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1 Introduction 

1.1 Ribozyme 

 In 1982-1983, Cech and Altman reported that RNA is able to catalyse chemical 

reactions, a discovery that opened a new field of biological research. For two independent 

RNA molecules, it was found that the RNA performed phosphodiester bond cleavage 

reactions that were site-specific, had rates that were enhanced many orders of magnitude 

over background rates, and were biologically required (Kruger et al., 1982; Guerrier-Takada 

et al., 1983). Naturally existing catalytic RNAs include small ribozymes like the hammerhead, 

hairpin, hepatitis delta virus and Varkud satellite ribozymes (Symons, 1992; Carola & 

Eckstein, 1999) and large ribozymes like Group I and II introns (Kruger et al., 1982) and the 

RNA subunit of RNase P (P RNA; Guerrier-Takada et al., 1983). In addition to that, RNA-

catalysed chemistry has also been proposed for two major ribonucleoprotein machines, the 

ribosome (Nissen et al., 2000; Muth et al., 2000, Steitz & Moore, 2003) and the spliceosome 

(Collins & Guthrie, 2000; Valadkhan & Manley, 2001).  

 In general, ribozymes catalyse the endonucleolytic transesterification of a 

phosphodiester bond. All known ribozymes have an absolute requirement for at least one 

divalent cation, which is generally Mg2+. Some ribozymes (mostly large catalytic RNAs) 

require divalent cations for proper assembly of the tertiary structure as well. On this basis, 

catalytic RNAs are considered to be metalloenzymes, and a general two-metal-ion reaction 

mechanism has been proposed for the large catalytic RNAs, based on analogy to the 

properties of protein metalloenzymes (Steitz & Steitz, 1993). The role of divalent cations for 

the small catalytic RNAs is less clear, but they are generally considered to be essential for 

efficient catalysis (Walter & Burke, 1998).  

 Although the cleavage mechanism is different, there are certain features common to 

all of the RNA-catalysed reactions. Specifically, the RNA is required to: (1) activate the 

nucleophile, (2) stabilise a negatively charged transition state, and (3) stabilise the leaving 

group. There are three ribozymes, namely Group I and II introns and P RNA, which accept 

external nucleophiles (e.g. the 2’-OH group of an internal adenosine in the case of group II 

intron). By contrast, small ribozymes use an internal nucleophile, namely the 2’-oxygen of 

the ribose moiety at the cleavage site, with resultant formation of 3’-terminal 2’, 3’-cyclic 

phosphate and 5’-hydroxyl groups.  

 With one exception, all ribozymes catalyse reactions by which they modify 

themselves. Hence, they cannot be considered true enzymes or catalysts. The exception is 

P RNA, which processes the 5’ end of tRNA precursors (ptRNA) and is the only known 
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example of a naturally occurring, trans-acting RNA-based enzyme. However, all these 

ribozyme molecules can be converted, with some clever engineering, into true RNA 

enzymes that cleave RNAs in trans (Uhlenbeck, 1987; Haseloff & Gerlach, 1988; Hampel & 

Tritz, 1989). Also, RNase P RNA can be attached to an external guide sequence (EGS) 

designed in such a way that it anneals to the target RNA and forms a mimic of a natural 

RNase P substrate (Forster & Altman, 1990; Altman, 1995). All these possibilities opened up 

the perspective to use ribozymes in gene therapy, in most cases based on the enzymatic 

cleavage of messenger RNAs, thereby blocking gene expression in living cells.  

 Furthermore, new ribozymes identified by in vitro selection (Beaudry & Joyce, 1992; 

Bartel & Szostak, 1993) extended the repertoire of reactions catalysed by RNA enzymes: the 

formation of ester- and amide-bonds, formation of C-C-bonds and insertion of metal ions into 

porphyrine rings. Successful selection of allosteric ribozymes that can be regulated by 

binding of small molecules or metal ions was reported as well (Koizumi et al., 1999; Komatsu 

et al., 2002). 

1.2 RNase P 

 RNase P is a ribonucleoprotein enzyme responsible for generating the mature 5' end 

of tRNAs by a single endonucleolytic cleavage of their precursors. It is an essential, 

ubiquitous enzyme present in all cells and cellular compartments that synthesise tRNA: 

bacterial cells, eukaryotic nuclei, mitochondria and chloroplasts. The essential function of 

RNase P in vivo has been demonstrated so far in several organisms and organelles like 

bacteria (Schedl & Primakoff, 1973), yeast nuclei (Lee et al., 1991) human (Jarrous & 

Altman, 2001) and mitochondria (Morales et al., 1992; 1989). All known RNase P enzymes 

are ribonucleoproteins and contain an RNA subunit essential for catalysis, with the possible 

exception of RNase P in some plant chloroplasts and from trypanosome mitochondria (Wang 

et al., 1988; Salavati et al., 2001; Thomas et al., 1995). The chemical mechanism of RNase 

P involves essential divalent metal ion cofactors (Altman & Kirsebom, 1999) and is thought 

to be an in-line SN2 displacement reaction (Altman et al., 1993). The endonucleolytic 

cleavage generates terminal 5' phosphate and 3' hydroxyl groups. 

1.2.1 The RNA subunit of RNase P (P RNA) 

 The RNA component of RNase P (P RNA) from bacteria is encoded by the rnpB gene 

and varies in length between 350 and 450 nucleotides (Brown & Pace, 1992). In vitro, it is 

enzymatically active in the absence of the protein subunit at high ionic strength (Guerrier-

Takada et al., 1983). There is little sequence similarity among the 300 bacterial P RNA 

sequences analysed so far except for a few short segments. Phylogenetic covariation 
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analysis of the large data set has allowed the precise definition of the secondary structure 

and the identification of several tertiary interactions. The RNA subunit of bacterial RNase P 

can be divided into two distinct structural classes: type A (Fig. 1.1 A), represented by E. coli, 

which is the ancestral type found in most bacteria (the RNA subunit of the enzyme from E. 

coli is called M1 RNA), and type B (Fig. 1.1 B), represented by B. subtilis, which is found in 

the low GC content gram-positive bacteria (Haas et al., 1996). An intermediate structure 

(type C) is found in green non-sulfur bacteria (Haas & Brown, 1998).  

 Despite differences in the secondary structure organization of type A and type B, both 

RNAs can be modelled into a similar three-dimensional structure (Chen et al., 1998; Massire 

et al., 1998; Tsai et al., 2003) with the evolutionarily conserved nucleotides placed in nearly 

Fig. 1.1: Consensus secondary structure of type A and B P RNAs. (A) the type A consensus RNA and (B) the 

type B consensus RNA. Only nucleotide positions that are present in all instances of each type of RNA are 

shown, as letters (A, G, C or U) if invariant or dots (•) if variable in identity. Grey lines indicate elements of the E. 

coli (type A) or B. subtilis (type B) RNAs that are absent in some of the RNAs of each type and are therefore 

absent in the consensus. P stands for helical regions. Helices P4 and P6 are indicated by black lines. 
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identical positions (Haas et al., 1996; legend to Fig. 1.1). These computer-aided modelling 

efforts illustrate a common phenomenon in RNA architecture, wherein different, non-

homologous modules are used for long-range structural interactions that result in functionally 

equivalent structures.  

 Recently the tertiary structure of RNase P RNA from Thermotoga maritima (type A; 

Torres–Larios et al., 2005) and Bacillus stearothermophilus (type B; Kazantsev et al., 2005) 

was solved by X-ray  crystallography. The crystal structures reveal all the interactions 

between domains predicted by a variety of biochemical approaches and agrees well with 

earlier models and with secondary structure predictions (Harris et al., 1994; Chen et al., 

1998; Massire et al., 1998; Tsai et al., 2003). For more details see 1.2.3. 

 RNase P RNA from Archaea can also be divided into two structural classes, type A, 

the most common and similar to the ancestral bacterial type A structure, and type M, a 

derived structure found only in two species so far (Harris et al., 2001).  

 Similarly, the eukaryal RNase P sequences can also be fit to a minimal consensus 

secondary structure reminiscent of the bacterial RNase P RNA structure (Frank et al., 2000). 

Despite the low sequence conservation, it has been possible to identify several conserved 

regions and helical elements present in all these RNAs (Frank et al., 2000; Harris et al. 

2001). Two of the conserved sequence elements correspond to helix P4 and adjacent 

sequences, which is an essential part of the catalytic centre of the bacterial enzyme 

(Christian et al., 2000; 2002; Crary et al., 2002). Another case of RNase P RNA variation is 

found in yeast mitochondria, where there are large differences in length (between 227 and 

490 nt) between different yeast species (Wise & Martin, 1991), although they can be drawn 

into a two-dimensional structure similar to the other RNase P RNAs. 

1.2.2 The active center of RNase P 

 The RNA subunit of bacterial RNase P is composed of two domains (separated by 

the broken line; Fig. 1.2) that can fold independently (Pan, 1995; Loria & Pan, 1996). The S-, 

or specificity, domain (above the broken line; Fig. 1.2) is composed of helices P7–P14 and a 

region of this domain (highlighted grey) contacts the T-arm of the ptRNA substrate (Fig. 1.6), 

as demonstrated by kinetic experiments (Pan et al., 1995; Loria & Pan, 1998) and 

photocrosslinking studies (Nolan et al., 1993; Chen et al., 1998). The C-, or catalytic, domain 

(below the broken line, Fig. 1.2) is composed of helices P1–6 and P15–18, and contains the 

majority of nucleotide positions that are conserved among all known RNase P RNAs (Chen 

& Pace, 1997). One of the most important aspects of the function of the C-domain is its 

interaction with the divalent metal ion cofactors that are essential for folding, substrate 

binding and catalysis. Based on what is known about protein phosphodiesterases as well as  
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other large ribozymes, it is anticipated that the RNase P active site will contain a network of 

several metal ions. Brannvall and Kirsebom (Brannvall & Kirsebom, 2001), in examining this 

concept, demonstrated that different mixtures of divalent metal ions can have profoundly 

different effects on cleavage specificity and catalytic rate, leading to the conclusion that 

catalysis involves the cooperation of metal ions bound at different sites. The binding site for 

the substrate 3'–CCA sequence is located in a single stranded region (L15 / 16; the two 

guanosine residues shown in red; Fig. 1.2) within the C-domain (Kirsebom & Svard, 1994). 

Evidence that one or more classes of metal ions important for catalysis are coordinated or 

Fig. 1.2: The secondary structure of E. coli RNase P RNA (M1 RNA). The broken line shows the boundary 

between the specificity (S-) and the catalytic (C-) domain. The grey background highlights the region of the S-

domain that interacts with the T-arm of ptRNA. The active core consisting of helix P4 and loop L15 / 16 in the C-

domain is highlighted green. The two positions (GG) that form base pairs with the 3’ –CCA of tRNA are shown in 

red. 
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recoordinated via the 3’–CCA –L15 / 16 interaction comes from the observation that 

mutations in L15 / 16 result in different sensitivities to metal ion identity. Several lines of 

evidence indicate that a second, crucial site of metal ion binding within the C-domain occurs 

in the highly conserved region characteristic of all RNase P RNAs (helix P4; Christian et al., 

2000). Photocrosslinking studies have identified sites of contact between regions in the C-

domain of RNase P RNA and nucleotides proximal to the cleavage site in the ptRNA (Burgin 

& Pace, 1990; Kufel & Kirsebom, 1996; Christian & Harris, 1999). Taken together, these 

results demonstrate that the C-domain contains the active site (highlighted green; Fig.1.2) of 

the ribozyme. 

  Based on the crystal structure of T. maritima P RNA, it was proposed that the region 

around A 213 (A 248 in E. coli), highly conserved in bacteria located at the J5 / 15 junction 

and implicated in direct contacts with the substrate (Zahler et al., 2003; 2005), together with 

the vicinity of the universally conserved nucleotides A 49 (A 66 in E. coli), and A 314 (A 352 

in E. coli) may correspond to the general location of the active site (Torres-Larios et al., 

2005). 

