species used in this study
In order to minimize folding artefacts, the natural sequence of either minus
strand viral satellite RNA was shortened. The resulting sequences are shown in
the boxed parts of the individual panels of figure 23 and were considered to
represent wild type species in all subsequent analyses. In the sTRsV sequence,
for example, arm A started with the three‐way helical junction, arm B and D were
left unaltered and arm C was artificially closed after three of seven helical
segments by a stable GNRA tetraloop (Heus and Pardi 1991) (figure 23A). The
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sArMV sequence was unaltered from the three‐way helical junction in arm A
(figure 23B) and in the sCYMoV, only the four‐way helical junction that was part
of the arm C was again replaced by a GAAA tetraloop (figure 23C). In order to
investigate the influence of single stranded stretches in arm C as well as that of
presence of arm A on the activity of hairpin ribozymes of sTRsV and sArmV, we
created variants in which arm C was shortened with and without three‐way
helical junction in arm A shown in figure 25A. Three variants containing three
way helical junction in arm A included C2B, C1B and C0B, in which arm C contained
two bulges, one or none, respectively. The same changes were also incorporated
in three molecules in which the three‐way junction within arm A had been
deleted, yielding the variants ΔJ_C2B, ΔJ_C1B and ΔJ_C0B, respectively (figure 25A).
In case of sArMV, four variants were created, two containing three way helical
junction in arm A, C1B and C0B containing one bulge and no bulge in arm C and
two variants ΔJ_C1B and ΔJ_C0B, lacking three way helical junction in arm A and
containing one and no bulge in arm C were created (figure 25B).

Figure 25: Secondary structures of the variants of hairpin ribozymes (A) of
satellite tobacco ringspot virus satellite RNA (sTRsV) Upper panel shows the arm
C variants that contains the three‐ way helical junction in arm A, indicated by C2B,
C1B and C0B, lower panel shows the arm C variants lacking three way helical
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junction, indicated by ΔJ_C2B, ΔJ_C1B and ΔJ_C0B. (B) of arabis mosaic virus
satellite RNA (sArMV) with arm C variants that contains three way helical
junction in arm A indicated by C1B and C0B, while the arm C variants lacking three
way helical junction in arm A are shown in lower panel and indicated by ΔJ_C1B
and ΔJ_C0B.
In sCYMoV, Arm D variants containing three way helical junction in arm A, are
designated by D2B, D1B and D0B having two, one and no bulge in arm D,
respectively. While those arm D variants that lack three way helical junction in
arm A with two, one and no bulge in arm D are designated as ∆J_D2B, ∆ J_D1B
∆J_D0B, respectively (figure 26). Using these and previously mentioned molecules,
we set out to investigate the influence that bulged or single‐stranded sequences
in the arms A‐D might exert on the cleavage and ligation activity of the
ribozymes. This should also help to assess, whether putative tertiary interactions
take place between complementary sequences in arms A and B (figure 24).
Figure
26:
Secondary
structures of the variants
of
sCYMoV
hairpin
ribozyme of chicory yellow
mottle virus satellite RNA
(sCYMoV). Upper panel
shows the arm D variants
that contains the three way
helical junction in arm A,
indicated by D2B, D1B and
D0B, and the arm D variants
lacking three way helical
junction in arm A are shown
in lower panel, indicated by
ΔJ_D2B, ΔJ_D1B and ΔJ_D0B

The DNA templates for the all the variants of three types of hairpin ribozyme
species were generated by recursive PCR (Przybilski et al. 2005) as exemplified
for some of the variants in figure 27A, cloned in pJET1/blunt cloning vector and
confirmed by sequencing. The template DNA for transcription reactions in
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cis‐cleavage and trans ‐ligation reactions were linearized with either Xba I or
Xho I restriction enzyme as exemplified by sTRsV variants in figure 27B.

Figure 27: Agarose gel electrophoresis analysis of the DNA of different
variants of hairpin ribozyme (A) Agarose gel picture showing PCR fragments
of different variants of hairpin ribozyme that lack the three‐way junction in arm
A, amplified using recursive PCR. ∆J_C2B, ∆J_C1B and ∆JC0B are the PCR fragments
for the variants of sTRsV hairpin ribozyme with two, one and no bulge in arm C,
respectively. ∆J_C1B and ∆JC0B are the PCR fragments for the variants of sArMV
hairpin ribozyme with one and no bulge in arm C, respectively. ∆J_D1B and ∆JD0B
are the PCR fragment for the variants of sCYMoV hairpin ribozyme with one and
no bulge in arm D. M is a 100 bp DNA marker. No template control is denoted as
‐ve. The expected sizes of different PCR fragments are shown in bp above the
DNA bands. (B) Agarose gel picture showing untreated plasmid DNA and
Xba I/Xho I treated plasmid DNA encoding ∆J_C2B, ∆J_C1B, ∆JC0B, C2B, C1B and C0B
variants of sTRsV hairpin ribozyme. Three of the former variants lack three‐way
helical junction in arm A while the latter three variants contain three‐way helical
junction in arm A, with two, one and no bulge in arm C respectively. Untreated
plasmid DNA is denoted as U. Xho I and Xba I is plasmid DNA treated with either
enzyme. Arrow indicates the position of the linearized DNA fragments. M is a
1 kb DNA marker
4.1.3. The influence of singlestranded stretches outside the catalytic core
on the selfcleavage reaction under in vitro conditions
For the analysis of the self‐cleavage reaction, we employed a transcription‐
coupled cis‐cleavage assay on the linearized DNA templates at 370C in presence
of 5 mM MgCl2 for five minutes (Long and Uhlenbeck 1994). T7 polymerase was
added to start the reaction and aliquots of transcription reaction were removed
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at different time points, followed by denaturing polyacrylamide gel
electrophoresis. The products of transcription reaction were quantified by
phosphoimager analysis, using MultiGauge/Tina2.0 programs. Data was fitted
using GraphPad Prism5 to the equation 1 as exemplified for the sCYMoV hairpin
ribozyme variant in figure 28

L
1
= (1− e−kt ) , Eq.1
L + S kt
in which L is the concentration of full‐length transcript, S is the concentration of

€
cleaved transcript,
t is time, and k is the unimolecular rate constant for
cis‐cleavage (Long & Uhlenbeck, 1994). The equation is applicable for the kinetic
analysis of ribozyme self‐cleavage reactions under the pre‐requisite that the
transcription reaction itself is constant and not rate‐limiting.

!"#$!"#$%&'()
Figure 28: Ciscleavage analysis of the sCYMoV hairpin ribozyme variant
showing (A)10% denaturing polyacrylamide gel showing transcription coupled
cis‐cleavage reaction for sCYMoV hairpin ribozyme variant at different time
points. S is full‐length transcript, P1 is 5´ cleavage product, and P2 is 3´ cleavage
product. (B) Progress curve obtained by plotting the uncleaved fraction as a
function of time and fitting the data to the equation L/(L+S)=1/kt(1‐e‐kt) to
obtain kcis value (Long and Uhlenbeck 1994)
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Using this experimental set‐up, I have investigated the influence of single
stranded stretches in arm C, as well as the influence of the presence of the three‐
way helical junction in arm A on the self‐cleavage activity of the hairpin
ribozyme of sTRsV. The kinetic data shown in figure 30A revealed that the
presence of loops in arm C did not influence the cleavage rate significantly. The
presence of the three‐way helical junction in arm A, however, reduced the
apparent speed of the self‐cleavage reaction by about 50%. Molecule ΔJ_C0B,
which is most close to the general four‐way junction set‐up of the hairpin
ribozyme, was the fastest cleaving of the sTRsV hairpin ribozyme variants tested
here. In order to determine whether the observed difference is exclusively due to
the kissing loop interactions between nucleotides in extended arm A and apical
loop in arm B, cleavage analysis was performed on two different constructs of
C2B variant of sTRsV hairpin ribozyme (Figure 29). One of them represented GC‐
rescue mutant displaying Watson‐Crick complementarity and other construct
represented G‐mutant, which lacks the Watson‐Crick base pairing in the loop
nucleotides in arm A and apical loop in arm B.
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Figure 29: Sequences of the nucleotides in
three way helical junction in arm A(magenta)
and the apical loop in arm B (orange) of the
indicated sTRsV hairpin ribozyme variants.
Left panel indicates the nucleotide sequences
in wild type context. Central panel indicates
the artificially generated GC‐rescue mutant
displaying Watson‐Crick complementarity.
Right panel also indicates artificially
generated G‐mutant, which contains identical
nucleotide sequences in both arms lacking
interaction indicated by cross (X) sign.
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As expected, the GC‐rescue mutant exhibited cleavage activity similar to the wild
type variant but unexpectedly the G‐mutant also displayed cleavage activity
(data not shown). This indicates that observed difference between the wild type
based variants and those lacking three‐way junction is not due to kissing loop
interactions, as the loss of these interactions in G‐mutant should result in the loss
of self‐cleavage activity under the tested conditions.
Similarly, comparison of the analysis of the cleavage reaction carried out on the
hairpin ribozyme variants of sCYMoV have shown that the number of bulges in
arm D have no significant effect on the variants that lack the three‐way helical
junction in arm A. As shown in figure 30B, there was no effect on how many
bulges were present in arm D in the ΔJ molecules. In the presence of the three‐
way helical junction in arm A, however, there was a negative correlation
between the length of arm D and the velocity of the self‐cleavage reaction. The
five‐way helical junction variant that lacks any bulge in arm D was the fastest
cleaving (figure 30B).
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Figure 30: Kinetic analysis of the transcription coupled ciscleavage
reaction for (A) Variants of sTRsV hairpin ribozyme. Cis‐cleavage rate constants
kcis are indicated by black bars in left panel and with the secondary structures of
the four‐way junction variants are shown in the right panel. (B) Variants of
sCYMoV hairpin ribozyme with their cis‐cleavage rate constants, kcis shown by
striped bars in left panel and secondary structures of the respective variants are
shown in the right panel. kcis values are shown below the bars in the left panel of
each species. Error bars indicate the deviation from the mean values.
In summary, the presence of structural elements in arms A and C in case of
sTRsV and that of arm A and D, that lie outside the catalytic core of the hairpin
ribozymes of sTRsV and sCYMoV, respectively show a modulating effect on their
self‐cleavage reaction when monitored in a transcription‐coupled cis‐cleavage
assay.
Despite considerable efforts, we were unable to obtain consistent kinetic data for
a variety of different constructs of the hairpin ribozyme derived from sArMV
(Figure 25B). Apparently, there was an intrinsic propensity of all our sArMV
91

RESULTS
constructs to misfold. This became also evident when we attempted to analyze
circular permuted, cis‐cleaving versions of the ribozyme displayed in figure 31,
which started instead of arm A in either of the other three arms.