 Helix P4 (highlighted green; Fig. 1.2), located in the C-domain of the ribozyme, has 

been suggested to contain functional groups and sites of metal ion coordination central to 

ribozyme activity. This suggestion is based in part on phylogenetic comparative analysis of 

RNase P RNA sequences that demonstrated that nucleotides in helix P4, and adjoining 

single-stranded regions, are universally conserved in bacterial, archaeal, and eukaryal 

RNase P RNAs (Chen & Pace, 1997). In addition, nucleotide analogue interference 

experiments identified functional groups in P4 that are important for both substrate binding 

and catalysis (Hardt et al., 1995, 1996; Harris & Pace, 1995; Kazantsev & Pace, 1998; 

Heide et al., 1999; Siew et al., 1999). Site-specific functional group modification experiments 

identified non-bridging phosphate oxygens in helix P4 that, when substituted with sulfur, 

dramatically inhibit ribozyme activity. Rescue of the phosphorothioate interference effects by 

Mn2+ and Cd2+ strongly argues that one role of helix P4 is to position divalent metal ions that 

are important for catalytic function (Christian et al., 2000). This hypothesis is supported by 

the observation that single point mutations in helix P4 can alter the ribozyme specificity for 

divalent metal ions. A single nucleotide exchange, namely a cytosine-to-uracil mutation at 

position 70 that converts a naturally invariant C-G base pair within helix P4 to a U-G pairing, 

leads to stimulation of Ca2+-dependent activity while diminishing Mg2+-dependent activity. 

(Frank & Pace, 1998). These experiments, however, do not distinguish between effects on 

ribozyme structure, substrate positioning or direct effects on active site function. Moreover, it 

is not known how many metal ions interact with the P4 metal binding site, or what other 

structural elements contribute to the affinity of metal ions in the C-domain. An Os(III) 
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hexamine substitute, which mimics a fully hydrated octahedrally coordinated Mg2+ ion and is 

expected to bind RNA only by outer-sphere coordination, was recently used in X-ray  

crystallography to analyse the metal ion binding sites of B. stearothermophilus P RNA 

(Kazantsev et al., 2005). Three Os(III) hexamine binding sites were found in the major 

groove of helix P4. One of them, which is formed by consecutive base pairs U 56-A392 and 

G 57-C391, overlaps with a Pb(II) binding site, which suggests low cation specificity for this 

site. Two more sites were found in the cleft formed by nucleotides A 256, A 332-G 335, A 

390, C 391 and G 275-A277, suggested to be the site of catalysis. Although the latter metal-

binding sites are candidates for direct involvement in cleavage chemistry, the sites in the 

major groove of P4 are remote from the proposed active site and therefore most probably 

serve a different function. Docking of tRNA onto the RNase P RNA structure positions the 

backbone of the acceptor stem of tRNA directly in the major groove of helix P4. Therefore, it 

was proposed that the primary role of the metal-binding sites in helix P4 is to screen 

electronegative repulsion between the negatively charged substrate and ribozyme RNAs. 

1.2.3 The tertiary structure of the RNA component of RNase P 

 Knowledge of the structure of RNase P RNA is essential for understanding its 

function. Phylogenetic comparative analyses of RNase P RNA sequences have established 

the secondary and some tertiary structure of the RNA in a broad diversity of organisms 

(Brown et al., 1996; Massire et al., 1997; Harris et al., 2001). Photochemical crosslinking 

studies provided structural information to orient the helical elements and identified 

nucleotides associated with the active site of the RNA (Burgin & Pace, 1990; Chen et al., 

1998). There are two major structural types of bacterial RNase P RNA, A (ancestral) and B 

(Bacillus), which differ in a number of structural elements attached to a homologous 

conserved structure. About two-thirds of any bacterial RNase P RNA is shown by sequence 

covariations to be involved in Watson-Crick base-pairing interactions, but the interactions 

that form the global structure have been speculative. 

 Recently, the crystal structure of the ancestral A-type (T. maritima; Torres-Larios et 

al., 2005) as well as the B-type (B. stearothermophilus; Kazantsev et al., 2005) RNA 

component of RNase P has been solved. Both structures reveal an remarkable flat 

architecture formed by helical subdomains connected by a variety of long range interactions.  
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 The RNase P RNA of T. maritima (Torres-Larios et al., 2005) is made up of two 

layers, each one-helix thick. The larger layer is composed of paired P1−P12 and P15−P17, 

and including the junctions J5 / 15, J11 / 12−J12 / 11 and loop L15 regions (Fig. 1.3 top). 

The second layer comprises helical stems P13, P14 and P18 (Fig. 1.3 bottom). The two 

layers interact extensively with each other through P8 and P9 in the specificity domain (S-

domain; 1.2.2; Fig. 1.2) and P1, P4 and P18 in the catalytic-domain (C-domain; 1.2.2; Fig. 

1.2). The larger layer of the structure contains most of the universally conserved regions, the 

areas expected to contact the ptRNA substrate (see 1.2.6) and the putative active site. The 

S- and C-domains represent independent structural units that form extensive inter-domain 

interactions. The central organiser of the domains is the P8 / P9 stack. Tetraloop−tetraloop 

receptor interactions occur between P8 and L14, P8 and L18 and L9 and P1 (Massire et al., 

1997). All these interactions ensure that the two domains are positioned correctly and 

oriented in the manner appropriate for tRNA binding. On the tertiary structure level, 

interactions between hairpin loops and helices dominate.  

Fig. 1.3: Crystal structure of the RNA component of T. maritima RNase P (Torres-Larios et al., 2005). A stereo 

ribbon diagram of two orthogonal views of the structure is shown. 
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 The role of P4 has been extensively analysed due to its sequence conservation, 

proximity to the catalytic site and its potential to bind metal ions involved in catalysis. 

Nevertheless, the crystal structure suggests that its function might merely structural and its 

sequence conservation could be due to constraints imposed by its proximity to and 

interaction with the connectors in the C-domain.  

 The molecule was crystallised as dimer via formation of an intermolecular version of 

the pseudoknot P6. The functional significance of this dimer could not be assessed. 

However, it is not clear whether this intermolecular pseudoknot is preferred over the 

intramolecular one in vivo.  

 The X-ray structure of P RNA from Bacillus stearothermophilus (type B RNA) was 

solved (Kazantsev et al., 2005; not shown). This RNA enzyme is constructed from a number 

of coaxially stacked helical domains joined together by local and long-range interactions. 

These helical domains are arranged to form a remarkably flat surface, which is implicated by 

a wealth of biochemical data in the binding and cleavage of pRNA substrate. The X-ray 

structure agrees with the structure predicted on phylogenetic grounds. Patterns of coaxial 

stacking of the helices and their overall spatial arrangement agree remarkably well between 

the crystal (Kazantsev et al., 2005) and phylogenetic-crosslinking structure models (Haas et 

al., 1996; Massire el al., 1998). Comparative and modeling studies with RNase P also 

indicated some tertiary structural elements, although these generally proved, in the light of 

the crystal structure, to be more complex than predicted. Phylogenetic comparisons perceive 

only base interactions and so cannot detect the wealth of backbone and other contacts that 

are revealed by the crystal structure. 

 Both crystal structures (Kazantsev et al., 2005; Torres-Larios et al., 2005) agree with 

the existing biochemical data, but still cannot explain the details of the cleavage mechanism 

of RNase P. A fuller understanding of the ptRNA recognition and RNase P catalysis requires 

further structural work at atomic resolution.  

1.2.4 The protein subunit(s) of RNase P 

In bacteria, RNase P contains a single protein subunit of about 120 amino acid 

residues (Fig. 1.4 A). The sequences of this protein are poorly conserved (Kirsebom & 

Vioque, 1995). There is, however, a short conserved basic sequence motif essentially 

shared by all of them. This conserved sequence is called the RNR motif and can be defined 

as K-X4-5-A-X2-R-N-X2-(K/R)-R-X2-(R/K). Other conserved residues include a few aromatic 

amino acids close to the amino terminus of the protein. Despite the low conservation in 

primary sequence, the three-dimensional structures of Bacillus sublilis, Thermotoga maritima 

and Staphylococcus aureus RNase P proteins determined by X-ray crystallography or NMR 

are very similar (Stams et al., 1998; Kazantsev et al., 2003; Spitzfaden et al.,2000). 
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Moreover, complementation studies showed that several RNase P protein subunits are 

functionally interchangeable, and heterologous reconstitution of RNase P using an RNA of 

one source and protein from a different source is generally feasible (Guerrier-Takada et al.; 

1983; Morse & Schmidt, 1992; Pascual & Vioque, 1996), suggesting that bacterial RNase P 

proteins adopt very similar structures. 

  The protein composition of eukaryotic RNase P has been mainly studied in yeast and 

humans. Compared with the simplicity of the bacterial RNase P protein component, there is a 

significant increase in complexity in the nuclear enzyme (Fig. 1.4 B). Nine proteins have 

been identified as subunits of yeast nuclear RNase P, ranging in size from 16 to 100 kDa 

(Xiao et al., 2001). For the human nuclear enzyme, ten proteins have been identified ranging 

in size from 14 to 115 kDa (van Eenennaam et al., 2000; 2001). At least four of the human 

proteins are homologues of proteins from yeast RNase P, but none shows clear homology to 

the bacterial protein subunit. Most of the nuclear RNase P protein subunits are shared with 

the related endonuclease MRP, which also contains an RNA subunit. 

 Despite the presence of a bacterial-like RNA, archaeal RNase P possesses a 

eukaryotic RNase P -like protein set. Four RNase P protein subunits were identified in 

Methanothermobacter thermoautotrophicus (Hall & Brown, 2002). These protein subunits 

are similar to specific nuclear yeast and human RNase P proteins and have homologues in 

other archaeal species (Koonin et al., 2001; Tatusov et al., 2001). 

 

 

 

 

 

Fig. 1.4: The RNase P holoenzyme. A. 

Bacterial RNase P holoenzyme with one 

RNA subunit drawn in blue and a single 

protein subunit (rose). B. RNase P from 

eukaryotic cells consists of one RNA 

subunit, as in bacteria, but many protein 

subunits 
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1.2.5 The catalytic mechanism 

 In the reaction catalysed by the RNA subunit of bacterial RNase P, there is a 

requirement for both divalent and monovalent cations (Chen et al., 1997). Monovalent 

cations appear to be involved in the stabilisation of the structure during the cleavage 

reaction. By contrast, divalent metal cations are required for the chemical cleavage itself, not 

only for the structural stabilisation. During cleavage, a hydroxide ion activated by metal ions 

is thought to act as a nucleophile (Guerrier-Takada et al., 1986; Smith & Pace, 1993; 

Warnecke et al., 1996; Chen et al., 1997; Fig. 1.5). Though the details of the reaction 

mechanism are not fully understood, it has been proposed that three Mg2+ ions participate in 

the transition state (Fig. 1.5), because the slope of the Hill plot for the cleavage rate versus 

the concentration of Mg2+ ions was 3.2. Moreover, at least one Mg2+ ion coordinates 

directly to the pro-Rp oxygen at the scissile phosphate. The cleavage rate of the substrate 

carrying a sulphur substitution of the pro-Rp oxygen in the presence of Mg2+ ions was at 

least 1000 fold lower than the cleavage rate of the natural substrate. This effect was rescued 

by thiophilic metal ions like Cd2+ or Mn2+ ions, suggesting direct coordination of one or two 

metal ions to the pro-Rp oxygen (Warnecke et al., 1996; 1999; Chen et al., 1997).  

 2' deoxy substitution at the cleavage site reduced the apparent number of bound 

Mg2+ ions and decreased the apparent affinity for Mg2+ ions, suggesting that this 2' -

hydroxyl might contribute to one of the Mg2+-binding sites. Furthermore, a 2' -methoxy 

Fig. 1.5: A proposed catalytic mechanism of RNase P. Metal ions [A] and [B] are positioned similar to those 

involved in self-splicing of the group I ribozyme (Steitz & Steitz, 1993). The metal at site [C] is positioned in the 

vicinity of the 2’-hydroxyl group of nucleotide –1 of ptRNA to explain the dramatic effects on cleavage of 

substrates carrying 2’-substitutions at nucleotide –1 (Smith & Pace, 1993). The same metal directly coordinates 

the pro-Rp oxygen explaining the effects caused by replacing this oxygen with sulphur. 
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substitution at the cleavage site decreased the cleavage rate dramatically, suggesting that 

the 2'-OH might be involved in stabilising the 3' -leaving oxygen via donation of a hydrogen 

bond (Smith & Pace, 1993).  

1.2.6 Substrate recognition by RNase P 

 The well understood secondary and tertiary structure of tRNA has been applied to 

understanding the substrate recognition and cleavage site selection requirements of RNase 

P. The interaction of RNase P with the substrate depends on the highly conserved features 

of the mature tRNA domain rather than on aspects of the highly variable precursor segment 

(Carrara et al., 1995). Substrate interaction experiments have identified the acceptor stem 

and the T stem-loop (Fig. 1.6) as the critical recognition elements (Holm & Krupp, 1992; 

Kahle et al., 1990). The acceptor stem of most ptRNAs contains a 7 –bp helix that appears 

critical for correct cleavage site selection (Kirsebom & Svard, 1992; Svard & Kirsebom, 

1992; 1993). E. coli RNase P (RNA-subunit as well as holoenzyme) has been shown to 

require specific nucleotides to be present near the cleavage site of the ptRNA (Svard & 

Kirsebom, 1992). A 3' -CCA tail, present in all tRNAs, was not found to be essential for 

RNase P processing in vitro but does substantially influence rate and cleavage site 

positioning (Guerrier-Takada et al., 1984; Kirsebom & Svard, 1994; Krupp et al., 1991; Oh & 

Fig. 1.6: Secondary structure of ptRNAGly (A) and tertiary structure of ptRNAAsp (B) from Thermus 

thermophilus. The recognition region is marked by the grey oval (B; according to Thurlow et al., 1991).  
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Pace, 1994). 