Figure 31: Secondary structures of the open arm variants of sArMV hairpin
ribozyme. (A) Open arm A variant (B) Open arm B variant (C) Open arm C
variant (D) Open arm D variant, where the sequences have been transcribed
from 5’ end in arm A, B, C and D, respectively.
Self‐cleavage during transcription was observed in three of the four open arm
variants of sArMV hairpin ribozmye as can be shown in figure 32.

Figure 32: Ciscleavage analysis
of the open arm variants of
sArMV during transcription. 10%
denaturing polyacrylamide gel
electrophoresis
showing
self‐
cleavage of different open arm
variants
of
sArMV
during
transcription. Open arm A, B, C and
D are the variants, which are
transcribed from arm A, B, C & D
respectively. FL is the full‐length
transcript, P1 is first cleavage
product, P2 is second cleavage
product.
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Constructs that begin in arm A, B or C displayed self‐cleavage activity, while a
transcript that started in arm D, did not exhibit any hairpin ribozyme activity
(figure 32). This could be due to misfolding under in vitro conditions, though
secondary structure prediction by Mfold doesnot show any collapse of the
structure and that of the catalytically important arms A and B (figure 31D). This
possiblity was further confirmed by transcription coupled cis‐cleavage reactions
performed on the above mentioned open arm variants (data not shown). Like for
the conventional arm A and C variants (figure 25B), I did not succeed in
obtaining reproducible transcription coupled cis‐cleavage kinetics data for either
of the open arm variants of sArMV hairpin ribozyme (data not shown).
4.1.4. The effect of replacing the fiveway helical junction by a fourway
helical junction in the sCYMoV sequence
Unlike the other two hairpin ribozymes, that of sCYMoV features a five‐way
helical junction, around which the catalytic centre forms as shown in figure 26.
To analyze if there is an influence of the fifth arm on the ribozyme activity, we
deleted arm E, generating a 3HS2HS1 from the natural 4HS2HS1 junction. We
investigated the kinetic parameters of the self‐cleavage reaction in the four‐way
junction format for the six versions, whose five‐way junction equivalent (figure
26). For all six variants, we saw no significant differences in the kcis values,
irrespective of the number of helices present at the junction (data not shown).
This indicates that the addition of a helix to the four‐way helical junction of
hairpin ribozymes can be tolerated. To investigate if it mattered, which of the
helical arms was present or removed, another four‐way junction variant of the
sCYMoV ribozyme was created, in which arm C was deleted. Conversely to the
situation described above, the kinetic analysis of the cleavage reaction of this

93

RESULTS
construct revealed a nearly threefold drop in the kcis value in comparison to that
of the respective five‐way junction variant (data not shown). This indicates that
the presence of the natural arm C is important for the formation of the proper
four‐way helical junction of hairpin ribozymes. Despite the flexibility of the
junction that can be inferred from tolerating a fifth arm, its constituting arms
cannot be exchanged arbitrarily.
4.1.5 The influence of singlestranded stretches outside the catalytic core
on the transcleavage reaction under in vitro conditions
The different variants of the hairpin ribozyme were also subjected to trans
cleavage reaction under in vitro conditions in order to determine the influence of
the structural elements outside the catalytic core on the multiple turnover
reactions. As mentioned in methods section 3.8.1, both the ribozyme and
substrate strands were synthesized separately in independent transcription
reactions one non‐radio‐labeled and other radio‐labeled. The non‐radio‐labeled
ribozyme strand was used in excess at a concentration of 200 nM and the radio‐
labeled substrate strand was used in traces. The substrate cleavage by the
ribozyme was determined by monitoring the reaction over a period of time. The
appearance of substrate and cleavage products were quantified using
phosphoimager analysis using MultiGauge/Tina2.0 programs and fitted to the
equation 2, using GraphPad Prism5.
L
= F0 + F∞ (1− e−kt ) ‐ Eq. 2
S1 + L

where L is the concentration of ligation product, S1 the concentration of radio‐
€
labeled 3' substrate, F0 the fraction ligated at the time zero, and F∞ that at the end

of the reaction. Time is symbolized by t and the observed pseudo‐first order rate
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constant is k (Stage‐Zimmermann and Uhlenbeck, 1998). Cleavage was observed
in all the variants of sTRsV as exemplified for its C2B variant by the time‐
dependent cleavage reaction and kobs value in figure 33 A and B respectively, but
the rate of cleavage was variable in independent experiments (data not shown).
This made it impossible to make use of this data.
Among the four analyzed variants of sArMV, cleavage was observed only in the
two variants ΔJ_C1B and ΔJ_C0B as exemplarily for the former, shown by the time‐
dependent cleavage and its kobs value in figure 33 C and D, respectively. Again,
cleavage rates were varying in independent reactions. The other two variants,
C1B and C0B did not show any cleavage, which could be due to misfolding of the
ribozyme or substrate strands subjected to cleavage reaction.
In case of sCYMoV variants, this type of reaction was performed only on two
variants D2B and D1B. No cleavage was observed in these two variants.
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Figure 33: Trans cleavage kinetics of two hairpin ribozyme variants (A) &
(C) 10% denaturing PAGE showing cleavage for the C2B variant of sTRsV and
ΔJ_C1B variant of sArMV, respectively. The time of the reaction in minutes is
indicated(min). Substrate indicated by S and the first and second cleavage
products are indicated by P1 and P2 respectively. (B) & (D) Progress curves and
kobs values for the C2B variant of sTRsV & ΔJ_C1B variant of sArMV, respectively.
The graphs are obtained by plotting the cleaved fraction as a function of time and
fitting the data to the equation L/(S1+L)=F0+F∞(1‐e‐kt) to obtain kobs value (Stage‐
Zimmermann and Uhlenbeck 1998).
In summary, the approach of using different constructs for substrate and
ribozyme in such trans‐cleaving assay has failed. This might be caused by an
increased likelihood that the constructs used in this setup might adopt
alternative secondary and tertiary structures. These might prevent the formation
of a reactive substrate‐ribozyme duplex.
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4.1.6. The influence of singlestranded stretches outside the catalytic core
on the in vitro ligation reaction
To analyze the ligation reaction, the two substrates obtained as self‐cleavage
products during transcription were prepared by elution from denaturing
polyacrylamide gels. The 3´ substrate was radio‐labeled and used in traces, while
the non‐radio‐labelled 5´ substrate was used at a fixed concentration of 200 nM.
Both the substrates were individually renatured and incubated in presence of 10
mM MgCl2. The ligation reaction was initiated by mixing both solutions and
monitored over a suitable period of time as shown in figure 34 for the D0B
variant of sCYMoV hairpin ribozyme. The signal intensities of radio‐labeled
substrate and full‐length product were used to determine the observed pseudo‐
first order ligation rate, kobs according to equation 2.

kobs = 0.088/min
Figure 34: Transligation reaction for D0B variant of sCYMoV hairpin
ribozyme (A)10% denaturing polyacrylamide gel electrophoresis showing
ligation reaction carried out over a period of 40 minutes. S denotes the substrate
and P the product obtained during the ligation reaction (B) Progress curve
created by plotting the ligated fraction as a function of time and fitting the data
to the equation L/(S1+L)=F0+F∞(1‐e‐kt) to obtain kobs value (Stage‐Zimmermann
and Uhlenbeck, 1998).
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The ligation reaction was performed on all constructs of the sTRsV and sCYMoV
hairpin ribozymes described above. For all sTRsV hairpin ribozymes featuring
the three‐way helical junction in arm A, the ligation activity was very weak and
the reaction too slow for kinetic analysis (variants C2B, C1B and C0B). In the
absence of the three‐way junction in arm A, however, the reaction could be
monitored kinetically and the observed rate of ligation was highest for the
variant ΔJ_C2B and for both the ΔJ_C1B and ΔJ_C0B constructs similarly reduced
(figure 35). It therefore seems that the presence of the three‐way helical junction
negatively influences the ligation reaction in this hairpin ribozyme, although we
cannot rule out that these molecules have a folding defect in vitro.
Figure 35: Transligation
reaction for the sTRsV
hairpin ribozyme variants
lacking the threeway
junction structure in arm
A. kobs values (1/min)
indicated at the bottom of
the panel, for three variants
are shown by the black bars
(left panel) along with their
secondary structures (right
panel). Error bar indicate
the deviation from the mean
value.
The variants D2B, D1B and D0B of the sCYMoV hairpin ribozyme show considerable
ligation activity as shown in figure 36. Notably, the variant D2B that is most
closely related to the natural molecule shows the slowest reaction. The other
three variants lacking the three‐way helical junction in arm A show significantly
higher rates of ligation reaction. Molecule ΔJ_D0B, which has neither a bulge in
arm D nor the three‐way helical junction in arm A, displayed the fastest rate of
ligation observed in this study. Although the effect is much less dramatic that in
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the case of the sTRsV ribozyme, the presence of the three‐way helical junction in
arm A again seems to inhibit the in vitro ligation reaction also in the sCYMoV
constructs.
Figure 36: Transligation
reaction for the sCYMoV
hairpin ribozyme variants.
kobs (1/min) values shown at the
bottom of the panel are
indicated by striped bars in left
panel
along
with
their
secondary structures of their
variants in right panel. Error
bars indicate the deviation from
the mean values.

Analysis of trans‐ligation reaction carried out on the four variants of sArMV
hairpin ribozyme were successful compared to the analysis performed on their
cis‐cleavage activity. C1B and C0B variants have shown similar and slower ligation
in comparison to the higher ligation activity for their counterparts that lack
three‐way junction helix in arm A, ∆J_C1B and ∆J_C0B, respectively. Unfortunately
the ligation data was not reproducible in independent experiments, which could
be attributed either to their misfolding defect or degradation of substrates
carrying 3’ and 5’ ends used in ligation reaction (data not shown).
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4.2 Hammerhead ribozymes in plants
4.2.1 Investigation of putative hammerhead ribozyme motifs in members
of Brassicaceae
The model plant Arabidopsis thaliana belongs to the family Brassicaceae and two
type III hammerhead ribozymes have been reported on the chromosome IV in its
genome (Przybilski et al. 2005; Graf et al. 2005). Both ribozyme motifs were
found to be expressed in several tissues of the plant suggesting their role in
biological context, although the exact biological function still remains elusive and
need to be explored in greater detail. The organization of these motifs is
schematically presented in figure 37. Different combinations of primers were
used to amplify the two hammerhead ribozyme motifs in A. thaliana. Aracon1
and Aracon2 were used to amplify Ara1 motif, while Aracon1 and Aracon4 to
amplify Ara2 motif.

Figure 37: Schematic representation of the organization of type III
hammerhead ribozyme motifs, Ara1 and Ara2 on the chromosome IV of
Arabidopsis thaliana. Aracon1 is the forward primer and Aracleavrev and
Aracon2 are the reverse primers, used to amplify Ara1. Aracleavrev2 and
aracon4 are reverse primers, used to amplify hammerhead ribozyme domain in
Ara2 in combination with Aracon1 primer. Sites for Hind III restriction enzyme
flank Ara1 and Ara2 motifs, albeit at different positions. This served as size
markers for the two motifs during Southern blot hybridization, shown by the
expected fragment sizes of 659 bp and 5 kb.
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During my thesis, the presence of these hammerhead ribozyme motifs in other
plants belonging to the family Brassicaceae was investigated. Towards this end,
ten different plant species belonging to the same family were chosen which
include (i) Brassica oleracea;(ii) Brassica rapa (syn. B. campestris); (iii) Brassica
nigra; (iv) Brassica carinata; (v) Brassica juncea; (vi) Sinapis alba;(vii) Raphanus
sativus; (viii) Brassica napus; (ix) Diplotaxis erucoides; (x) Crambe maritima. To
assess the presence of hammerhead ribozymes in the genome of above
mentioned plant species, the following two approaches were used
(i) Polymerase chain reaction to directly amplify the hammerhead ribozymes
from the genome of the above mentioned plants.
(ii) Southern blot experiment to determine the copy number of hammerhead
ribozyme sequences in the genome of plants under investigation.
(i)

Amplification of hammerhead ribozyme motifs by PCR

Prof. Kurt Weising had kindly provided the genomic DNA samples of the above‐
mentioned species of plants for performing PCR reaction. In the absence of
sequencing information available for the above‐mentioned plants, a direct
amplification strategy by PCR was applied to amplify the hammerhead
ribozymes from their genome. For this purpose, Ara 1 and Ara2 motif specific
primers from A. thaliana were used (figure 37).

The following primer

combinations were used (i) Aracon1 and Aracon2 to amplify the Ara1 motif (ii)
Aracon1 and Aracon4 to amplify the Ara2 motif. Efforts to amplify hammerhead
ribozymes using above‐mentioned primer combinations from the genomic DNA
of the different plants under investigation were not successful under different
conditions of standardization for PCR (data not shown).
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Another amplification strategy was adopted, where the PCR amplification was
performed in two rounds; in first round of PCR, outer primer combinations,
Aracon1 and Aracon2/Aracon4 were used for amplification directly on the
genomic DNA and in second round of PCR, the internal primer combinations,
Aracon1 and Aracleavrev/Aracleavrev2 were used for amplification on the PCR
product obtained in first round. As can be seen in figure 37, from the schematic
organization of Ara1 and Ara2 motifs on the chromosome IV of A. thaliana, the
first primer combinations such as Aracon1 and Aracon2/Aracon4 amplifies Ara1
and Ara2 motifs, and second primer combinations such as Aracon1 and
Aracleavrev/Araclearev2 serve as internal primers to Ara1 and Ara2 motifs. For
A. thaliana, the hammerhead ribozyme domain resides in the region outside the
internal primers primer combinations and a DNA fragment of 225 bp is expected
with this strategy. The purpose of this strategy was to non‐specifically amplify
the regions in and around putative hammerhead ribozymes from the genomic
DNA of the plants under investigation. Out of all the plants subjected to
amplification using above‐mentioned strategy of primer combinations, DNA
fragments of the expected size (around 250 bp) along with fragments of higher
size were observed in only three species (figure 38). These species were R.
sativus, B. napus and C. maritima where Aracon1 and Aracon2 primer
combinations were in first round of PCR, and Aracon1 and Aracleavrev primer
combinations were used in second round of PCR. With other primer
combinations, Aracon1 and Aracon4 in first round of PCR and Aracon1 and
Aracleavrev2 in second round of PCR, DNA fragment of expected size along with
fragments of higher size was observed in only R. sativus. The DNA fragments of
expected size (around 250 bp) shown by red arrows in figure 38 were eluted
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from the gel using DNA elution buffer, purified by Phenol: CHCl3 (25:24) and
cloned into pJET1/blunt cloning vector.
Figure 38: 2% agarose gel
analysis of the PCR
products obtained in PCR
on
PCR
amplification
strategy. M is a 100 bp DNA
ladder. Expected signal (red
arrows)
along
with
fragments of different sizes
is obtained from the
genomic DNA of three
different plant species (top
panel). Lower panel shows
different
primer
combination I and II used
for first and second round of
amplification, respectively.

The presence of insert DNA in the plasmid DNA was confirmed by restriction
digestion analysis using Xho I and Nco I (data not shown), followed by
sequencing of single clone selected for each of the three plant species (figure 38).
Sequencing results have shown positive signal only for one plant species,
B. napus, where the cloned DNA has shown homology to the Ara1 fragment,
which belongs to Ara1 motif but lacks the hammerhead ribozyme. The sequence
at the 3´end of this fragment was used to design a new primer, nap_for., which
now served as the forward primer. Napus_for. in combination with
Aracon2/Aracon4 primers were then used to amplify the putative hammerhead
ribozymes directly from the genomic DNA of ten plants under investigation. In
A. thaliana this primer combination yields an expected DNA fragment of 100 bp
(data not shown). When this primer combination was directly applied on the
genomic DNA of the plants under investigation, DNA fragments of different sizes

103

RESULTS
along with the expected size of 100 bp were observed (figure 39). A band of 100
bp was observed also in the no template control, indicating a contamination.

Figure 39: 2% agarose gel
showing PCR amplification
products from the genomic
DNA of different Brassica
species.
PCR
products
amplified (A) with napus_for. &
Aracon2 primers and (B) with
napus_for. & Aracon4 primers
of the indicated plant species. M
is a100 bp DNA ladder. The no
template control is denoted as ‐
ve. The DNA fragments enclosed
in red boxes were eluted from
the gel.

The DNA bands enclosed in red boxes shown in figure 39 were eluted
independently from the gel using DNA elution buffer. Those DNA fragments
amplified using napus_for & Aracon2 were cloned into pGEM®Teasy vector,
while the DNA fragments amplified using nap_for & Aracon4 were cloned into
pJET1/blunt cloning vector, with the exception of the DNA fragment from
D. erucoides, which was cloned in pGEM®Teasy vector as well. The DNA
fragments cloned into pGEM® Teasy vector and pJET1/blunt cloning vector were
confirmed by colony PCR and restriction digestion analysis, respectively (data
not shown). The clones found positive for the presence of desired DNA
insert

were

confirmed

by

sequencing

results

for

the

presence

of

hammerhead ribozymes. For DNA fragments cloned in pGEM® Teasy vector,
T7 and SP6 sequencing primers were used, whereas for DNA fragments cloned in
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pJET1/blunt cloning vector, pJET forward and reverse sequencing primer
sequences were used. The summary of sequencing results found positive for the
hammerhead ribozymes along with its sequence variants is shown in Table 1
Table 1: Summary of sequencing results
Plant species

B. oleracea

Sequencing result1
(pJET1/blunt cloning
vector)
na

B. rapa

na

B. nigra

na

B. carinata

Sequencing result2
(pGEM®Teasy vector)
na
CC‐variant
na

UU‐variant

Ara2 variant,
G→A at 4th position in loop 1
Ara1

B. juncea

Ara1

S. alba

Ara1

na

R. sativus

Ara1

Ara2

B. napus

na

Ara2

D. erucoides
C. maritima

Ara1 variant,
8‐membered loop2
Ara1

Ara1, UU‐variant
Ara2 variant,
2 bp Stem II instead of 4bp

na results not available, either due to lack of amplification or sequencing failure

As summarized in table 1, eight out of ten species plants used in this study could
show the presence of hammerhead ribozyme motifs that resemble either that
from Ara1, Ara2 or the UU and CC loop variants. As mentioned earlier, the two
natural hammerhead ribozymes in Ara1 and Ara2 motifs have a cytosine in loop
1 and 2, and a uracil in loop 2 and 1, respectively (Przybilski et al. 2005). UU and
CC variants are the artificially created loop variants of hammerhead ribozymes
in Ara1 and Ara2 motifs, where two differing nucleotides in loop 1 and loop 2
of the hammerhead ribozyme are replaced with identical cytosine and uracil
residues, respectively ( Przybilski et al. 2005). Three additional variants of the
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hammerhead ribozyme with sequence deviations compared to that of Ara1 and
Ara2 motifs from A. thaliana were also observed in three different species of
plants, which include B. carinata, D. erucoides and C. maritima (figure 40).

Figure 40: Secondary structure of the variants of type III hammerhead
ribozyme motifs in different species of plants. The essential nucleotides are
marked in bold letters and the conventional numbering system as proposed by
Hertel et al., 1992 is used. The arrow indicates the cleavage site between
nucleotides 17 and 1.1 (A) The hammerhead ribozyme motifs in Ara1 and Ara2
loci in A. thaliana, indicated by the pink and purple colored nucleotides in loop 1
and loop 2, respectively. (B) The hammerhead ribozyme motif in B. carinata,
loop 1 variant is indicated be the blue colored guanine. (C) The variant of
hammerhead ribozyme motif in C. maritima, indicated by two base‐paired stem
II due to presence of light purple colored adenine (D) The 8‐membered loop 2
variant of D. erucoides indicated by the olive green colored nucleotides uracil and
cytosine and 3 base‐paired stem II.
No hammerhead ribozyme sequences were observed in two of the Brassica
species such as B. oleracea and B. nigra. These two plants along with four other
Brassica species such as B. juncea, B. rapa, B. napus and B. carinata are
evolutionarily and genetically related to each other according to the theory of
"triangle of U" (U 1935) (figure 41).
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Figure 41: The genetic relationship between Brassica species of the
"triangle of U". The triangle shows the evolutionary and genetic relationship
between six indicated Brassica species. The three diploid species (ancestral
species) at the corners of the triangle are hybridized to each other to form
common allotetraploids species in the center. Each Brassica species is shown at
the top of the circle along with its respective genome organization and haploid
chromosome number (n). Figure redrawn from U, 1935.
As explained in figure 41, B. oleracea and B. nigra are the parent species for
Brassica carinata. For the latter, two ribozyme motifs were found, while they
seem to be absent from both the parental plants. While this absence might be
explained by the use of non‐specific primers in the amplification reaction, it
seems also possible, that the sample of the daughter plant had been
contaminated by air‐borne material from A. thaliana in our lab. This also renders
the other results questionable, and the variants obtained in three Brassica
species (figure 40) could also be the result of mutations generated by Taq
polymerase. Whether or not a contamination took place is difficult to assess and
might be confirmed once detailed sequencing data is available for these plants.
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(ii) Southern blot hybridization
Another approach to investigate the presence of hammerhead ribozyme motifs
in plant genomes and to confirm the results obtained by PCR in previous section
was by performing Southern blot hybridization. Again, in the absence of detailed
sequencing information for these plants, for hybridization reaction either of the
Ara1 or Ara2 motif specific DNA fragments containing hammerhead ribozymes
was used as probe. These probes were directly amplified from the genomic DNA
of A. thaliana using Aracon1 and Aracon2/Aracon4 primer combinations (figure
42B). The hybridization was carried out on the genome of A. thaliana and the six
Brassica species belonging to the "triangle of U" (figure 41). Vector NTI analysis
of the 7 kb region of Chromosome IV of A. thaliana had predicted the presence of
two restriction sites for Hind III enzyme which flank the Ara1 and Ara2 motifs at
different positions in the genome (figure 37). Hybridization of Hind III digested
genomic DNA of A. thaliana with a radio‐labeled probe belonging to either Ara1
or Ara2 motif should result in expected DNA fragments of 5 kb and 659 bp. In
the first place, the genomic DNA was treated with RNase A (figure 42A), purified
by Phenol: CHCl3 (25:24) extraction followed by precipitation with isopropanol.