 There are two specific Watson-Crick base pairs formed between the enzyme and 

substrate RNAs. The GG sequence on the 3' side of the P15 / 16 loop of E. coli P RNA (Fig. 

1.2) forms base pairs with the CC sequence in the 3' -CCA-tail of the substrate. Thus, a 

function of E. coli P RNA is to anchor the substrate through this base pairing, thereby 

exposing the cleavage site in a way that cleavage is accomplished at the correct position 

(Kirsebom & Svard, 1994). The end of the acceptor stem of tRNA is thought to be a Mg2+ 

binding site and important for RNase P cleavage activity (Smith & Pace 1993; Zuleeg et al., 

2001). 

 The tRNA was modelled into the recently solved crystal structure of T. maritima (Fig. 

1.7; Torres-Larios et al., 2005). In this model, the T (TΨC) stem loop lies in the S-domain 

opening and the 5' end of the tRNA lies near the P4 / P5 region. The acceptor stem of the 

tRNA sits on the shallow groove created by the concave C-domain. The tRNA stem runs 

almost parallel to P1 / P4 / P5 and passes near the conserved nucleotides in this region. The 

cleavage site sits near the universally conserved residues A 49 (A 66 in E.coli; Fig. 1.4) in 

P4 and A 314 (A 352 in E. coli; Fig. 1.4) in J2 / 4. The cleavage site is also near J5 / 15, 

although some changes would be required to form interactions between this region and the 

tRNA. J5 / 15 contains A 213, which is highly conserved in all bacteria and implicated in 

specific interactions with tRNA (Zahler et al., 2003). A 213 is found between the region 

involved in base pairing with the CCA at the 3' end (Kirsebom & Svard, 1994) and the 

conserved regions around P4. Conserved U 52 (U 69 in E. coli; Fig. 1.4) in P4 is an 

unstacked base that could not be seen in the electron density map. In this model the 

phosphate of U 52 is found near the tRNA, but on the other side of the stem from where the 

conserved nucleotides are located. Thus, it seems that A 49, A 213 and A 314 mark the 

general location of the active site. Finally, in the tRNA / RNase P model, the unpaired CCA 

at the 3' end of tRNA is close to the L15 region. The L15 loop would have to move in order to 

interact with the ptRNA substrate. The fact that the P15 / L15 / P16 region seems to be quite 

dynamic indicates that this may be a region where conformational changes occur to 

accommodate the substrate. The model, although built independently, has an overall 

similarity to an RNA / holoenzyme model previously proposed (Tsai et al., 2003), suggesting 

that the holoenzyme model captures the general location of the protein correctly. 
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  The full-length ptRNAs are not the only substrates recognised by RNase P RNAs and 

holoenzymes. The 4.5S RNA is a natural non-ptRNA substrate for RNase P that mimic the 

structure of the tRNA acceptor stem (Kirsebom & Vioque, 1995). The 10 SA RNA and 

certain plant viral RNAs have tRNA structural mimics near the end of RNA sequences that 

are processed by RNase P (Guerrier-Takada et al., 1988; Komine et al., 1994; Mans et al., 

1990). Also, the 5’ maturation of C4 RNA of phages P1 and P7 depends on the RNase P 

(Hartmann et al., 1995). Studies of small model substrates have demonstrated that an RNA 

mini-helix consisting solely of T and acceptor stem (and including a 5’ leader) is cleaved by 

RNase P, albeit with an approx. 100-fold increased Km (McClain et al., 1987; Hardt et al., 

1993; Schlegl et al., 1994; Hansen et al., 2001). The loss of binding energy for the 

Fig. 1.7: Model of RNase P - tRNA interaction (Torres-Larios et al., 2005). The diagram shows the accessible 

surface area of P RNA and a diagram of tRNAPhe. The model was built using the higher resolution structure of 

the T. thermophilus S-domain as a guide, as the interactions between the S-domain nucleotides and the tRNA 

T (TΨC) stem are well characterised (Loria & Pan, 1997). Colour coding is as follows: dark blue, nucleotides in 

the universally conserved regions; pink, highly conserved nucleotides in bacteria; and yellow, the L15 region 

that interacts with the ptRNA CCA 3' end. The views are as follows: the concave side of RNase P (left); down 

the anti-codon arm of tRNA (top right); and backside of the molecule (bottom right). The general active site 

location is marked by the 5' end of the tRNA molecule, in the vicinity of universally conserved nucleotides A49, 

A314 and the highly conserved bacterial nucleotide A213. The model conveys the general arrangement of the 

two molecules and the excellent fit between the tRNA and the two major regions of interaction with P RNA. 
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interaction of RNase P with the mini-helix could be either due to the loss of recognition 

elements in the D and anticodon arms or to a loosening of the T-loop structure, which is 

normally fixed in space by interactions with the D loop. 
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2 The goal of the project 

 The ribonucleoprotein enzyme ribonuclease (RNase) P is an endonuclease that 

generates the mature 5' -ends of tRNA. Bacterial RNase P enzymes are composed of a 

catalytic RNA subunit of about ∼400 nucleotides (nt) in length, and a single small protein of 

typically 120 amino acids. Under physiological conditions, both subunits are essential for 

catalysis. However, it was shown in vitro that the catalytic function resides in the RNA 

subunit (P RNA) and can be activated in the absence of the protein by elevated metal ion 

concentrations. Although much progress has been made, there are still many questions that 

have not been answered. The enzyme-substrate and RNA-protein subunit interactions as 

well as the chemical details of the hydrolysis reaction are not fully understood. The focus of 

this study was to investigate the role played by divalent cations as well as functional groups 

in P RNA catalysis. Specific aspects of substrate binding and cleavage were analysed and 

discussed separately in three different parts. 

The role of divalent cations in E. coli P RNA catalysis: studies with Zn2+ as catalytic 

cofactor 

 The reaction catalysed by E. coli P RNA requires mono- and divalent cations. 

Monovalents cations are required for the stabilisation of the RNA structure in a functionally 

active conformation. Divalent cations are predominantly involved in the cleavage reaction 

itself. In order to obtain new information into how metal ions modulate this ribozyme system, 

different effects of Zn2+ and Sr2+ on processing by E. coli P RNA were investigated: 

catalysis and its inhibition by Sr2+ in particular, changes in enzyme-substrate affinity and 

alterations in the fraction of substrate able to bind to the enzyme. 

Chemical modification studies: the role of 2’-hydroxyl groups at the cleavage site and 

neighbouring positions 

 2’-hydroxyls within the ptRNA may serve as H-bond donors or acceptors for specific 

residues of RNase P RNA and, furthermore, may be involved in binding of metal ions. 

Moreover, the 2’-substituent of ribose is the primary determinant of the ribo-conformation. In 

order to analyse separately different functional aspects of the 2’-hydroxyl groups (e.g. H-

bond donor or acceptor function, stabilisation of the ribo-conformation) that may contribute to 

P RNA catalysis, the effects of different chemical modifications (deoxy, fluoro, methoxy and 

LNA) introduced into the ptRNA substrate (analysed positions: –2, –1 and +1) were 

investigated.  
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Modification interference studies: an approach to identify functional groups that 

interfere with the cleavage reaction 

 Nucleotide analogue interference mapping (NAIM) is a biochemical approach that 

allows to identify important functional groups within catalytically active RNA molecules. This 

method has been previously applied to detect positions within P RNA that interfere with 

substrate binding (Heide et al., 1999). In that study, the gel retardation method was applied 

in order to separate active molecules (P RNA - tRNA complexes) from those with impaired 

function (unbound fraction). The focus of the work described here was to develop a new 

approach suitable for the detection of functional groups important for the cleavage reaction 

itself. These groups may contact the substrate or coordinate catalytic metal ions, and their 

substitution is expected to interfere with processing. Therefore, a cis-cleaving RNA 

conjugate consisting of P RNA tethered to a tRNA 5' -half was constructed. By annealing of 

this conjugate to a tRNA 3' -half construct, a functional substrate was reconstituted. Using 

the cis-cleavage assay, active molecules (i.e. RNA cleavage products containing the RNase 

P sequence) could be separated from those less active or inactive (uncleaved RNA 

conjugates). An optimisation of the cleavage reaction and characterisation of the RNA 

conjugate by kinetic experiments was necessary in order to establish conditions under which 

trans-cleavage is excluded. Additionally, other parameters to be used in the modification 

interference experiments, like pH, salt concentrations temperature and time course of the 

reaction had to be defined first. Finally, the principle of the method was proved with an 

application example, in which IMPαS interference patterns obtained via the cis-cleavage 

assay (the new method) were compared with those obtained by the gel retardation approach 

(Heide et al., 1999). 
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3 Materials & Methods 

3.1 Methods of bacterial cell culture 

3.1.1 Sterilisation 

 All media and buffers were sterilised for 20 minutes at 121°C and 1 bar. Solutions that 

are unstable or sensitive to heat were filtered using nonpyrogenic 0.2 µm filtration units. 

3.1.2 Cell culture in liquid medium 

LB- (Luria Bertani-) medium: 

      10 g / l Pepton 140    

      5 g / l Yeast extract 

      10 g / l NaCl 

      the pH was adjusted with NaOH to 7.5  

 E. coli cells from either an agar plate, overnight culture or glycerol stock were 

inoculated in sterile LB medium and incubated overnight at 37°C while shaking. In order to 

select E. coli cells that contain a certain plasmid, the appropriate antibiotic was added to the 

medium (e.g. 100 µg / ml ampicillin if the plasmid harbours the ampicillin resistance 

cassette). To prepare glycerol stocks, 500 µl cell culture were thoroughly mixed with 500 µl 

99.8 % sterile glycerol, frozen in nitrogen and stored at -70°C.  

3.1.3 Cell growth on agar plates 

 For preparing agar plates, 12 g agar were added to 1 l LB medium (3.1.2) and 

sterilised (3.1.1). After sterilisation, the agar solution was homogenised by stirring and then 

cooled down. When the temperature reached approximately 50°C, the appropriate antibiotic 

was added. Aliquots (∼ 20 ml) were poured into sterile Petri dishes. After the agar medium 

became solid, the plates were transferred to 4°C and stored upside down until use. In order 

to grow E. coli cells on agar plates, the cell suspension (150 to 200 µl of a transformation) 

was streaked out on a plate using a sterile glass pipette. When the surface of the agar plates 

became dry, they were turned upside down and incubated overnight at 37°C.  

3.1.4 Competent cells 

 In order to take up exogenous DNA, cells must first be made permeable. This state is 

referred to as competency. Incubating with CaCl2 and cold treatment affects the structure 

and permeability of the cell wall. This causes bacterial cells (E. coli) to become competent 
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and take up plasmid DNA during transformation.  

 To prepare competent cells, an E. coli strain was streaked directly from a frozen stock 

onto an LB medium agar plate and incubated overnight at 37°C. A single colony was 

selected, transferred to 3 ml LB medium and incubated overnight at 37°C with vigorous 

shaking. 500 ml LB medium were inoculated with 1 ml from the overnight culture in a 1 l flask 

and incubated with vigorous shaking at 37°C until an optical density (OD600) of 0.6-0.8 (~ 3 

h; cell growth in the logarithmic phase) was obtained. The OD600 was measured every 20-

30 minutes. The cell culture was transferred into a sterile 500 ml centrifuge basket, cooled 

on ice for 10 minutes and cells were harvested by centrifugation at 3200 x g and 4°C for 10 

min. After centrifugation, the medium was carefully decanted and the bacterial pellet 

resuspended in 100 ml of ice-cold 100 mM CaCl2. The volume was divided into two 50 ml 

tubes and the cells were recovered by a second centrifugation at 10000 x g and 4°C for 10 

minutes. After resuspending each pellet in 7.5 ml ice-cold 75 mM CaCl2 / 25 % glycerol, ∼ 

200 µl aliquots were withdrawn, transferred to sterile microfuge tubes and stored at -70°C. 

3.1.5 Transformation of E. coli cells 

 The uptake of exogenous DNA by cells that alters the phenotype or genetic trait of a 

cell is called transformation. The number of cells transformed per 1 µg of DNA is called the 

transformation efficiency. Too little DNA can result in low transformation efficiencies, but too 

much DNA also inhibits the transformation process.  

 E. coli cells are normally killed by the antibiotic ampicillin. Ampicillin damages the 

bacterial cell wall by inhibiting the crosslinking of polysaccharide chains during cell wall 

synthesis. The resulting, structurally weak cells are prone to spontaneous lysis in the 

hypotonic media in which they are grown. For E. coli to survive in the presence of ampicillin, 

the organism needs a resistance-conferring gene (β-lactamase encoding gene). During 

transformation, this gene is introduced with the plasmid. Therefore, by adding ampicillin to 

the culture medium, only bacteria that contain the plasmid will survive.  

Sterile SOC medium:  2 % (w / v) Pepton 140 

     0.5 % (w / v)Yeast extract 

     2.5 mM KCl 

     10 mM NaCl 

     10 mM MgCl2 

     10 mM MgSO4 

     20 mM Glucose 

     the pH was adjusted with NaOH to 7.5  
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 E. coli competent cells were thawed on ice; 50 µl of the cell suspension were mixed 

with 20 ng plasmid DNA, 5 µl of a DNA ligation (3.3.8) reaction mix or 2 µl of a PCR 

mutagenesis (3.3.5) reaction product in an microfuge tube and incubated on ice for 30 

minutes. Then the cells were exposed to a short heat shock (60 s at 42°C). After 2 minutes 

cooling on ice, 800 µl SOC medium were added and the cells incubated for 1 h at 37°C in a 

thermo-mixer with gentle agitation. After a short centrifugation in a bench top centrifuge, 700 

µl of the supernatant were removed and the cell pellet was resuspended in the remaining 

supernatant (about 150 µl). Finally, the cell suspension was streaked out on LB agar plates 

(3.1.3) containing the appropriate antibiotic. For further details see 3.1.3. 

3.2 General nucleic acid techniques 

3.2.1 Nucleic acid gel electrophoresis 

 When molecules are placed in an electric field, they will migrate to the respective 

electrode with a velocity (electrophoretic mobility) proportional to the field strength and the 

net charge of the molecule. Polynucleotide chains of DNA or RNA are polyanions and 

migrate to the positive electrode (anode) when placed in an electric field. Since nucleic acid 

molecules migrate to the anode through the pores of a matrix of polyacrylamide or agarose, 

their velocity is significantly influenced by the size of both the molecule and the pores. 

Therefore, in a gel, larger molecules show a decreased electrophoretic mobility compared to 

smaller molecules with the same charge density. Generally, optimal electrophoresis 

conditions are often determined empirically for each situation, taking into consideration 

fragment length, required resolution and available time. 

Agarose gel electrophoresis 

TBE-buffer (5 x concentrated): 

       445 mM Tris-HCl 

       445 mM Boric acid 

       10 mM EDTA 

       the pH was adjusted to 8.0 with HCl 

DNA sample buffer (5 x concentrated): 

       0.25 % (w / v) Bromophenol blue 

                                                                 0.25 % (w / v) Xylene cyanol blue 

                                                                    25 % (w / v) Glycerol 

                                                                 in 5 x TBE buffer; pH 8.0 
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Ethidium bromide-dye solution: 

       10 mg / ml in 1 x TBE buffer  

Crystal violet solution: 

       10 mg / ml in 1 x TBE buffer  

 Agarose (a linear polysaccharide of galactose and a galactose derivative) is 

crosslinked by hydrogen bonds. Adjusting the agarose concentration can vary the pore size 

in the gel matrix. The pores in agarose gels are larger than in polyacrylamide gels, and these 

gels are used to resolve large double-stranded DNA fragments (table 3.1). 

Table 3.1: Range of separation in gels containing different amounts of agarose 

 The agarose is dissolved in 1 x TBE buffer by heating up to the boiling point in a 

microwave oven. For analytic gels, 2 µl of 10 mg / ml ethidium bromide solution were added 

to 50 ml agarose solution and thoroughly mixed. The solution was cooled down under 

stirring to avoid solidifying of agarose on the walls of the glass bottle. When it reached 50 – 

60°C, the solution was poured into the electrophoresis tray.  

 Since ethidium bromide is a powerful mutagen and DNA fragments stained with 

ethidium bromide dye are visible only under UV-light, for preparative gels, crystal violet at a 

final concentration of 10 µg / ml (in the agarose solution as well as in the running buffer) was 

used preferentially. 

 Before loading onto the gel, the samples were mixed with 1 / 4 volume of native (non-

denaturing) DNA sample buffer (5 x). To determine the size of the separated DNA 

fragments, a commercially available DNA size marker was resolved in a parallel lane. The 

electrophoresis was performed at 60 or 120 mA, depending on the width of the gel. After 

electrophoresis, the DNA fragments were detected under UV-light (ethidium bromide 

agarose gels, orange fluorescent bands) or visible light (crystal violet agarose gels, dark blue 

bands). 

Polyacrylamide Gel Electrophoresis (PAGE) 

 Polyacrylamide gels are generated by crosslinking polymers of acrylamide with the 

% agarose (w / v) DNA fragment size (kbp) 

0.5 1.0 – 30 

0.7 0.8 – 12 

1 0.5 – 7.0 

1.2 0.4 – 6.0 

1.5 0.2 – 3.0 

2.0 0.1 – 2.0 
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co-monomer bis-acrylamide. The covalent crosslinking reaction is catalysed by TEMED, a 

tertiary amide, and initiated by ammonium persulfate (APS). Varying the concentration of 

acrylamide and bis-acrylamide can generate a wide range of pore sizes. 

Denaturing PAGE 

Denaturing sample buffer (2 x concentrated): 

       0.02 % (w / v) Bromphenol blue (BPB) 

       0.02 % (w / v) Xylene cyanol blue (XCB) 

       2.6 M urea 

       66 % (v / v) Formamide 

       in 2 x TBE buffer; pH 8.0 

 For separation and purification of single-stranded DNA or RNA it is necessary that the 

gel is polymerised in the presence of a denaturing agent (7-8 M urea, or less frequently, 

98% formamide) that suppresses base paring in nucleic acids.  

In table 3.2, the sizes of DNA / RNA fragments (in nucleotides) are given that co-migrate 

with the two dyes of the sample buffer in denaturing polyacrylamide gels. 

Table 3.2: Single-stranded fragments (in nucleotides) that migrate with dyes in denaturing 

polyacrylamide gels  

 The gel solution contains: 8 M urea 

     1 x TBE buffer pH 8.0  

     acrylamid / bis-acrylamide  

     (the appropriate concentration) 

 After the urea was completely dissolved the final volume was adjusted with water and 

the solution was filtered through a filter paper to remove potential impurities. The glass 

plates were cleaned with 70 % ethanol and eventually treated with silicon solution (blue 

slick) that prevents the gel from sticking tightly to the glass plates and reduces the possibility 

that the gel will tear when it is removed from the plates after electrophoresis is completed. 

When the glass plates were assembled, APS (1 / 100, v / v) and TEMED (1 / 1000, v / v) 

were added to the gel solution and thoroughly mixed. The solution was poured immediately 

% polyacrylamide BPB XCB 

5 35 130 

6 26 106 

8 19 70-80 

10 12 55 

20 8 28 
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between the glass plates to avoid premature polymerisation. A comb was introduced into the 

upper end of the mold to create pockets for loading the samples. After polymerisation (about 

1 h after pouring the gel solution), the comb was carefully removed and the resulting pockets 

were immediately rinsed using a syringe with 1 x TBE buffer to remove unpolymerised 

acrylamide. Shortly before loading the samples, the pockets were rinsed again with 1 x TBE 

buffer to remove urea that diffuses from the gel matrix and tends to accumulate in the 

pockets. After all samples were loaded, a current of 8 to 30 mA (depending on the 

concentration of acrylamide / bis-acrylamide and the size of the gel) was applied. 

Native PAGE 

 Native polyacrylamide gels are non-denaturing. They do not contain denaturing 

agents and are used for separation and purification of double-stranded DNA / RNA. The 

electrophoretic mobility of DNA / RNA fragments through native polyacrylamide gels is 

affected by their structure, so that DNA fragments of exactly the same size can differ in 

mobility by up to 10 %. This is why native polyacrylamide gels can only be used to determine 

the size of double-stranded DNAs accurately. In table 3.3, the approximate sizes of DNA 

fragments (in base pairs) that co-migrate with the two dyes of the sample buffer in non-

denaturing polyacrylamide gels of different concentration are given. 

 

Table 3.3: Double-stranded DNA fragments (in base pairs) that migrate with dyes in non-

denaturing polyacrylamide gels  

 The composition of native polyacrylamide gels is similar to that of denaturing gels 

except for the absence of a denaturing agent: 

     1 x TBE buffer pH 8.0 

     The appropriate concentration of  

     Acrylamid / Bis-acrylamide 

 

 The procedure was exactly the same as described for denaturing PAGE. 

% polyacrylamide BPB XCB 

3.5 100 460 

5 65 260 

8 45 160 

12 20 70 

20 12 45 
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Choice of gel system 

 For most instances, the size range of the samples determined the choice of gel 

system for both analytical and preparative work. Double-stranded DNA fragments shorter 

than 100 bp were resolved on native polyacrylamide gels, while agarose gels were used for 

fragments between 100 bp and 10 kbp,  

 To resolve single-stranded DNA / RNA, denaturing polyacrylamide gels were used. 

Typical polyacrylamide gels of 1 mm thickness and a wide size range of pockets (0.5 to 6 

cm) were used for analytical reasons as well as purification of large amounts of RNA. For 

purification of small amounts of RNA, thinner gels of 0.5 mm were preferred because elution 

by diffusion was more efficient and a better resolution was obtained. 

 The 0.5 mm thin gels were also preferred in those cases where high resolution was 

required (e.g. to separate a multitude of products generated by iodine cleavage as well as 

alkaline or enzymatic hydrolysis of RNA or partially modified RNA pools). A long separation 

distance was also prefered in these cases (the length of the gel was about 40 cm) to 

completely resolve the RNA fragments of interest. 

3.2.2 Ethanol precipitation of nucleic acids 

 Ethanol precipitation is the most straightforward method to concentrate nucleic acids 

from aqueous solutions. In 70 % ethanol the nucleic acids become insoluble and precipitate, 

while most salts will remain predominantly in solution and can thus be removed. Therefore, 

ethanol precipitation is also very useful when changes in salt conditions are required. When 

short RNA / DNA molecules (< 20 nucleotides in length) or very small amounts of RNA / 

DNA had to be precipitated, a better recovery was obtained if glycogen (20 to 40 µg) was 

used as carrier during the precipitation. 

 For precipitation, to 1 volume of RNA / DNA solution either 1/10 volume of 3 M NaOAc 

pH 5 for precipitating unmodified RNA / DNA or 1/5 volume of 2 M NH4OAc pH 7 for NMPαS 

modified RNA (to avoid RNA degradation due to low pH) were added. After addition of 2.2 or 

2.7 volumes of absolute ethanol, respectively, the sample was thoroughly mixed. If 

necessary, 20 to 40 µg glycogen or carrier RNA was added. The sample was stored at –

20°C for at least 1 h and then centrifuged at 15 000 x g and 4°C for 1 h. The supernatant 

was removed with a sterile tip and the pellet eventually washed with 70 % ethanol, if a high 

salt concentration was present in the initial RNA / DNA solution, and centrifuged for another 

15 minutes at 15 000 x g and 4°C. Finally, the supernatant was removed completely and the 

pellet dried at room temperature. The required time for drying the pellet depended on pellet 

size. When drying was complete (pellet became transparent), the pellet was resuspended in 

the desired volume of sterile double distilled water or appropriate buffer. 
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3.2.3 Phenol / Chloroform extraction 

 This method was applied to remove proteins from aqueous nucleic acids solutions. 

The DNA / RNA solution was thoroughly mixed (for about 2 min) with an equal volume of 

phenol (saturated with 10 mM Tris-HCl, 1 mM EDTA, pH 7.5-8.0) on a shaker and 

centrifuged for 2 min at 15 000 x g and room temperature. During extraction with phenol, the 

proteins accumulate in the organic phase and the interphase while the nucleic acids remain 

in the aqueous phase (the upper phase). Because phenol is a strong inhibitor for many 

enzymes, it is necessary to remove it completely in order to avoid problems in downstream 

applications. This was accomplished by two sequential extractions with an equal volume of 

chloroform applying the same procedure as in the case of phenol extraction. The phenol / 

chloroform extraction was usually followed by NAP / NICK gel filtration for desalting (3.2.7) 

and / or ethanol precipitation (3.2.2). 