Figure 42: Agarose gel electrophoresis of DNA used subsequently for
Southern hybridisation (A) 1% agarose gel showing untreated and RNase A
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treated genomic DNA of A. thaliana. M is a 1 kb DNA ladder.. (B) 2% agarose gel
showing the PCR product, Ara1 is amplified from the genomic DNA of A. thaliana
using Aracon1 & Aracon2 primers. M is a 100 bp DNA ladder, Ara1 is PCR
product, No template control is denoted as ‐ve
The purified genomic DNA was treated with different restriction enzymes such
as BamH I, EcoR I, EcoR V, Xba I, Xho I and Hind III. Other enzymes besides
Hind III, were included to determine different sized signals for hammerhead
ribozyme motifs, when hybridized using same probe. After complete digestion of
the genomic DNA, the sample volume was reduced by precipitating DNA with
1/10 volume of sodium acetate and 0.6 volumes of isopropanol for the purpose
of loading into agarose gel. Agarose gel electrophoresis was carried out at 30 mA
for 14 hours (figure 43A). As mentioned in section 3.9, the gel was treated with
denaturation and neutralization buffers, before blotting onto the nylon
membrane. The blotting was carried out overnight in the presence of high salt
solution (20 X SSC) via upward capillary movement. Thereafter, the DNA was
cross‐linked to the membrane under UV‐exposure, and processed for
hybridization with the radio‐labeled probe.
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Figure 43: Southern blot hybridization of hammerhead ribozymes in the
genome of Arabidopsis thaliana (A) 1% agarose gel electrophoresis of the
genomic DNA treated with different indicated restriction enzymes. Genomic DNA
and Ara 1 PCR product included as positive control. M is a 1 kb DNA ladder. (B)
Southern blot after hybridization with the radio‐labeled Ara1 probe. The arrow
indicates the signal obtained on the lane containing the Ara1 probe as positive
control.
In this hybridization experiment, Ara1 DNA was used as radio‐labeled probe. At
an annealing temperature of 450C non‐specific signals were observed in all lanes
(figure 43B). Different hybridization conditions were tested, but the expected
signal was not even observed for A. thaliana (data not shown). This changed,
however, when the genomic DNA of A. thaliana was treated with proteinase K at
600C for 3 hours, followed by Phenol: CHCl3 (25:24) extraction. RNase A
treatment and restriction digest was performed afterwards together, and the
digested DNA was purified again by Phenol: CHCl3 (25:24). This was followed by
quantification and agarose gel electrophoresis. The genomic DNA of other
Brassica species was processed using similar conditions. Shown in the figure 44
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is the isolated genomic DNA of Brassica species used for Southern blot
hybridization.

Figure 44: 1% agarose gel
electrophoresis of the
genomic DNA of indicated
Brassica species. M is a 1kb
DNA ladder. Genomic DNA
runs at a higher position in
comparison to the 1 kb
marker and RNA appears as
smear and runs at the front
of the gel.
In an independent Southern blot hybridization experiment, the genomic DNA of
A. thaliana and B. juncea were used for the detection of hammerhead ribozymes.
Hind III restriction enzyme was used to digest genomic DNA of A. thaliana, and
the genomic DNA of B. juncea was treated with four different restriction enzymes
‐ Hind III, Xho I, EcoR I and Xba I (figure 45A). Following restriction digestion,
the digested DNA was purified by Phenol: CHCl3 (25:24) and thereafter,
precipitated by 1/10 volume of sodium acetate and 0.6 V of isopropanol. The
purified DNA was quantified spectophotometrically and loaded onto the agarose
gel to allow for the separation of the restriction enzyme treated DNA (figure 45).
10 μg of enzyme treated DNA of A. thaliana and 5 μg of enzyme treated DNA of B.
juncea was loaded onto the agarose gel. Electrophoresis was carried out at 15 V
for 10 hours, followed by blotting to the nylon membrane in presence of 20 X SSC
and the DNA fixed on the gel by UV‐crosslinking. Radio‐labeled Ara2 DNA probe
was used for hybridization with the membrane.
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Figure 45: Southern blot hybridization for the presence of hammerhead
ribozymes in Arabidopsis thaliana and Brassica juncea (A) 1% agarose gel
electrophoresis of Hind III treated genomic DNA of A. thaliana and of B. juncea
treated with the indicated enzymes. Ara 2 PCR product is included as a postive
control. M1 is a 1 kb DNA ladder, M2 is a 100 bp DNA ladder.(B) Southern blot
result after hybridization of the membrane with the radio‐labelled Ara2 probe.
Arrows at 5 kb and 659 bp indicates the position of the two hammerhead
ribozymes in the genome of A. thaliana, obtained after hybridization with radio‐
labeled Ara2 probe. Arrow at 300 bp position pointing towards the big blob
signal was obtained after hybridization of the Ara2 PCR product with Ara2
probe, formed as a result of radio‐labelling the former.
As shown in figure 45 B, the two expected signals for the hammerhead
ribozymes were observed in the genome of A. thaliana, while no signal was
observed for B. juncea. Expected signal was also observed with a diluted PCR
product equivalent to the probe. The absence of any signal in B. juncea DNA
could have different reasons such as a low concentration of genomic DNA, use of
non‐specific probe and due to the absence of hammerhead ribozyme in the
genome of the former.
Similar hybridization experiment was performed using higher amounts (40 μg)
of Hind III treated genomic DNA from six Brassica species belonging to the
“triangle of U” (figure 41). Hybridization was carried out in the presence of
radio‐labeled Ara2 DNA probe. Unfortunately no signal was observed even with
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the Hind III treated genome DNA of model plant, A. thaliana, but only with Ara2
DNA, the template for making radio‐labeled probe (data not shown). Although
the expected signals for A. thaliana were seen in Southern blot (figure 45B),
absence of this signal in this particular hybridization experiment can be
explained due to the impurity of the sample.
In another hybridization experiment carried out on the Hind III treated genomic
DNA of seven Brassica species, including A. thaliana, 100 bp radio‐labeled DNA
probe was used for hybridization. This DNA fragment was amplified from the
genomic DNA of Arabidopsis thaliana using napus_for. and Aracon2 primers.
Non‐specific signal was observed with the genomic DNA of all the seven Brassica
species, including that of A. thaliana (data not shown). Due to the lack of
reproducibility in these hybridization experiments, more standardization is
required to obtain reliable and reproducible data.
4.2.2 Kinetic analysis of the selfcleavage reactions of the hammerhead
ribozyme variants of Brassica carinata and Diplotaxis erucoides
The type III hammerhead ribozyme variants found in B. carinata and D. erucoides
(figure 40) were analyzed kinetically by performing post‐transcription cleavage
assay. The DNA templates for generating full‐length transcripts for the
hammerhead ribozyme variants from the above‐ mentioned plants, including
A. thaliana were obtained by recursive PCR (figure 46).
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Figure 46: Agaraose gel
analysis
of
the
PCR
fragments generated by
recursive
PCR
of
the
indicated plant species. The
PCR products obtained in B.
carinata
and D. erucoides,
correspond to the sequences
of the hammerhead ribozyme
variants obtained in previous
section. M is a 100 bp DNA
ladder. No template control is
denoted as ‐ve.

The PCR product obtained for the individual species was used as template for
transcription. Antisense oligo mediated inhibition of cleavage for the
hammerhead ribozymes during transcription reaction was achieved by including
AraN oligo at a concentration of 20 μM. Normal transcription reaction excluding
antisense oligo was also included in parallel for size comparison.