3.2.4 Detection of nucleic acids 

Ethidium bromide staining 

Ethidium bromide staining solution: 

      300 ng / ml in 1 x TBE buffer; pH 8.0 

  Non-radioactive RNA / DNA was most frequently visualised in polyacrylamide gels by 

staining with the intercalating dye ethidium bromide. When electrophoresis was complete, 

the current was turned off and the glass plates were carefully removed from the gel. Analytic 

gels were incubated for 10 minutes at room temperature in ethidium bromide staining 

solution with gentle agitation. After incubation, the gel was transferred onto the glass plate of 

an UV-transilluminator (366 nm) and the RNA / DNA fragments were visualised and 

documented using a dedicated digital camera system. For double stranded DNA the limit of 

detection was 40 ng / 1 cm wide band. In the case of single stranded DNA and RNA; the 

interaction between nucleic acid and the dye is considerably weaker and the colour intensity 

may be 5 to 10 fold lower using the same amount of nucleic acid. Depending on the specific 

sequence, some oligonucleotides do not stain at all with the ethidium dye. 

 Ethidium bromide was used also to detect DNA in agarose gels. In this case the 

ethidium bromide dye was incorporated in the agarose gel before electrophoresis (0.4 µg / 

ml; see agarose gel electrophporesis 3.2.1) and not by staining in dye solution. 

UV-shadowing 

 In the case of polyacrylamide preparative gels, DNA / RNA fragments were visualised 

by UV-shadowing (256 nm) without staining. After electrophoresis, the glass plates were 

carefully removed; the gel was wrapped in transparent foil and placed on a fluorescent 
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chromatography plate covered in plastic wrap. A short wave hand-held UV lamp was used to 

locate the band of DNA or RNA, which, when absorbing the UV light, appears as a dark 

shadow against the bright green plate. The limit of detection is about 1 µg / 1 cm wide band. 

Exposure time was minimised to avoid accumulation of UV-induced damage. 

Autoradiography 

 32P radiolabelled RNA / DNA was detected with the help of a phosphorimaging 

analyser. The gel was wrapped with plastic foil and an image plate was exposed to it. The 

exposition time depended on the amount of radioactivity loaded on the gel (e.g. 1 min for a 

labelling reaction; overnight to resolve kinetic experiments). Then the image plate was 

scanned with the help of a phosphoimager using the BasReader software. The obtained 

image was analysed and quantified using the program AIDA. 

Double-stranded DNA detection using crystal violet 

 Crystal violet is a dye that binds to DNA via electrostatic interactions. These 

interactions are strong in the presence and weak in the absence of an electric field. 

Therefore the DNA band of interest should be excised immediately after the electric field is 

switched off; the limit of detection (80 ng / cm band) using crystal violet is higher than that for 

ethidium bromide (40 ng / cm band). 

 For preparing and electrophoresis of agarose gels with crystal violet see paragraph 

describing the agarose gel electrophoresis (3.2.1). Immediately after electrophoresis, the 

agarose gel was placed on a clean glass plate. The glass plate was placed on a white 

surface (white paper) for a better detection of DNA bands of interest. The bands were 

excised under visible light using a sterile scalpel. 

3.2.5 Gel elution of nucleic acids 

 The elution method adopted depended on the gel matrix, the molecular weight and 

the type of the nucleic acid. 

Elution by diffusion 

 Elution by diffusion was applied to elute RNA molecules or DNA oligonucleotides from 

denaturing polyacrylamide gels. The DNA / RNA band of interest, detected by UV-

shadowing or using a phosphoimager (radiolabelled RNA / DNA), was excised and 

incubated overnight in 5-8 volumes of elution buffer at 4°C while shaking. The eluate was 

precipitated with ethanol (see 3.2.2) and the RNA / DNA pellet dissolved in sterile RNase / 

DNase free water. 

Different elution buffers were used depending on the application: 
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RNA elution buffer 1:  

200 mM Tris / HCl, pH 7.0; 1 mM EDTA; 0.1% SDS; (SDS was also omitted 

when the eluted RNA was to be used in a downstream application that could 

be inhibited by the presence of small amounts of residual detergent). This 

buffer was efficient for elution of P RNA and P RNA –tRNA tandem constructs. 

RNA elution buffer 2: 

1 M NH4OAc; pH 7.0. This buffer was preferentially used for elution of RNAs 

randomly modified with nucleotide analogues. 

RNA elution buffer 3: 

1 M NaOAc; pH 5.0. This buffer was preferentially used for elution of 

radiolabelled ptRNA substrates. This buffer limits RNase induced degradation 

due to the low pH. 

Spin column elution 

 Spin column elution was applied for extraction of (double stranded) DNA fragments 

from agarose gels. The method involves mechanical destruction of the gel matrix and 

extraction of DNA-containing buffer by centrifugation. The band containing the DNA 

fragment of interest was excised from an ethidium bromide- or crystal violet-stained agarose 

gel and cut into smaller pieces. These were loaded onto special spin columns with filters that 

retain the agarose. The spin columns, placed on top of microfuge tubes, were centrifuged for 

1 min at high speed and the DNA in the flowthrough was precipitated with ethanol (3.2.2). 

 Different commercially available spin columns were used as well as homemade ones. 

The self-prepared ones were constructed using a 1.5 ml microfuge tube (without lid) with a 

piece of Whatmann paper inside, serving as filter and a small hole at the bottom. The 

agarose gel slice was placed on top of the whatmann paper and the tube on top of another 

tube. After 1 min centrifugation, the DNA solution could be collected from the lower tube and 

precipitated (3.2.2). 

3.2.6 Concentration determination of nucleic acids 

 By determining the absorbance at 260 nm ( A260), the concentration of nucleic acids 

can be calculated according to the Lambert-Beer law: 

dxcxE ε=  

where ε = molar extinction coefficient [1 / (M x cm)]; d = the path length of the cuvette [cm]; c 

= molar concentration of DNA / RNA [M]. 
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 1 µl of stock DNA / RNA solution was diluted in 299 µl water and the absorbance at 

260 nm (A260) measured relative to water using a UV-spectrophotometer. The concentration 

was calculated using the known values c(1 A260) that represents the concentration 

corresponding to one absorbance unit at 260 nm (1 A260): 

 

1 A260 double-stranded DNA corresponds to a c(1 A260) of ∼ 50 µg / ml 

1 A260 single-stranded DNA corresponds to a c(1 A260) of ∼ 33 µg / ml 

1 A260 RNA corresponds to a c(1 A260) of ∼ 37 µg / ml 

 

 The general formula for calculation of RNA / DNA concentration was: 

 

1000
D)Ac(1A

][c f260260 ××
=lg µµ /   (3.2.1) 

 

c = concentration in µg / µl; Df = dilution factor that was applied to the stock solution (= 300). 

 

 To determine concentrations with high precision (e.g. for enzyme kinetic 

experiments), a more laborious procedure was applied. 1 µl RNA was diluted in 299 µl of 50 

mM NH4OAc solution, pH 7.0 and the A260 of the RNA dilution (
RNAintact

260A ) was measured 

relative to the NH4OAc reference solution. Then a mixture of RNases (0.5 µg RNase A, 0.01 

U RNase T1, 0.01 U RNase T2) was added to this dilution and incubated for at least 3 hours 

at room temperature or 37°C to ensure that the RNA was quantitatively degraded to single 

nucleotides. Then the A260 for the solution of hydrolysed RNA (
RNAhydrolysed

260A ) was 

measured. The RNA concentration that corresponds to 1 A260 was calculated as follows: 

• The molar extinction coefficient for the whole RNA molecule was calculated as the 

sum of extinction coefficients of the individual nucleotides: 

 

∑∑∑∑ +++=
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n
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G

n
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n

1
ARNA εεεεε       (3.2.2) 

 

where εΑ, εC, εG, εU, are the extinction coefficients for the individual ribonucleotides after 

hydrolysis; nA, nC, nG and nU are the numbers of each nucleotide contained in the RNA 

sequence. 
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• A new extinction coefficient was calculated: 

 

RNARNAhydrolysed

RNAintact
'
RNA

260

260

A

A
εε ×=

    (3.2.3) 

 

• Using the new extinction coefficient, the concentration that corresponds to 1 A260 was 

calculated: 

rM
dε

1
][)Ac(1 '

RNA
260 ×

×
=l/g µµ

   (3.2.4) 

 

where Mr is the molecular weight of the analysed RNA. The concentration of the RNA 

stock solution was then calculated using equations (3.2.1) and c(1 A260) calculated with 

equation (3.2.4). 

3.2.7 NAP / NICK gel filtration 

 NAP / NICK columns sold by Pharmacia are filled with Sephadex G 25 or G 50, a gel 

filtration matrix. They are used to remove salts and mononucleotides from nucleic acid 

solutions. By this method up to 97 % RNA / DNA can be recovered while more than 90 % of 

the low molecular weight impurities are removed. In this work NAP 5 and NAP 10 columns 

were used.  

 The columns were equilibrated with RNase free water. An exact volume (as defined 

by the supplier) of the nucleic acid solution was loaded onto the column and entered the gel 

matrix by gravity flow. Elution of the nucleic acids was accomplished by adding another 

precisely defined volume of RNase free water. For details, refer to the respective instruction 

manuals. 

3.3 DNA techniques 

3.3.1 Plasmid DNA isolation from E.coli cells 

 Plasmid purification protocols are based on a modified alkaline lyses procedure 

(Birnboim & Doly, 1979; Birnboim, 1983), followed by binding of plasmid DNA to an anion 

exchange resin (preparative plasmid preparation) or a silica membrane (analytical 

preparation) under appropriate low salt and specific pH conditions. RNA, proteins, dyes, and 

low-molecular-weight impurities are removed by a wash at intermediate ionic strength. 



Materials and methods 

 30 

Plasmid DNA is eluted in high salt buffer and then concentrated and desalted by isopropanol 

precipitation. Two different brands of commercially available plasmid purification kits 

(Macherey-Nagel, Qiagen) were used. 

Analytical plasmid preparation 

 For analytical porposes, small-scale plasmid preparation was applied using the 

miniprep kits from Macherey-Nagel or Qiagen. The cells from 2 ml of an overnight E. coli LB 

culture were harvested by centrifugation for 2 minutes in a bench top centrifuge. After 

discarding the supernatant, the cell pellet was resuspended in 250 µl of cell resuspension 

buffer. Then 250 µl lysis buffer were added and mixed gently by inverting the tube 6-8 times. 

The lysate was incubated at room temperature for a maximum of 5 min, then 300 µl of 

neutralisation buffer were added and mixed gently by inverting the tube 6-8 times. The 

supernatant was clarified by centrifugation for 5-10 min in a bench top centrifuge and loaded 

onto a DNA binding column equipped with a silica membrane. The column was placed on 

top of a microfuge tube and centrifuged for 1 min in a bench top centrifuge. After discarding 

the flowthrough, ethanol-containing wash buffer was added to the column which was 

centrifuged again for 1 min at 11000 x g. After discarding the flowthrough, the DNA was 

eluted with 80 µl elution buffer in the same manner, this time using a clean tube to collect the 

eluate. A small aliquot of this solution was checked by restriction digest or sequencing. 

Preparative plasmid preparation 

Cell resuspension buffer: 50 mM Tris / HCl, pH 8.0; 10 mM EDTA; 100 µg / ml RNase A; 

Lysis buffer: 200 mM NaOH; 1 % SDS; 

Neutralisation buffer: 3 M KOAc, pH 5.5; 

Column equilibration buffer: 750 mM NaCl; 50 mM MOPS, pH 7.0; 15 % isopropanol; 0.15 % 

Triton X-100; 

Wash buffer: 1 M NaCl; 50 mM MOPS, pH 7.0; 15 % isopropanol; 

Elution buffer: 1.25 M NaCl; 50 mM Tris / HCl, pH 8.5; 15 % isopropanol; 

 

 Preparative plasmid preparation was applied to purify large amounts of DNA (∼ 500 

µg from a maxiprep and ∼ 200 µg from a midiprep). 

Plasmid 
• A single colony, picked from an agar plate incubated overnight, was used to inoculate 

a starter culture of 3 ml LB medium containing the appropriate selective antibiotic and 

incubated overnight at 37°C with vigorous shaking. 

• 2 ml of the starter culture were added to 150 ml (midiprep) or 500 ml (maxiprep) 

selective LB medium and incubated at 37°C for 12 – 20 h (until OD600 ∼ 1) with 
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vigorous shaking. An Erlenmeyer flask of 250 ml (midiprep) or 1500 ml (maxiprep) 

volume was used.  

• The bacterial cells were harvested by centrifugation at 10000 (midiprep) or 3200 

(maxiprep) x g for 15 min at 4°C and the supernatant was removed. 

• The bacterial pellet was homogenously resuspended in 4 ml (midiprep) or 10 ml 

(maxiprep) of cell resuspension buffer by vortexing. 

• 4 ml (midiprep) or 10 ml (maxiprep) lysis buffer were added, mixed gently by inverting 

4 – 6 times, and incubated at room temperature for 5 min. 

• 4 ml (midiprep) or 10 ml (maxiprep) of neutralisation buffer were added, mixed 

immediately but gently by inverting the tube 4 – 6 times and incubated on ice for 15 

min. Precipitation of cell debris and inclusion bodies is enhanced by using 

neutralisation buffer and incubating on ice. 

• The suspension was then centrifuged at 10000 x g for 15 min at 4°C, the plasmid -

containing supernatant was loaded onto the anion exchange column previously 

equilibrated 3 times with 4 ml (midiprep) or 10 ml (maxiprep) equilibration buffer. 

• After the supernatant had entered the column by gravity flow, two washing steps with 

10 ml (midiprep) or 30 ml (maxiprep) wash buffer were applied. When the column 

stopped flowing, the DNA was eluted with 5 ml (midiprep) or 15 ml (maxiprep) elution 

buffer and precipitated with 0.7 volumes of isopropanol, followed by centrifugation at 

4°C and 10000 x g for 1 h. 

• The supernatant was removed, the DNA pellet washed with 2 ml of 70 % ethanol to 

remove residual salt and centrifuged for another 10 min. The ethanol was completely 

removed, the pellet dried at room temperature and resuspended in an appropriate 

volume of sterile water using a shaker. When the pellet was completely dissolved, 

the DNA yield was determined (see 3.2.6). 

3.3.2 Digesting DNA with restriction endonucleases 

 Type II endonucleases recognise sequences (generally palindromes) in double-

stranded DNA with a length of 4 to 8 base pairs. They catalyse the hydrolysis at a very well 

defined location (generally on both strands of the double helix) within this recognition site 

and, depending on the enzyme, generate 5’ or 3’ overhangs (‘sticky’ ends) or blunt ends with 

3’-hydroxyl and 5’-phosphate termini. 

 For the cleavage reaction with restriction enzymes, the 10 x buffer supplied with the 

respective enzyme was used. 
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 The reaction mix was incubated for 3 h at the appropriate temperature (specified by 

the supplier). After digestion, the enzyme was removed by phenol / chloroform extraction 

(3.2.3) or deactivated by heating. The digested DNA was precipitated with ethanol (3.2.2) 

and dissolved in water. Depending on the size of the DNA fragments obtained after 

digestion, the restriction reaction was checked either by native PAGE for fragments shorter 

than 100 bp or agarose gel electrophoresis for DNA fragments longer than 100 bp (3.2.1). 

 In some cases (e.g. when digested DNA was further subjected to a ligation reaction), 

it was necessary to separate and purify the DNA fragments by agarose gel electrophoresis 

(3.2.1) followed by gel elution (3.2.5). 

 Simultaneous DNA digestion with two restriction enzymes (usually supplied in 50 % 

glycerol) was performed if the buffer conditions were suitable for both endonucleases. In this 

case, only half the amount of each enzyme (1 µl instead of 2 µl) was added (in order to keep 

the glycerol concentration ≤ 5 %). 

3.3.3 Removing the 5'-terminal phosphate group from nucleic acids 

 Calf Intestinal Phosphatase (CIP) catalyses the hydrolysis of terminal 5´-phosphate 

groups from DNA, RNA, as well as ribonucleoside and deoxyribonucleoside triphosphates. 

This enzyme was mostly used to prevent religation or catenation of vector DNA (i.e. 

plasmids) by removing phosphate groups from both 5´-termini. 

The reaction components listed above were mixed and incubated for 1 h at 37°C. 

 Then 190 µl RNase-free water were added, CIP was removed by phenol-chloroform 

extraction (3.2.3) and the RNA / DNA from the aqueous phase precipitated with ethanol 

(3.2.2) and dissolved in water or in an appropriate buffer. 

Restriction digest, 20 µl: final concentration 

DNA 1 µg / µl 16 µl 0.1 µg / µl 

10 x restriction buffer 2 µl 1 x 

10 U / µl restriction enzyme 2 µl 0.01 U / µl 

5’ dephosphorylation reaction, 20 µl: final 
concentration 

DNA (x µg / µl) x µl 0.1 µg / µl 

10 x dephosphorylation buffer 2 µl 1 x 

calf intestinal phosphatase (CIP) 0.1 U / µl 2 µl 0.01 U / µl 

RNase / DNase free water to 20 µl  
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3.3.4 Polymerase Chain Reaction (PCR) 

 Polymerase chain reaction (PCR; Saiki et al., 1985) is a powerful method to amplify 

very small amounts of DNA. The components required for PCR are listed below: 

• a thermostable DNA polymerase that catalyses template-dependent synthesis of 

DNA. In this work, a DNA polymerase with proofreading activity from Pyroccocus 

furiosus (Pfu polymerase; Promega) was generally used to avoid mutations in the 

amplification product. 

• a DNA template that contains the target sequence. It can be added to the PCR in 

single- or double-stranded form. 

• a forward and a reverse DNA primer. Careful design of primers is required to obtain 

the desired product in high yield, to avoid amplification of unwanted sequences, and 

to facilitate subsequent manipulation of the amplified product 

• a buffer containing magnesium ions. Divalent cations are required for the activity of 

the enzyme. Because deoxynucleoside triphosphates (dNTPs) bind magnesium ions, 

the molar concentration of divalent cations should exceed the concentration of 

phosphate groups contributed by dNTPs and primers. 

• the four deoxynucleoside triphosphates (dNTPs). They are the substrates for the 

DNA polymerase and are generally added in equimolar amounts to the PCR mix. 

 There are three major steps in a PCR, which are repeated for 25 to 30 cycles. These 

are performed on an automated cycler that can heat and cool the tubes with the reaction 

mixture very fast. 

 Denaturation at 94°C: During the denaturing step, the double strand is melted to 

yield single-stranded DNA, while polymerase activity is stopped. 

 Annealing at 55°C to 65°C depending on the primer sequences.  

 Extension at 72°C: This is the ideal working temperature for the DNA polymerase. 

Primers that have bound to the template at a position that is not entirely complementary to 

their sequence dissociate at this temperature. Nucleotides are incorporated sequentially at 

the 3' side of the primer, complementary to the sequence of the template. The time for the 

extension reaction depends on the length of the amplified fragment. 

 A standard protocol for PCR is described below: 

PCR, 100 µl: final concentration 
DNase-free water 84.5 µl  
DNA template (plasmid) 0.1 µg / µl 0.5 µl  0.5 ng / µl 
10 x PCR buffer 10 µl 1 x 
dNTP mix 10 mM 2 µl 0.2 mM 
Forward primer 100 µM 1 µl 1 µM 
Reverse primer 100 µM 1 µl 1 µM 
Pfu polymerase 3 U / µl 1 µl 0.03 U / µl 
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 All components listed above except for the Pfu polymerase were added to a 0.2 ml 

PCR tube. The tube was placed in a thermocycler and the following PCR program was 

started: 

 When the temperature in the tube reached 90°C, the DNA polymerase was added 

(hot start). The above program was run for 2.5 to 3 h. An aliquot (5 to 10 µl) of the reaction 

product was checked on an agarose gel (3.2.1). When the PCR product had to be ligated 

into a vector, it was first purified on a preparative agarose gel (3.2.1). 

3.3.5 PCR mutagenesis 

 In vitro site-directed mutagenesis was performed according to the protocol offerd by 

Stratagene. The mutagenic oligonucleotide primers were designed individually according to 

the desired mutation (single or multiple base excange; deletions or insertions). Several 

aspects were considered for designing the mutagenic primers: 

• Both primers must contain the desired mutation and anneal to the corresponding 

sequence on opposite strands of the plasmid. 

• The primers should have a higher melting temperature (~ 65°C) than those normally 

used in a standard PCR. 

• The desired mutation(s) should be positioned in the middle of the primer. 

• The concentration of the template was optimised by varying template concentration 

and keeping the primer concentration constant (1 µM). In this work, 50 ng template 

(plasmid DNA) per 50 µl reaction volume was found to be optimal. 

• The template has to be a circular vector; extension stops when the polymerase has 

completely moved around the circular template and hits the ‘roadblock’, the 5' -end of 

the primer that started elongation (there is no strand displacement activity). The 

resulting product is a double-stranded plasmid with two nicks flanking the region 

defined by the primers, on opposite strands. 

 The procedure is identical to that described for the standard PCR (3.3.4) only that the 

time for extension should be longer due to the long amplification product (entire plasmid 

DNA). Normally, the extension time is ~2 min per kilobase for Pfu polymerase. 

 After the reaction was completed, a digestion with the endonuclease DpnI (catalyses 

the hydrolysis of methylated DNA; the recognition site GATC is generally found several 

denaturation 3 min 95°C  
denaturation 1 min 95°C  
annealing 1 min 55°C to 65°C 25 to 30 cycles 
extension 1 to 2 min 72°C  
extension 5 min 72°C  
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times in a plasmid DNA; DNA methylation occurs in bacterial cells; in E. coli the adenosine in 

GATC is methylated) was performed to destroy the original, methylated template plasmid 

which otherwise would compete with the mutagenesis product during transformation. 1 µl 

DpnI was added to the reaction mix and incubated for 10 to 30 min at 37°C. 5 µl of the mix 

were then used for transformation (3.1.5). Several single colonies were selected and the 

extracted plasmids were analysed by restriction digest and sequencing. 

3.3.6 Primer elongation 

 DNA polymerase can elongate primers having an overlapping region of 

complementary sequence (fill-up reaction). The melting temperature of the overlapping 

region should be between 55°C and 65°C as for a standard PCR. 

 All components listed above except for the Pfu-polymerase were added to a 0.2 ml 

PCR tube. The tube was placed in the thermocycler and the following PCR program was 

started: 

 When the tube temperature reached 90°C, the DNA polymerase was added (hot 

start). The above program was run for 2.5 to 3 h. An aliquot (5 µl) was analysed by native 

PAGE (3.2.1), using the original primers as controls. The elongation product was 

concentrated by ethanol precipitation (3.2.2). 

3.3.7 Fill-up reaction of DNA helices 

  When two double-stranded DNA fragments share a region with identical sequences at 

their ends and they are denatured, at least some of the strands of the first DNA fragment will 

anneal to strands of the second DNA fragment when the solution is cooled down. Those two 

strands that have hybridised via their 3' -ends will be elongated by the DNA polymerase, 

Primer elongation, 100 µl: final concentration 
DNase-free water 85 µl  
10 x PCR buffer 10 µl 1 x 

dNTP mix 10 mM 2 µl 0.2 mM 
primer A 100 µM 1 µl 1 µM 
primer B 100 µM 1 µl 1 µM 

Pfu polymerase 3 U / µl 1 µl 0.03 U / µl 

denaturation 3 min 95°C  
denaturation 1 min 95°C  
annealing 1 min 55°C to 65°C 20 cycles 
extension 1 to 2 min 72°C  
extension 5 min 72°C  
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thereby generating a ‘full-length’ duplex in quite the same fashion as in the primer elongation 

reaction (3.3.6). To generate the maximum amount of full-length product, it is necessary to 

repeat the denaturation, annealing and elongation steps several times to repeatedly provide 

hybrid duplexes, since the equilibrium lies on the side of reanneald original duplexes. 

 For this type of fill-up reaction, the same program was used as described for the 

primer elongation (3.3.6). An aliquot (5 µl) was checked on an agarose gel (3.2.1), using the 

original DNA fragments as controls. If the reaction was successful, the product was 

precipitated (3.2.2) and purified by agarose gel electrophoresis (3.2.1). 

3.3.8 Ligation of DNA fragments 

 DNA ligation is used in order to link DNA fragments end to end using either 

complementary overhangs (‘sticky’ ends) or blunt ends. In this work the method was used to 

insert DNA fragments into a vector (plasmid). The enzyme used to catalyse the ligation 

reaction was T4 DNA ligase from E coli phage T4. This enzyme covalently links the DNA 

strands by generating a phosphodiester bond between 3’-hydroxy and 5’-phosphate groups. 