Figure 47: 20% Denaturing
PAGE showing transcription
of hammerhead ribozyme
motifs in presence and
absence of antisense oligo
AraN. As a positive control, A.
thaliana was also included in
the
reaction.
–AraN
is
Transcription in the absence of
AraN
oligo,
+AraN
is
Transcription in the presence of
AraN oligo.
FL is Full length
transcript and P1 is first
cleavage product. Red arrow
indicates
the
full‐length
trancript eluted from the gel.
As shown in figure 47, cleavage of the hammerhead ribozyme was inhibited in
the transcription reaction carried out in the presence of antisense oligo AraN.
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Transcription reactions carried out in the absence of AraN have shown cleavage
as can be shown by P1 in figure 47. The uncleaved full‐length transcripts
obtained for the hammerhead ribozyme in B. carinata and D. erucoides indicated
by red arrow were eluted from the gel using denaturing gel elution buffer. The
full‐length transcript was purified by Phenol: CHCl3 (25:24), followed by
precipitation by isopropanol. The purified transcript was dissolved in 20 μl UV‐
H2O. The uncleaved RNA was then subjected to post‐transcription cis‐cleavage
assay at 250C, pH 7.0 in presence of 0.5 mM MgCl2. The kinetic data obtained for
the hammerhead ribozymes from B. carinata and D. erucoides is shown in figure
48. The cleavage reaction was performed for 20 minutes and 2.5 minutes for the
uncleaved transcript belonging to the hammerhead ribozyme variant of
B. carinata and D. erucoides, respectively.
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Figure 48: Kinetics analysis of the cleavage reaction of the hammerhead
ribozyme variants. (A) and (C) 20% Denaturing PAGE showing the different
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time points of post‐transcription cleavage of the hammerhead ribozyme variants
of B. carinata and D. erucoides respectively in presence of 0.5 mM MgCl2. FL is full
length transcript eluted from the gel in previous reaction, P1 is first cleavage
product, P2 is second cleavage product. (B) and (D) Progress curve for
B. carinata and D. erucoides respectively, created by plotting the cleaved fraction
as a function of time and fitting the data to the equation L/(L+S1)=F0+F∞(1‐e‐kt)
to obtain kobs value (Stage‐Zimmermann and Uhlenbeck 1998).
These data were not reproducible in subsequent transcription reactions even in
higher concentrations of AraN. Additionally, several different antisense oligos of
shorter length targeting the cleavage site along with other regions of
hammerhead ribozyme were used in different combinations and concentrations
(data not shown). We were unable to get the similar data. Even when these PCR
fragments were cloned into pJET1/blunt cloning vector, subjected to
transcription in the presence of antisense oligo, there was no success in
obtaining uncleaved full‐length transcript so as to perform cleavage reaction
(data not shown).
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5. Discussion
5.1 The natural hairpin ribozymes
5.1.1 The threeway junction in arm A of hairpin ribozymes
As mentioned in results section 4.1, different variants of the three natural
hairpin ribozymes, sTRsV, sArMV and sCYMoV were investigated to study the
influence of distant peripheral elements on their catalytic activity under in vitro
conditions. Analysis of the results of hairpin ribozyme variants that possess and
lack the three‐way junction structure external to the cleavage site of arm A has
shown modulating effects. The presence of three‐way junction structure external
to the arm A has a negative influence on both the cis‐cleavage and trans‐ligation
reactions, though the effect varied differently in sTRsV and sCYMoV hairpin
ribozymes. The observed difference for the two hairpin ribozymes can be
attributed to their different sequence and the junction structure contexts.
However, the negative influence of the presence of three‐way junction structure
external to the arm A suggests its importance in the natural context of the
hairpin ribozymes. This possibility was confirmed by analysis of the cis‐cleavage
reaction of the two sub‐variants of the wild type based variant of sTRsV hairpin
ribozyme (figure 29). The self‐cleavage reaction observed for both the sub
variants suggests towards the lack of proposed tertiary interactions (kissing loop
interactions) between nucleotides in extended arm A and the apical loop
nucleotides in arm B. Thus confirming that it is the three‐way junction structure,
that is responsible for different behaviour of the hairpin ribozymes that possess
and lack this particular structure. The importance of this structure is further
supported by the common location of the natural hammerhead ribozymes
present on the plus strand of the identical satellite RNAs. Since the hammerhead
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ribozyme spans the three‐way junction structure on the minus strand satellite
RNA, making it likely that the former is responsible for maintaining this
particular structure. This is evident from the independent studies on natural
hammerhead ribozymes by the groups of Khvorova and Flores (De la Pena et al.
2003; Khvorova et al. 2003). The natural hammerhead ribozymes show
enhanced catalytic activity at submillimolar Mg2+ concentrations due to the
presence of tertiary interactions between distant peripheral elements outside
the catalytic core (Penedo et al. 2004; Canny et al. 2004; Nelson et al. 2005;
Przybilski et al. 2005). Since both ribozymes are involved in processing the
products of replication intermediates of their respective satellite RNAs by
cleavage and ligation reaction (Rubino et al. 1990; Bruening et al. 1991; Buzayan
et al. 1986a; van Tol et al. 1990), nature has evolved to ensure activity of only
one ribozyme type at a time such that a linear monomeric form should only self‐
ligate, while a multimeric linear form should only self‐cleave. To achieve this, the
respective ribozymes likely adopt conformations that foster one of the two
reactions only. Another important feature of this co‐localization is that the 5´‐
end of hammerhead ribozyme co‐localizes with the position of self‐cleavage of
hairpin ribozyme, a feature common to all the three satellite RNAs harbouring
the hairpin ribozyme. Unfortunately, the variants of sArMV hairpin ribozyme
could not be characterized in terms of their kinetic behaviour. However, the self‐
cleavage was observed in all the variants, which can be attributed to the intrinsic
ability of these hairpin ribozymes to misfold. The importance of three‐way
junction structure in this particular hairpin ribozyme is also suggestive in
analogy to other hairpin ribozymes by the common co‐localization of the
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hammerhead ribozyme on plus strand satellite RNA with that of minus strand
satellite RNA.
5.1.2 Structures outside the catalytic core of hairpin ribozymes
In addition to the commonly observed three‐way junction structure in arm A in
the minus strand of sTRsV, sArMV and sCYMoV, additional features of peripheral
elements external to the catalytic core were also observed by Mfold. As shown in
figure 25 and 26, different variants of sTRsV, sArMV and sCYMoV hairpin
ribozymes were analyzed in conjunction and in absence of extended arm A. As
mentioned in previous section, different arm C variants of sArMV also could not
be analyzed due to their intrinsic property to misfold. However, the variants of
sTRsV and sCYMoV were analyzed by both cis‐cleavage and trans‐ligation
reactions.
Analysis of the cleavage reaction of arm C variants of sTRsV show no significant
difference in the speed of the cleavage reaction within the species containing and
lacking three‐way junction external to the arm A. This suggests that arm C is
required only in stacking onto catalytically active arm B in natural sTRsV hairpin
ribozyme. The catalytically active natural hairpin ribozyme is formed by the
coaxial stacking of arm D onto arm A and arm C onto arm B, the two coaxial
helices being arranged in antiparallel orientation via four‐way junction
structure. This format of catalytically active hairpin ribozyme has been
confirmed by biochemical, biophysical and structural studies carried out on the
natural sTRsV hairpin ribozyme (Murchie et al. 1998; Lilley 2001; Rupert and
Ferré‐D'Amaré 2001). When analyzed the ligation reaction of the identical arm C
variants, the results vary considerably in comparison to that observed for the
cleavage reaction, which can be attributed to different experimental conditions.
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Whereas, the self‐cleavage reaction was monitored during a transcription
reaction, the substrates for the ligation reaction were subjected to different
purification steps prior to ligation reaction, raising the possibility that
contaminants were present. Additionally, the trans‐ligation reaction may
represent only a fraction of active hairpin ribozyme species, which require both
substrate strands to fold into desired four‐way junction format of the
catalytically active hairpin ribozyme. Though the trans‐ligation reaction was
carried out in presence of higher Mg2+ concentration (10 mM) to ensure proper
folding in comparison to low Mg2+ concentration (5 mM) for cis‐cleavage