 The vector (dephosphorylated at the 5’ end; 3.3.3) and the DNA fragment to be 

inserted (with 5' –phosphate termini) into the vector were purified by agarose gel 

electrophoresis (3.2.1), eluted (3.2.5) and their concentration determined as described 

(3.2.6). The components of the reaction (see below) were added to a 0.2 ml PCR tube and 

incubated for 3 h at 20°C. 

 Parallel reactions were performed varying the molar concentration of the insert (3 to 

10 fold over the vector concentration; see above). A reaction containing water instead of 

insert DNA was prepared as a negative control: here, only re-circularised plasmids (after 

Fill-up reaction, 100 µl: final concentration 
10 x PCR buffer 10 µl 1 x 
dNTP mix 10 mM 2 µl 0.2 mM 

1st DNA fragment x µM x µl 0.33 µM 

2nd DNA fragment x µM x µl 0.33 µM 

Pfu polymerase 3 U / µl 1 µl 0.03 U / µl 
RNase / DNase-free water to 100 µl - 

DNA ligation reaction, 20 µl: final concentration 
Vector DNA 0.5 µg / µl or 0.6 µM 1 µl 0.03 µM 
Insert DNA 0.4 µg / µl or 1.1 µM 1.8 to 6 µl 0.1 to 0.33 µM 
10 x T4 ligase buffer 2 µl 1 x 
T4 DNA ligase 1 U / µl 1 µl 0.05 U / µl 
RNase-free water to 20 µl  
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incomplete dephosphorylation) or plasmids that were not linearised at all and could not be 

separated from the linearised plasmids by agarose gel electrophoresis are able to 

successfully transform cells. After incubation, 2 µl of each reaction mix, 2 µl of the negative 

control and 0.001 µg of the original circular vector as positive control were used for 

transformation (3.1.5). Plasmids obtained from different clones (miniprep; 3.3.1) were 

analysed by restriction digest (3.3.2). The size of the DNA fragments obtained by the digest 

was inspected using an agarose or a native polyacrylamide gel (3.2.1). Finally, the DNA 

plasmids were sequenced (MWG-Biotech) and glycerol stocks (3.1.2) from those plasmids 

containing the desired sequence were prepared.  

3.4 RNA techniques 

3.4.1 In vitro transcription 

 DNA-dependent phage RNA polymerases can transcribe double-stranded as well as 

single-stranded DNA (Milligan & Uhlenbeck, 1989). T7 RNA polymerase recognises the 17-

nt double-stranded promoter sequence (5’-TAATACGACTCACTATA-3’; sense strand) and 

starts polymerisation immediately downstream. The potential of standard in vitro 

transcription reactions can be dramatically expanded if nucleotide analogues are used as 

building blocks in combination with standard nucleotides 5' triphosphates (NTPs). Guanosine 

or short oligonucleotides that terminate in guanosine effectively compete with guanosine 5' 

triphosphate (GTP) as starter building blocks and are incorporated at the 5' -end of 

transcripts (provided that the template codes for a G at this position). This is very useful if 

the transcribed RNA is further subjected to 5' -end labelling with  γ32P-ATP where 5’-OH 

termini are required. In this case, the starter can be guanosine or the dinucleotide ApG. To 

generate 5’-monophosphate termini, the transcription can be started with guanosine 5’ 

monophosphate (GMP). In this work, the RNAs were synthesised by so called run-off 

transcription (i.e., the polymerisation is terminated when the polymerase reaches the DNA 

template’s end). This was accomplished by using DNA plasmids as templates that were 

linearised with restriction enzymes (3.3.2). 

T7 transcription of unmodified RNA 

 For analytical purposes, small-scale transcription (50 µl final volume) was performed.  
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 All components (see above) were added to a 1.5 ml tube and the reaction mix was 

incubated at 37°C for 2 h. An aliquot of 2 to 10 µl was checked by denaturing PAGE (3.2.1). 

If nothing was known about the transcription efficiency of the respective template, several 

volumes were analysed on the gel in parallel (e.g. 2, 5 and 10 µl). If the small-scale 

transcription was successful, a large-scale transcription reaction (preparative) was 

performed as described below. 

 The reaction mix was prepared by adding the components – except for the T7 RNA 

polymerase – at room temperature in the order in which they are listed above. The mixture 

was aliquoted into 5 microfuge tubes of 1.5 ml, each containing a volume of 198 µl, and the 

reaction started by addition of 2 µl enzyme into each tube. 

 The reaction mix was incubated for 2 h at 37°C; then a second aliquot (2 µl) of T7 

RNA polymerase was added (400 U / 200 ml reaction mix), followed by another 2 h of 

incubation at 37°C. A small aliquot (2 to 10 µl) was analysed by denaturing PAGE (3.2.1). If 

the large scale transcription was successful, the RNA transcript was purified as follows: 

• phenol / chloroform extraction (3.2.3) to remove the enzyme 

• NAP 5 or NAP 10 gel filtration for desalting and removing the mononucleotides 

(3.2.7) 

transcription reaction, 50 µl: final concentration 
RNase-free water 24.45 µl  
HEPES pH 8.0, 1 M 4 µl 80 mM 
DTT 100 mM 7.5 µl 15 mM 
MgCl2 3 M 0.55 µl 33 mM 

spermidine 100 mM 0.5 µl 1 mM 
NTP mix (25 mM each) 7.5 µl 3.75 mM (each) 
template (linearised plasmid) 1 µg / µl  4 µl 40 µg / ml 
pyrophosphatase 200 U / ml 0.5 µl 2 U / ml 
T7 RNA Pol. 200 U / µl  1 µl 4000 U / ml 

transcription reaction, 1000 µl: final concentration 
RNase-free water 499 µl  
HEPES pH 8.0, 1 M 80 µl 80 mM 
DTT 100 mM 150 µl 15 mM 
MgCl2 3 M 11 µl 33 mM 

spermidine 100 mM 10 µl 1 mM 
NTP mix (25 mM each) 150 µl 3.75 mM (each) 
template (linearised plasmid) 1 µg / µl  80 µl 40 µg / ml 
pyrophosphatase 200 U / ml 10 µl 2 U / ml 
T7 RNA Pol. 200 U / µl  20 µl 4000 U / ml 
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• ethanol precipitation in the presence of NaOAc (3.2.2) 

• denaturing PAGE purification (3.2.1); Some aspects had to be considered before 

starting the PAGE purification: (1) the size of the pocket had to be chosen depending 

on the amount of RNA loaded. Generally, for the product of a 1 ml transcription 

reaction to be separated on a 1 mm thick gel, a pocket width of 5 cm was sufficient. 

(2) the electrophoresis running time should be long enough to fully separate the 

desired RNA band from shorter secondary fragments obtained during transcription 

(sometimes long gels of ∼ 40 cm are required for separation) 

• elution by diffusion in buffer 1 or 3 (3.2.5) 

• ethanol precipitation in the presence of NaOAc (3.2.2) 

• resuspesion in water  

• concentration determination (3.2.6) 

 Finally, the quality of the purified RNA transcript (ca. 200 ng) was analysed by 

denaturing PAGE (3.2.1). To verify the correct size of the purified RNA, a sample from an 

older lot or an RNA of similar length was used as control. 

 Note: the same protocol was used for RNA preparation by T7 transcription using 

guanosine as starter nucleotide. For 1 ml transcription reaction, 300 µl of 30 mM guanosine 

were used. The amount of water was adjusted accordingly (199 µl instead of 499 µl). 

Working with guanosine is described in the next paragraph. 

T7 transcription of RNA carrying randomly distributed phosphorothioate 

analogues 

 T7 RNA polymerase incorporates Sp-NTPαS analogues, yielding Rp-

phosphorothioate-modified RNAs due to inversion of configuration at the phosphorus atom 

during polymerization. Many nucleotide analogues (such as those with modifications at the 

2'-position of the ribose moiety) that are poor substrates for the wild-type T7 RNA 

polymerase are better accepted by the Y639F mutant T7 RNA polymerase which shows a 

greater tolerance towards changes of functional groups in the minor groove. There were two 

aspects that had to be taken into consideration regarding the extent of the analogue 

modification: 

• the amount of modified nucleotides should be optimised such that each RNA 

molecule carries about one modification.  

• analogues are not incorporated with the same efficiency at all transcript positions, the 

incorporation pattern being largely specific for the analogue and the individual RNA 

investigated. One observation is the lack or reduction of analogue incorporation at 

homodi- or homooligo-nucleotide stretches 
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  The reaction was started with guanosine because the 5’-OH termini were required for 

5' -end labelling. Before preparing the reaction mix, the guanosine stock solution was 

incubated at 75°C in a thermoshaker until the guanosine was completely dissolved. Then, 

shaking was stopped and the solution left at 75°C to maximise solubility. 

 The reaction mix was prepared by adding the components – except for guanosine 

and T7 RNA polymerase – at room temperature in the order they are listed below, and 

afterwards the mixture was prewarmed to 37°C before adding guanosine. An appropriate 

amount of the pre-heated guanosine solution was quickly added to the reaction mix, which 

was vortexed immediately to avoid guanosine precipitation. The reaction was started by 

addition of enzyme (T7 RNA polymerase). 

 The reaction mixture was incubated for 4 h at 37°C. The RNA transcript was purified 

as described for unmodified RNA with the following exceptions: 

• all precipitation steps were performed in the presence of NH4OAc, pH 7.0 (3.2.2), to 

avoid degradation (hydrolysis) of RNA randomly modified with phosphorothioate 

analogues (acid-sensitive). 

• for elution, the buffer 2 was chosen (3.2.5). 

T7 transcription of internally labelled RNA 

  For efficient incorporation of radiolabelled nucleotides into RNA molecules, the 

concentration ratio between the non-radioactive (GTP) and radioactive (α32P-GTP) 

nucleotide should not be higher than 1000. The reaction components were: 

transcription reaction, 500 µl: final concentration 
RNase-free water 83.5 µl  
HEPES pH 8.0, 1 M 40 µl 80 mM 
DTT 100 mM 75 µl 15 mM 
MgCl2 3 M 5.5 µl 33 mM 
spermidine 100 mM 5 µl 1 mM 
NTP mix (25 mM each) 75 µl 3.75 mM (each) 
ITPαS 4.33 mM 11 µl 0.095 mM 
template (linearised plasmid) 0.5 µg / µl  40 µl 40 µg / ml 
pyrophosphatase 200 U / ml 5 µl 2 U / ml 
guanosine (30 mM, kept at 75 C) 150 µl 9 mM 
T7 RNA Pol. 200 U / µl 10 µl 4000 U / ml 
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 The reaction mix was incubated at 37°C for 2 h and purified as described for the 

unmodified RNA, but omitting the phenol / chloroform extraction and NAP 5 or NAP 10 gel 

filtration steps. The final volume (resuspension of RNA pellet after purification and 

precipitation) for internally labelled RNA was 10 µl. 1 µl of this solution was checked for 

incorporation of radiolabelled nucleotide using a scintillation counter. 

Generating homogenous ends during T7 transcription 

 Uniform 5’ ends; an elegant way to produce transcripts with uniform 5’ ends is to use 

a construct consisting of a self-cleaving hammerhead sequence attached immediately 

upstream of the RNA sequence of interest. The hammerhead ribozyme is a small structural 

element, originally identified in pathogenic plant viroids and virusoids, which catalyses 

phosphodiester bond hydrolysis at a single defined position. Since this ribozyme sequence 

is able to fold into the catalytically active form immediately after synthesis, cleavage occurs 

already during transcription – provided that magnesium ions are present at sufficiently high 

concentrations, as is the case under standard transcription conditions (see above). Beside 

creating homogenous ends, such hammerhead ribozymes have two additional advantages: 

(1) optimal transcription start sequences can be used upstream of the ribozyme cassette in 

favor of high transcription yields and (2) hammerhead cis-cleavage generates products with 

2’, 3’ cyclic phosphate at the 3’ ends (ribozyme part) and 5’-hydroxyls. This is very useful 

when the RNA of interest has to be labelled at the 5’ end for further analysis. 

 Homogenous 3’ ends; for the production of RNAs with homogeneous 3’ ends, again 

hammerhead cassettes can be tethered to the RNA of interest. As in the case of 

hammerheads at the 5’ end of the RNA of interest the cleavage occurs during transcription. 