reaction.
Analysis of the arm D variants of natural five‐way junction sCYMoV hairpin
ribozyme has shown different results for the variants that included three‐way
junction structure in arm A. The length of arm D had no effect on the speed of the
cleavage reaction in variants that lacked three‐way junction structure in arm A.
However, there was increase in the speed of the cleavage reaction with the
decrease in the length of arm D for variants that included the three‐way junction
structure. This suggests that in sCYMoV the presence of three‐way junction
structure in conjunction with short arm D has a positive influence on the speed
of the cleavage reaction. This feature of short arm D variant of sCYMoV hairpin
ribozyme thought to be attributed to the five‐way junction structure of the
natural sCYMoV hairpin ribozyme was confirmed by creating its four‐way
junction equivalents by deleting extra arm E. Analysis of the cleavage reaction of
the four‐way junction variants lacking arm E have shown no significant
difference in comparison to it five‐way junction equivalents indicating that the
arm E is dispensable for the catalytic activity of sCYMoV hairpin ribozyme.
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Contrasting result was obtained with another four‐way junction variant lacking
arm C, which have shown slower speed of cleavage reaction in comparison to the
natural five‐way junction and equivalent four‐way junction variants lacking arm
E. This indicates that arm C is indispensable for the enhanced cleavage activity of
sCYMoV hairpin ribozyme. This proposal is in agreement with the four‐way
junction format of natural sTRsV hairpin ribozyme, which requires the presence
of arm A to arm D for enhanced catalytic activity at submillimolar Mg2+ ion
concentrations. However, this proposal needs further confirmation by
biophysical and structural studies of four‐way junction format of sCYMoV
hairpin ribozyme.
Analysis of the trans‐ligation reaction of five‐way junction variants of sCYMoV
hairpin ribozyme has shown considerably different results than observed for the
cis‐cleavage reaction. The ligation reaction was slower and did not show
considerable difference in the speed of the reaction for the variants that
contained three‐way junction structure in arm A. The other arm D variants,
which excluded the three‐way junction structure, have shown no difference for
two arm D variants but was highest for the variant with shortest arm D. This
result of ligation reaction is in contrast to that observed for the cleavage reaction
where the shortest arm D variant containing the three‐way junction structure
was the fastest amongst all the six variants analyzed. Again the difference
observed between the cleavage reaction can be attributed to the different
experimental set ups as described previously for the sTRsV hairpin ribozyme.
To conclude, the different peripheral elements distant to the catalytic core have
shown modulating effects on the catalytic activity of sTRsV and sCYMoV hairpin
ribozyme. Though we were unable to analyze the particular interaction motifs
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responsible for such kind of behaviour, similar studies have been carried out on
the different types of hammerhead ribozymes (Przybilski and Hammann 2007).
Likewise the similar catalytic core of three types of hairpin ribozymes, the core
nucleotides of the different types of hammerhead ribozyme are similar. The
difference arises in the structure, sequence and tertiary interactions of the
peripheral elements. This difference is particularly evident from the crystal
structures of type I and type III hammerhead ribozyme of Schistosoma mansoni
and sTRsV hammerhead ribozymes, respectively (Martick and Scott 2006; Chi et
al. 2008). The peripheral elements of the two types of hammerhead ribozymes
have shown distinct tertiary interactions despite having similar catalytic core.
In addition to cis‐cleavage reactions, and trans‐ligation reaction, all the variants
of three natural hairpin ribozymes were subjected to trans‐cleavage reactions.
Unfortunately, the data obtained was not reproducible, which might well be due
to the constructs of the ribozyme and substrate strands used in this
experimental set up. The results of trans‐cleavage reaction are in contrast to that
observed for the trans‐ligation reaction. This is in concordance with role of
hairpin ribozyme as a better ligase than nuclease (Hegg and Fedor 1995).
Though the difference in the results can be attributed to the use of entirely
different constructs used in the trans‐cleavage and trans‐ligation reactions.
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5.2 Type III hammerhead ribozymes in the plants of family Brassicaceae
The hammerhead ribozymes was found in the genome of eight out of ten plants
investigated by PCR amplification, which was achieved by using primer
combinations from two different plant sources. These include napus_for. and
Aracon2/Aracon4, the former derived from the genome of B. napus and the latter
two from that of model plant A. thaliana. The primer combinations from two
different plant sources were used, as the single step amplification strategy using
consensus region specific primers similar to that of A. thaliana was not successful. In
A. thaliana, two such consensus regions are known to harbor hammerhead
ribozymes, which are located at discrete loci but on the chromosome IV (Graf et al.
2005; Przybilski et al. 2005). The primers specific to the above‐mentioned
consensus regions were successfully used to amplify the hammerhead ribozymes of
A. thaliana (Przybilski et al. 2005). Different standardisation conditions of
amplification were used such as low annealing temperature, extended number of
cycles, but multiples, faint signals and sometimes no signal, were observed. A few of
have been cloned and sequenced, but none of them resembled hammerhead
ribozyme sequence similar to that found in A. thaliana or to any other organism in
PubMed database entry and Brassica genome database (http://www.brassica.info/).
The failure of this strategy can be explained based on the absence of identical
sequence containing motifs around hammerhead ribozymes in the plants under
investigation, as is the situation in A. thaliana. Alternative strategy used was an
indirect approach, where the primer combinations specific to that of hammerhead
ribozyme of A. thaliana were used but in two different rounds of PCR amplification.
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This strategy adopted in order to non‐specifically amplify the putative hammerhead
ribozymes from the genome of the plants under investigation was successful in
comparison to first strategy. As a result, only one species B. napus has revealed the
presence of a DNA fragment which was similar to that of Ara1 motif of A. thaliana as
confirmed by sequencing results. This result indicates that the consensus region of
hammerhead ribozyme motif as reported in A. thaliana is present in the genome of
B. napus as well. However, this possibilty needs confirmation by whole genome
sequence data of the B. napus. Since the reported Ara1 DNA fragment from B. napus
does not contain hammerhead ribozyme motif, the 3´‐ end sequence of this fragment
was used to prepare a new primer, napus_for., which was used as forward primer in
combination with reverse primers specific to that of A. thaliana. This was done
keeping in mind the close genetic relationship of B. napus with majority of other
members of the family under question. This primer combination was successful
when applied to all the plants under investigation and revealed the presence of
hammerhead ribozyme motifs in eight out of ten plants. The sequences of these
hammerhead ribozymes were identical to either of the two motifs found in the
genome of A. thaliana as confirmed by sequencing results. Variants of hammerhead
ribozyme sequences were also found, two of which were artificially created loop
variants from that of A. thaliana (Przybilski et al. 2005). Three new variants were
found in three different plant species, which displayed additional modifications in
the loops 1 and 2 and in stem II of the hammerhead ribozyme. Examples include
Ara2 variant of B. carinata and C. maritima, where several nucleotides are
exchanged in loop I and the 4bp stem II is replaced by a 2 bp stem II, respectively. In
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D. erucoides, a variant of Ara1 hammerhead ribozyme was found, where the 6‐
membered loop2 is replaced by an 8‐memberes loop2 and the 4 bp stem II is
replaced by a 3 bp stem II. The stem II variants in C. maritima and D. erucoides were
found due to the introduction of bases which replaced the normally found Watson‐
Crick base pairs in stem II. Whether the new variants represent in vitro generated
mutations introduced by Taq polymerase during PCR or they naturally exist in the
genome of above mentioned plants is difficult to say at this stage. Since it is known
that Taq polymerase lacks proof‐reading abilty and introduce mutations at the rate
of 0.2 ‐ 2 x 10‐4 errors per bp per cycle (Saiki et al. 1988; Smith et al. 1997). Because
the target sequence of hammerhead ribozyme is approximately 100 bp, while
performing PCR reaction this property of Taq polymerase was ignored in the
beginning. In subsequent PCR reactions, Pfu polymerase (Cline et al. 1996) which
possess 3´‐5´ exonuclease proof‐reading activity was used for amplification either
independently or in conjunction with Taq‐ polymerase. Since during amplification
reaction Pfu polymerase is known to reduce mutation rate 3‐10 times (Cline et al.
1996; Lundberg et al. 1991) lower than those estimated for Taq polymerase. Use of
Pfu polymerase should have helped ideally in giving the correct hammerhead
ribozyme sequences. However, the sequences of the hammerhead ribozyme and its
variants can be confirmed once detailed genome sequencing information is available
for the above mentioned plants.
The three different variants of hammerhead ribozyme from B. carinata, C. maritima
and D. erucoides are catalytically active and have shown self‐cleavage during
transcription reaction as well. The two variants of hammerhead ribozymes from
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B. carinata and D. erucoides have been analyzed kinetically and have shown cleavage
activity at submillimolar Mg2+ concentraions similar to that of A. thaliana (Przybilski
et al. 2005). It should be noted, however, that this reaction could not be analyzed
reproducibly due to problems in obtaining uncleaved transcript or low amounts of
uncleaved transcript. Different antisense oligos at different concentrations were
used to inhibit cleavge during transcription reaction, unfortunately the underlying
reason could not be resolved, though the reaction was once successful. The
sequences of these variants would, however increase the repertoire of hammerhead
ribozyme supporting a role in their natural context. This is further supported by the
diversity of hammerhead ribozymes that are found widespread in nature and differ
in the structure and sequence of peripheral elements that surround the conserved
catalytic core. First found in subviral plant pathgens (Buzayan et al. 1986; Forster
and Symons 1987; Hutchins et al. 1986; Prody et al. 1986), the hammerhead
ribozymes are now reported to be present in almost all the genomes except viruses
(Seehafer et al, manuscript in preparation).
For the two species B. olearacea and B. nigra, the presence of hammerhead
ribozyme could not be shown either due to failure during amplification or
sequencing reactions. This can be reasoned by the use of non‐specific primers or the
complete absence of the hammerhead ribozyme sequence in their genome. This is
particularly important when the evolutionary relationship between these two
species is considered. These two Brassica species, including four other species are
evolutionarily and genetically related according to the “triangle of U” theory (U
1935), a model proposed by Korean botanist Woo Jang‐choon, in 1935. According to
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this, the diploids B. nigra (BB; 2n=18), B. oleracea (CC; 2n=18), and B. campestris
(AA; 2n=20) are the natural progenitors of the amphidiploids B. carinata (BBCC;
2n=34), B. napus (AACC; 2n=38), and B. juncea (AABB; 2n=36) (figure 40). This
model has further been supported by a great diversity of morphological and
cytological (Prakash and Hinata 1980; Attia and Röbbelen 1986) as well as
molecular studies (Chen et al. 1989; Song et al. 1988; Delseny et al. 1990). In view of
this model, the hammerhead ribozyme sequence in B. carinata (BBCC; 2n=34), the
daughter species of B. nigra (BB; 2n=18) and B. oleracea (CC; 2n=18) is highly
surprising, since no corresponding sequence is found in either of the parent. The
previously mentioned failure to find hammerhead ribozyme sequences in either
parent could be due to the described technical difficulties. Alternatively, the
presence of hammerhead ribozyme in B. carinata could be due to an air‐borne
contamination from the lab, where the amplification reaction was carried out
routinely on the model plant A. thaliana. This can be explained based on the
inconsistent appearance of DNA signal in no template control during amplification
reactions carried out independently in different PCR machines. Even the working
space between preparation of PCR reaction mixture and addition of genomic DNA
was isolated, but the problem persisted. The inconsistent appearance and
disappearance of DNA signal in no template control was tried to address by
performing Southern blot experiments (Southern 1975). In hybridization
experiment, the presence of hammerhead ribozymes can be detected by direct
hybridization of hammerhead ribozyme specific probe to the genome of the plants
under investigation. Southern blot experiment was carried out on the genome of the
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six Brassica species belonging to the “triangle of U”. The genome of A. thaliana was
used as positive control, where the presence of two hammerhead ribozymes was
identified by hybridization with either of the 300 bp conserved sequence motifs as
radio‐labeled DNA probes. The templates for DNA probes were the identical
hammerhead ribozyme motifs amplified by PCR from A. thaliana. Unfortunately,
except A. thaliana, this experiment was not successful with the genome of other
Brassica species under different standardization conditions of hybridization. Use of
hammerhead ribozyme specific sequence (100 bp) as probe resulted in lot of
background signal indicating that non‐specificity of this probe for hybridization
experiment. The lack of reproducibility of Southern blot experiment with the
genome of Brassica species belonging to the “triangle of U” and that of A. thaliana,
presented more of experimental error and needs more standardization such as high
quality genomic DNA, use of a panel of restriction enzymes, appropriate and
controlled restriction digestion conditions and last but not least, hybridization
conditions. This would be particularly helpful, as hybridization is a highly successful
technique to investigate for the presence and determination of copy number of non‐
specific sequences across distant genus and species. Once the presence of
hammerhead ribozymes is confirmed in the tested plant genome, including the
Brassica species belonging to the “triangle of U”, the next step would be to
determine their biological role, likely starting with an expression analysis.
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Publications
Przybilski, R., Bajaj, P. & Hammann, C. 2007. 'Katalytische RNA: Molekulare
Fossilien der Evolution?.' Biologie in unserer Zeit, 6:37, 356‐64.
Bajaj, P., Steger, G. & Hammann, C. 2010. 'Kinetics of hairpin ribozymes.'
Manuscript in preparation
Sequences of the hairpin ribozyme variants
sTRsV hairpin ribozyme
sTRsV C2B, 178 bp DNA; 158 nt RNA = 128 nt+30 nt, (Xba I)
GCGTAATACGACTCACTATAGGGCCTGACACAACAAACAGAGAAGTCAACCAGAGAA
ACACACGTTGTGGTATATTACCTGGTACGCCTTGACTAACTACACCGGAAACGGTTC
ACTAGTTTACGTGGTGGCTTTCGGCCACCTGACA↓GTCCTGTTTCGTCCTCACGGACT
CATCAGG
sTRsV C1B, 163 bp DNA; 143 nt RNA=113 nt+30 nt (Xho I)
GCGTAATACGACTCACTATAGGGCCTGACACAACAAACAGAGAAGTCAACCAGAGAA
ACACACGTTGTGGTATATTACCTGGTACGCCTTGACTAGGAAACTAGTTTACGTGGT
GGCTTTCGGCCACCTGACA↓GTCCTGTTTCGTCCTCACGGACTCATCAGG
sTRsV C0B, 161 bp DNA; 141 nt RNA=111 nt+30 nt (Xba I)
GCGTAATACGACTCACTATAGGGCCTGACACAACAAACAGAGAAGTCAACCAGAGAA
ACACACGTTGTGGTATATTACCTGGTACGtaGACTAGGAAACTAGTTTACGTGGTGGC
TTTCGGCCACCTGACA↓GTCCTGTTTCGTCCTCACGGACTCATCAGG
sTRsV ∆J_C2B, 146 bp DNA; 126 nt =117 nt+9 nt (Xho I)
GCGTAATACGACTCACTATAGGGAAACAGAGAAGTCAACCAGAGAAACACACGTTGT
GGTATATTACCTGGTACGCCTTGACTAGCTACACCGGAAACGGTTCACTAGTTTACG
TGGTGGCTTTCGGCCACCTGACA↓GTCCTGTTT
sTRsV ∆J_C1B, 131 bp DNA; 111 nt RNA=102 nt+9 nt (Xho I)
GCGTAATACGACTCACTATAGGGAAACAGAGAAGTCAACCAGAGAAACACACGTTGT
GGTATATTACCTGGTACGCCTTGACTAGGAAACTAGTTTACGTGGTGGCTTTCGGCC
ACCTGACA↓GTCCTGTTT
sTRsV ∆J_C0B, 129 bp DNA, 109 nt; RNA =100 nt+9 nt (Xho I)
GCGTAATACGACTCACTATAGGGAAACAGAGAAGTCAACCAGAGAAACACACGTTGT
GGTATATTACCTGGTACGTAGACTAGGAAACTAGTTTACGTGGTGGCTTTCGGCCAC
CTGACA↓GTCCTGTTT
sTRsV C2B, GCrescue mutant, 175 bp DNA; 158 nt RNA=28 nt+30 nt (Xba I)
TAATACGACTCACTATAGGGCCTGACACCCCAAACAGAGAAGTCAACCAGAGAAACA
CACGGGGTGGTATATTACCTGGTACGCCTTGACTAACTACACCGGAAACGGTTCACT
AGTTTACGTGGTGGCTTTCGGCCACCTGACA↓GTCCTGTTTCGTCCTCACGGACTCAT
CAGG
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sTRsV C2B,Gmutant, 175 bp DNA; 158 nt RNA=128 nt +30nt (Xba I)
TAATACGACTCACTATAGGGCCTGACACGGGAAACAGAGAAGTCAACCAGAGAAACA
CACGGGGTGGTATATTACCTGGTACGCCTTGACTAACTACACCGGAAACGGTTCACT
AGTTTACGTGGTGGCTTTCGGCCACCTGACA↓GTCCTGTTTGGTCCTCACGGACTCAT
CAGG
sCYMoV natural fiveway junction hairpin ribozyme variants
sCYMoV D2B, 238 bp DNA; 215 nt RNA=180 nt+35 nt (Xho I)
GCGTAATACGACTCACTATAGGGCCCGACTTACACATACAACAGCGAAGCGCGCCAG
GGAAACACACCATGTGTGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGAC
CGTCCTATACCCTTACCACAGGATAAATCCCAGGTAACATCAGCAGGGAAGGTCATA
AGAGGATTGAAGTAGTCTCACCTCTTAGCGCA↓GTACTGTTTCGTCCTTTCGGACTCA
TCAGGCCGGG
sCYMoV D1B, 227 bp DNA; 207 nt RNA =192 nt+35 nt (Xba I)
GCGTAATACGACTCACTATAGGGCCCGACTTACACATACAACAGCGAAGCGCGCCAG
GGAAACACACCATGTGTGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGAC
CGTCCTATACCCTTACCGAAAGGTAACATCAGCAGGGAAGGTCATAAGAGGATTGAA
GTAGTCTCACCTCTTAGCGCA↓GTACTGTTTCGTCCTTTCGGACTCATCAGGCCGGG
sCYMoV D0B, 203 bp DNA; 183 nt RNA=148 nt+35 nt (Xba I)
GCGTAATACGACTCACTATAGGGCCCGACTTACACATACAACAGCGAAGCGCGCCAG
GGAAACACACCATGTGTGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGAC
CGTCCTGAAAGGGAAGGTCATAAGAGGATTGAAGTAGTCTCACCTCTTAGCGCA↓GT
ACTGTTTCGTCCTTTCGGACTCATCAGGCCGGG
sCYMoV ∆J_ D2B, 195 bp DNA; 175 nt RNA =167 nt+8 nt (Xba I)
GCGTAATACGACTCACTATAGGGAACAGCGAAGCGCGCCAGGGAAACACACCATGTG
TGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGACCGTCCTATACCCTTAC
CACAGGATAAATCCCAGGTAACATCAGCAGGGAAGGTCATAAGAGGATTGAAGTAGT
CTCACCTCTTAGCGCA↓GTACTGTT
sCYMoV ∆J_ D1B, 184 bp DNA; 164 nt RNA =156 nt+8 nt (Xba I)
GCGTAATACGACTCACTATAGGGAACAGCGAAGCGCGCCAGGGAAACACACCATGTG
TGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGACCGTCCTATACCCTTAC
CGAAAGGTAACATCAGCAGGGAAGGTCATAAGAGGATTGAAGTAGTCTCACCTCTTA
GCGCA↓GTACTGTT
sCYMoV ∆J_ D0B, 161 bp DNA; 141 nt RNA=133 nt+8 nt (Xba I)
GCGTAATACGACTCACTATAGGGAACAGCGAAGCGCGCCAGGGAAACACACCATGTG
TGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGACCGTCCTGAAAGGGAAG
GTCATAAGAGGATTGAAGTAGTCTCACCTCTTAGCGCA↓GTACTGTT
Fourway junction variants of sCYMoV, Arm E deletion mutants
sCYMoV D2B, ∆E, 206 bp DNA; 189 nt RNA=154 nt+35 nt (Xho I)
TAATACGACTCACTATAGGGCCCGACTTACACATACAACAGCGAAGCGCGCCAGGGA
AACACACCATGTGTGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGACCGT
CCTATACCCTTACCACAGGATAAATCCCAGGTAACATCAGCAGGGAAGGTCAGCGCA
↓GTACTGTTTCGTCCTTTCGGACTCATCAGGCCGGG
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sCYMoV D1B, ∆E, 195 bp DNA; 178 nt RNA=143 nt+35 nt (Xho I)
TAATACGACTCACTATAGGGCCCGACTTACACATACAACAGCGAAGCGCGCCAGGGA
AACACACCATGTGTGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGACCGT
CCTATACCCTTACCGAAAGGTAACATCAGCAGGGAAGGTCAGCGCA↓GTACTGTTTC
GTCCTTTCGGACTCATCAGGCCGGG
sCYMoV D0B, ∆E, 171 bp DNA;154 nt RNA=119 nt+35 nt (Xho I)
TAATACGACTCACTATAGGGCCCGACTTACACATACAACAGCGAAGCGCGCCAGGGA
AACACACCATGTGTGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGACCGT
CCTGAAAGGGAAGGTCAGCGCA_GTACTGTTTCGTCCTTTCGGACTCATCAGGCCGGG
sCYMoV ∆J_ D2B, ∆E, 164 bp DNA; 147 nt RNA=138 nt+9 nt (Xho I)
TAATACGACTCACTATAGGGAACAGCGAAGCGCGCCAGGGAAACACACCATGTGTGG
TATATTATCTGGCACCATACGGAAACGTATGGTAGGACCGTCCTATACCCTTACCAC
AGGATAAATCCCAGGTAACATCAGCAGGGAAGGTCAGCGCA↓GTACTGTTT
sCYMoV ∆J_ D1B, ∆E, 153 bp DNA; 136 nt RNA=127 nt+9 nt (Xba I)
TAATACGACTCACTATAGGGAACAGCGAAGCGCGCCAGGGAAACACACCATGTGTGG
TATATTATCTGGCACCATACGGAAACGTATGGTAGGACCGTCCTATACCCTTACCGA
AAGGTAACATCAGCAGGGAAGGTCAGCGCA↓GTACTGTTT
sCYMoV ∆J_ D0B, ∆E, 129 bp DNA; 112 nt RNA=103 nt+9 nt (Xho I)
TAATACGACTCACTATAGGGAACAGCGAAGCGCGCCAGGGAAACACACCATGTGTGG
TATATTATCTGGCACCATACGGAAACGTATGGTAGGACCGTCCTGAAAGGGAAGGTC
AGCGCA↓GTACTGTTT
Fourway junction variants of sCYMoV, arm C deletion mutant
sCYMoV D2B, ∆C, 215 bp DNA; 198 nt RNA=163 nt+35 nt (Xba I)
TAATACGACTCACTATAGGGCCCGACTTACACATACAACAGCGAAGCGCGCCAGGGA
AACACACCATGTGTGGTATATTATCTGGCAGGACCGTCCTATACCCTTACCACAGGA
TAAATCCCAGGTAACATCAGCAGGGAAGGTCATAAGAGGATTGAAGTAGTCTCACCT
CTTAGCGCA↓GTACTGTTTCGTCCTTTCGGACTCATCAGGCCGGG
sArMV hairpin ribozyme variants
sArMV C1B, 185 bp DNA; 165 nt RNA=128 nt+37 nt (Xho I)
GCGTAATACGACTCACTATAGGGCCGGCTAACGACCACAAGCAACAGCGAAGCGGAA
CGGCGAAACACACCTTGTGTGGTATATTACCCGTTGGAGTATCCAGAGGAATTCACG
TCTGGTCTCCCCATGCCCAACTCGGCATGACGCA↓GTACTGTTTCGGCCCTTTTGGGC
CATCGTCAGGTCGG
sArMV C0B, 183 bp DNA; 163 nt RNA= 126 nt+37 nt (Xba I)
GCGTAATACGACTCACTATAgggCCGGCTAACGACCACAAGCAACAGCGAAGCGGAAC
GGCGAAACACACCTTGTGTGGTATATTACCCGTTGGAGaccagaGGAATTCACGTCTGG
TCTCCCCATGCCCAACTCGGCATGACGCA↓GTACTGTTTCGGCCCTTTTGGGCCATCG
TCAGGTCGG
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sArMV ∆J_C1B, 137 bp DNA; 117 nt RNA=109 nt+8 nt (Xba I)
GCGTAATACGACTCACTATAGGGAACAGCGAAGCGGAACGGCGAAACACACCTTGTG
TGGTATATTACCCGTTGGAGTATCCAGAGGAATTCACGTCTGGTCTCCCCATGCCCAA
CTCGGCATGACGCA↓GTACTGTT
sArMV ∆J_C0B, 135 bp DNA; 115 nt RNA=107 nt+8 nt (Xho I)
GCGTAATACGACTCACTATAGGGAACAGCGAAGCGGAACGGCGAAACACACCTTGTG
TGGTATATTACCCGTTGGAGACCAGAGGAATTCACGTCTGGTCTCCCCATGCCCAACT
CGGCATGACGCA↓GTACTGTT
Open arm variants of sArMV
Open Arm A, sArMV C1B 182 bp DNA; 165 nt RNA=128 nt+37 nt (Xba I)
TAATACGACTCACTATAGGGCCGGCTAACGACCACAAGCAACAGCGAAGCGGAACGG
CGAAACACACCTTGTGTGGTATATTACCCGTTGGAGTATCCAGAGGAATTCACGTCT
GGTCTCCCCATGCCCAACTCGGCATGACGCA↓GTACTGTTTCGGCCCTTTTGGGCCAT
CGTCAGGTCGG
Open Arm B, sArMV C1B, 182 bp DNA; 165 nt RNA = 77 nt+88 nt (Xho I)
TAATACGACTCACTATAGCGTGTGGTATATTACCCGTTGGAGTATCCAGAGGAATTC
ACGTCTGGTCTCCCCATGCCCAACTCGGCATGACGCA↓GTACTGTTTCGGCCCTTTTG
GGCCATCGTCAGGTCGGGAAACCGGCTAACGACCACAAGCAACAGCGAAGCGGAACG
GCGAAACACAC
Open Arm C, sArMV C1B , 176 bp DNA; 159 nt RNA = 37 nt+122 nt (Xho I)
TAATACGACTCACTATAGGGTCTGGTCTCCCCATGCCCAACTCGGCATGACGCA↓GTA
CTGTTTCGGCCCTTTTGGGCCATCGTCAGGTCGGGAAACCGGCTAACGACCACAAGCA
ACAGCGAAGCGGAACGGCGAAACACACCTTGTGTGGTATATTACCCGTTGGAGTATC
CAGA
Open Arm D, sArMV C1B, 174 bp DNA; 157 nt RNA = 11 nt +146 nt (Xba I)
TAATACGACTCACTATAGGCATGACGCA↓GTACTGTTTCGGCCCTTTTGGGCCATCGT
CAGGTCGGGAAACCGGCTAACGACCACAAGCAACAGCGAAGCGGAACGGCGAAACAC
ACGTGTGGTATATTACCCGTTGGAGTATCCAGAGGAATTCACGTCTGGTCTCCCCAT
GCC
Sequences of the hairpin ribozyme variants used in transcleavage reaction
sTRsV hairpin ribozyme variants
Template sequence of the ribozyme strand
sTRsV C2B, 115 bp DNA; 95 nt RNA (Spe I/Bcu I)
GCGTAATACGACTCACTATAGGGCCTGACACAACAAACAGAGAAGTCAACCAGAGAA
ACACACGTTGTGGTATATTACCTGGTACGCCTTGACTAACTACACCGGAAACGGTTC
A
sTRsV C1B, 100 bp DNA; 80 nt RNA(Spe I/Bcu I)
GCGTAATACGACTCACTATAGGGCCTGACACAACAAACAGAGAAGTCAACCAGAGAA
ACACACGTTGTGGTATATTACCTGGTACGCCTTGACTAGGAAA
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sTRsV C0B, 98 bp DNA; 78 nt RNA(Spe I/Bcu I)
GCGTAATACGACTCACTATAGGGCCTGACACAACAAACAGAGAAGTCAACCAGAGAA
ACACACGTTGTGGTATATTACCTGGTACGTAGACTAGGAAA
sTRsV ∆J_C2B, 104 bp DNA; 84 nt RNA(Spe I/Bcu I)
GCGTAATACGACTCACTATAGGGAAACAGAGAAGTCAACCAGAGAAACACACGTTGT
GGTATATTACCTGGTACGCCTTGACTAGCTACACCGGAAACGGTTCA
sTRsV ∆J_C1B, 89 bp DNA; 69 nt RNA(Spe I/Bcu I)
GCGTAATACGACTCACTATAGGGAAACAGAGAAGTCAACCAGAGAAACACACGTTGT
GGTATATTACCTGGTACGCCTTGACTAGGAAA
sTRsV ∆J_C0B, 87 bp DNA; 67 nt RNA (Spe I/Bcu I)
GCGTAATACGACTCACTATAGGGAAACAGAGAAGTCAACCAGAGAAACACACGTTGT
GGTATATTACCTGGTACGTAGACTAGGAAA
Template sequence for the substrate strand
sTRsV C2B, 97 bp DNA; 77 nt RNA=47nt+30 nt
GCGTAATACGACTCACTATAGGGTTTCCGGTTCACTAGTTTACGTGGTGGCTTTCGGC
CACCTGACA↓GTCCTGTTTCGTCCTCACGGACTCATCAGG
sTRsV C1B and sTRsV C0B, 86 bp DNA; 66 nt RNA= 36 nt+30 nt
GCGTAATACGACTCACTATAGGGCTAGTTTACGTGGTGGCTTTCGGCCACCTGACA↓
GTCCTGTTTCGTCCTCACGGACTCATCAGG
The substrate strands of sTRsV C1B and sTRsV C0B are identical in sequence
sTRsV ∆J_C2B, 75 bp DNA; 55 nt RNA= 46 nt+9 nt
GCGTAATACGACTCACTATAGGGAAACGGTTCACTAGTTTACGTGGTGGCTTTCGGC
CACCTGACA↓GTCCTGTTT
sTRsV ∆J_C1 B and sTRsV, ∆J_C0B, 65 bp DNA; 45 nt RNA=36 nt+9 nt
GCGTAATACGACTCACTATAGGGCTAGTTTACGTGGTGGCTTTCGGCCACCTGACA↓
GTCCTGTTT
The substrate strands of sTRsV ∆J_C1 B and sTRsV ∆J_C0B are identical in
sequence
sArMV hairpin ribozyme variants
The template sequence of the ribozyme strand
sAMV C1B, 106 bp DNA; 86 nt RNA (EcoR I)
GCGTAATACGACTCACTATAGGGCCGGCTAACGACCACAAGCAACAGCGAAGCGGAA
CGGCGAAACACACCTTGTGTGGTATATTACCCGTTGGAGTATCCAGAGG
sAMV C0B, 104 bp DNA; 84 nt RNA (EcoR I)
GCGTAATACGACTCACTATAGGGCCGGCTAACGACCACAAGCAACAGCGAAGCGGAA
CGGCGAAACACACCTTGTGTGGTATATTACCCGTTGGAGACCAGAGG
sAMV ∆J_C1B, 87 bp DNA; 67 nt RNA(EcoR I)
GCGTAATACGACTCACTATAGGGAACAGCGAAGCGGAACGGCGAAACACACCTTGTG
TGGTATATTACCCGTTGGAGTATCCAGAGG
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sAMV ∆J_C0B, 85 bp DNA; 65 nt RNA (EcoR I)
GCGTAATACGACTCACTATAGGGAACAGCGAAGCGGAACGGCGAAACACACCTTGTG
TGGTATATTACCCGTTGGAGACCAGAGG
Template sequence of substrate strands
sAMV C1B and sAMV C0B, 102 bp DNA; 82 nt RNA= 45 nt+37 nt
GCGTAATACGACTCACTATAGGGAATTCACGTCTGGTCTCCCCATGCCCAACTCGGCA
TGACGCA↓GTACTGTTTCGGCCCTTTTGGGCCATCGTCAGGTCGG
The substrate strands of sAMV C1B and sAMV C0B are identical in sequence
sAMV ∆J_C1B and sAMV ∆J_C0B, 73 bp DNA; 53 nt RNA=45 nt+8 nt
GCGTAATACGACTCACTATAGGGAATTCACGTCTGGTCTCCCCATGCCCAACTCGGCA
TGACGCA↓GTACTGTT
The substrate strands of sAMV ∆J_C1B and sAMV ∆J_C0B are identical in sequence
sCYMoV hairpin ribozyme variants
The template sequences of ribozyme strands
sCYMoV D2B, 141 bp DNA; 121 nt RNA (Xba I)
GCGTAATACGACTCACTATAGGGCCCGACTTACACATACAACAGCGAAGCGCGCCAG
GGAAACACACCATGTGTGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGAC
CGTCCTATACCCTTACCACAGGAAACC
sCYMoV D1B, 134 bp DNA; 114 nt RNA (Xba I)
GCGTAATACGACTCACTATAGGGCCCGACTTACACATACAACAGCGAAGCGCGCCAG
GGAAACACACCATGTGTGGTATATTATCTGGCACCATACGGAAACGTATGGTAGGAC
CGTCCTATACCCTTACCCCC
The template sequences for substrate strands
SCYMOV D2B 120 bp DNA; 100 nt RNA=65 nt+35 nt (Xba I)
GCGTAATACGACTCACTATAGGGTCCCAGGTAACATCAGCAGGGAAGGTCATAAGAG
GATTGAAGTAGTCTCACCTCTTAGCGCA↓GTACTGTTTCGTCCTTTCGGACTCATCAG
GCCGGG
sCYMoV D1B, 115 bp DNA; 95 nt RNA=60 nt+35 nt (Xba I)
GCGTAATACGACTCACTATAGGGGGTAACATCAGCAGGGAAGGTCATAAGAGGATTG
AAGTAGTCTCACCTCTTAGCGCA↓GTACTGTTTCGTCCTTTCGGACTCATCAGGCCGG
G
Sequences of hammerhead ribozymes
A. thaliana, 94 bp DNA; 66 nt RNA=15 nt+51 nt
GTCGCCTGCAGTAATACGACTCACTATAGGGAGACAACTGGTC↓GTGATCTGAAACC
CGATCACCTGATGAGCTCAAGGTAGAGCGAAACCAGTC
B. carinata, 94 bp DNA, 66 nt RNA=15 nt+51 nt (Xho I)
GTCGCCTGCAGTAATACGACTCACTATAGGGAGACAACTGGTC↓GTGATCTGAGACT
CGATCACCTGATGAGCTCAAGGCAGAGCGAAACCACTC
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D. erucoides, 94 bp DNA, 66 nt RNA=15 nt+51 nt (Xba I)
GTCGCCTGCAGTAATACGACTCACTATAGGGAGACAACTGGTC↓GTGATCTGAAACC
CGATCACCTGATGAGCTCAAGGTATAGCGAAACCAGTC
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