The disadvantages of this method are: (1) the RNA of interest has to end with the sequence 

GUC (required for efficient hammerhead cleavage) and (2) after cleavage the RNA of 

interest ends with a 2’, 3’ cyclic phosphate at the 3’ end. This has to be removed if the RNA 

of interest is further subjected to 3' -end labelling or to a ligation (e.g. of another RNA) to the 

transcription reaction, 25 µl: final concentration 
HEPES pH 8.0, 1 M 2 µl 80 mM 
DTT 100 mM 3.75 µl 15 mM 
MgCl2 0.3 M 2.75 µl 33 mM 

spermidine 50 mM 0.5 µl 1 mM 
NTP mix (A, U, C, 25 mM each) 3.75 µl 3.75 mM (each) 
GTP 10 mM 2.5 1 mM 

α32P GTP (3000 Ci/mmol, 10 µCi/µl, 3.3 µM) 7.5 µl 1 µM 

template (linearised plasmid) 1 µg / µl  2 µl 80 µg / ml 
pyrophosphatase 200 U / ml 0.25 µl 2 U / ml 
T7 RNA pol. 200 U / µl 1 µl 8000 U / ml 
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RNA's 3' -end. 

3.4.2 Phosphorylation of nucleic acids at the 5' -end 

 The T4 polynucleotide kinase (T4 PNK) from E. coli phage T4 was used to either 

transfer the radioactive terminal phosphate group of γ32P-ATP or the nonradioactive 

γ−phosphate of ATP to the free 5’-OH group of nucleic acids. 

 5’ phosphorylation requires a 5’- hydroxyl group, either produced by hammerhead cis-

cleavage during RNA transcription, by transcription of RNA with guanosine or ApG as starter 

nucleotides (3.4.1) or by dephosphorylation at the 5' -end (3.3.3). 

5' -end labelling of RNA with γγγγ - 32P ATP 

 The reaction mix was prepared by adding the components in the order they are listed 

below and incubated at 37°C for 1 to 2 h. 

 After incubation, 35 µl of water were added and the labelled RNA was precipitated 

with ethanol, (3.2.2), purified by denaturing PAGE (3.2.1), eluted by diffusion (3.2.5) and 

concentrated by ethanol precipitation (3.2.2). The pellet was dissolved in 10 µl of RNase-free 

water and the overall yield of labelled RNA determined by measuring 1 µl using a scintillation 

counter. 

 5' -end phosphorylation of RNA using trace amounts of γγγγ - 32P ATP 

 To phosphorylate RNA with at a low specific activity, the following recipe was used: 

Labelling reaction, 15 µl: Final concentration 
10 x T4 PNK buffer (forward reaction) 1.5 µl 1 x 
25 mM DTT 1.5 µl 2.5 mM 
RNase-free water 6 to 7 µl  
RNA purified by denaturing PAGE 1 to 2 µl 

(10-100 pmol) 
0.66 to 1.33 µM 

γ-32P ATP (3000 Ci/mmol, 10 µCi/µl, 3.3 µM) 3.0 µl 0.66 µM 

10 U / µl T4 PNK  1 µl 0.66 U / µl 

Phosphorylation reaction, 55 µl: Final concentration 
10 x T4 PNK buffer (forward reaction) 5 µl 1 x 
100 mM ATP 2.5 µl 5 mM 
RNase-free water to 55 µl  
RNA purified by denaturing PAGE x µl 

(2000-3000 pmol) 
35 to 55 µM 

γ-32P ATP (3000 Ci/mmol, 10 µCi/µl, 3.3 µM) 3.0 µl 0.2 µM 

10 U / µl T4 PNK  2.5 µl 0.5 U / µl 
The mixture was incubated for 2 h at 37°C, and then the following components were 

added: 
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The labelled RNA was ethanol precipitated (3.2.2), purified by denaturing PAGE (3.2.1), 

eluted (3.2.5) and concentrated by ethanol precipitation (3.2.2). The pellet was dissolved in 

20 µl of RNase-free water and the RNA concentration was determined (3.2.6). 

3.4.3 3' -end labelling of RNA 

 Labelling of RNA molecules at the 3' -end was achieved by ligation of 5’-32P cytidine-

3’,5’-bisphosphate (pCp) to the 3’-terminal hydroxyl group (England & Uhlenbeck, 1978). 

The ligation reaction was catalysed by the T4 RNA ligase that can covalently link the 5’-

phosphate group of one RNA to the 3’-OH group of another RNA molecule, using ATP as 

cofactor. The smallest 3’-substrates recognised by this enzyme are nucleoside-3’,5’-

bisphosphates (such as pCp). If the RNA to be labelled carries a cyclic phosphate 

(generated by hammerhead cis-cleavage) at its 3' -end, it has to be removed first (Cameron 

& Uhlenbeck, 1997; see 3.4.4). 

 The reaction mix was prepared by adding the components in the order given above 

and incubated at 8°C overnight. After incubation, 10 µl gel loading buffer were added and 

the radiolabelled RNA was purified by denaturing PAGE (3.2.1), eluted by diffusion (3.2.5) 

and concentrated by ethanol precipitation (3.2.2). The RNA pellet was dissolved in 10 to 20 

µl RNase-free water and the overall yield of labelled RNA determined. This was achieved by 

measuring the amount of incorporated radioactivity contained in 1 µl of RNA solution using a 

scintillation counter. 

3.4.4 Removing the 2’,3’ cyclic phosphate at the 3' -end of RNA 

 Removing the 2’,3’ cyclic phosphate (e.g. generated by cis-cleavage of a 

hammerhead ribozyme) from the 3' -end of RNA molecules is required if the RNA is further 

subjected to 3' -end labelling with pCp by T4 RNA ligase (3.4.3). The enzyme that catalyses 

the removal of a 2’,3’ cyclic phosphate is the T4 polynucleotide kinase (T4 PNK) 

100 mM ATP 2.5 µl 9 mM 
10 U / µl T4 PNK  2.5 µl 0.9 U / µl 

The reaction mix was incubated for another 1 h at 37°C 

3' -end labelling reaction, 6 µl: Final concentration 
10 x T4 RNA ligase buffer  0.6 µl 1 x 
1.5 mM ATP 0.33 µl 82.5 µM 
RNA purified by denaturing PAGE x µl  

(5 to 10 pmol) 
0.83 to 1.66 µM 

[5'-32P] pCp (3000 Ci/mmol, 10 µCi/µl) 4 µl 2.2 µM 
10 U / µl T4 RNA ligase  1 µl 1.67 U / µl 
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which,besides its 5’ kinase activity used for 5' -end phosphorylation of RNA molecules 

(3.4.2), also has a 3’ phosphatase activity. 

 The reaction mix was incubated for 6 h at 37°C. Then 200 µl RNase-free water were 

added and the solution was subjected to phenol / chloroform extraction (3.2.3) followed by 

ethanol precipitation (3.2.2). The pellet was resuspended in 20 µl of RNase-free water and 

the concentration was determined (3.2.6). 

3.4.5 RNA ligation 

 T4 RNA ligase catalyses the ATP-dependent intra- and intermolecular formation of 

phosphodiester bonds between 5'-phosphate and 3'-hydroxyl termini of poly- and 

oligonucleotides, single-stranded RNA and DNA. The minimal donor substrates are 

nucleoside-3’,5’-bisphosphates (e.g. pCp, see 3.4.3) for intermolecular reactions or 

oligonucleotides of 8 bases for intramolecular reactions. 

Removal of 2’,3’ cyclic phosphates, 100 µl: Final concentration 
1 M Imidazole-HCl pH 6.0 10 µl 0.1 M 
10 mM ATP 1 µl 0.1 mM 
RNA solution (24.5 µM) 12.5 µl (300 pmol) 3 µM 
2 M MgCl2 0.5 µl 10 mM 

10 % β-mercaptoethanol 0.7 µl 0.07 % 

2 mg / ml BSA 1 µl 0.02 µg / µl 
RNase-free water 72.3 µl  
10 U / µl T4 PNK  2 µl 0.2 U / µl 

Ligation reaction, 15 µl: Final concentration 
124 pmol / µl weakly labelled RNA with 
5’ phosphate termini (see 3.4.2) 1.7 µl 14 pmol / µl 

45 pmol / µl RNA with 3’ OH termini (e.g. 
a synthetic oligonucleotide) 6.7 µl 20 pmol / µl 

1 M HEPES pH 7.5 1.5 µl 100 mM 
100 mM DTT 1.5 µl 10 mM 
The mixture, consisting of the components above, was heated for 3 min at 90°C and 10 

minutes at 65°C. It was then cooled down slowly (0.02°C / sec) to 16°C in a 

thermocycler. When reaching 16°C, the following components were added: 

250 mM MgCl2 0.9 µl 15 mM 

10 mM ATP 0.75 µl 0.5 mM 
100 % DMSO 0.75 µl 5 % 
15 U / µl T4 RNA ligase 1.5 µl 1.5 U / µl 
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 The reaction mix was incubated overnight (∼ 16 hours) at 16°C, then the RNA was 

precipitated (3.2.2), purified by denaturing PAGE (3.2.1), eluted by diffusion (3.2.5); 

concentrated by ethanol precipitation (3.2.2) and if necessary subjected to 5' -end labelling 

(3.4.2). 

3.4.6 Partial alkaline hydrolysis of RNA 

 The RNA phosphodiester bond between two ribonucleotides can be broken by 

alkaline hydrolysis. Here, the nucleophilic attack of an activated 2'-hydroxyl group results in 

the generation of a 2’,3’ cyclic phosphate and a 5’-hydroxyl as the leaving group. The cyclic 

phosphate is not stable under alkaline conditions and further hydrolysed to either a 2’ or 3’ 

monophosphate. 

 The partial alkaline hydrolysis was performed in NaOH solution (pH ∼12.5) as 

described below. 

 The mixture was incubated for 10 min at 100°C in a heating block. To avoid 

condensation, a hot (> 100°C) metal block was placed on top of the reaction tube. After 

incubation, the reaction tube was placed on ice, the RNA precipitated (3.2.2) and analysed 

by denaturing PAGE (3.2.1). 

3.4.7 Partial hydrolysis by nuclease P1 

 P1 nuclease from Penicillium citrinum is a zinc-dependent enzyme consisting of 270 

amino acid residues. Nuclease P1 (nuclease 5'-nucleotidehydrolase, 3'-phosphohydrolase) 

hydrolyses both 3'-5'-phosphodiester bonds in RNA and heat-denatured DNA (single-

stranded) and 3'-phosphomonoester bonds in mono- and oligonucleotides without base 

specificity. 

 Like RNase P, nuclease P1 generates 5’-phosphate and 3’-hydroxyl termini. 

Therefore, RNA fragments generated by this method were used as size markers for analysis 

of the cleavage products generated by RNase P.  

Alkaline hydrolysis 20 µl: Final concentration 
105 cpm / µl 5' -end labelled RNA 0.5 µl (5 x 104 cpm) 2500 cpm / µl 
50 mM NaOH  19.5 48.8 mM 
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The whole mixture was incubated for 20 sec at 70°C in a heating block. To avoid 

condensation, a hot metal block was placed on top of the reaction tube. After incubation, the 

reaction tube was placed on ice, the RNA precipitated (3.2.2) and analysed by denaturing 

PAGE (3.2.1). 

3.4.8 Iodine induced hydrolysis of phosphorothioate analogue-modified RNA 

 All nucleotide analogues incorporated into RNA during transcription carried 

phosphorothioate modification (one non-bridging phosphate oxygen replaced with sulfur), 

which permits to specifically cleave the nucleic acid chain with iodine at the sites of analogue 

incorporation. Iodine treatment thus results in A-, C-, G- or U-specific sequence ladders on 

denaturing polyacrylamide gels.  

1 mg / ml I2 solution was freshly prepared before use by mixing the components listed 

below: 

The iodine hydrolysis reaction mix was prepared as follows: 

The reaction mix was incubated for 10 to 20 min at 37°C in a thermoshaker. 150 µl RNase-

free water was added to the mixture and the RNA precipitated with ethanol (3.2.2) in the 

presence of NH4OAc and glycogen. The pellet was resuspended in 5 µl of water and 5 µl of 

denaturing gel loading buffer and analysed by denaturing PAGE (3.2.1) to resolve the 

Nuclease P1 hydrolysis 10 µl: Final concentration 

105 cpm / µl 5' -endlabelled RNA 0.5 µl (5 x 104 cpm) 2500 cpm / µl 

carrier RNA (unlabelled RNA; 0.75 µg / µl) 1.5 µl  
10 x nuclease P1 buffer  1 µl 1 x 
RNase free water 6 µl  
The RNA mix was pre-incubated for 1 min at 70°C, then the nuclease P1 enzyme was 
added: 
0.1 ng / µl nuclease P1  1 µl 0.01 ng / µl 

I2 solution, 50 µl: Final concentration 

10 mg / ml I2 in ethanol 5 µl 1 mg / ml 

ethanol abs. 5 µl 20 % 
RNase-free water 40 µl  

Iodine-induced hydrolysis reaction, 50 µl: Final concentration 
5'- or 3' -endlabelled RNA 1 to 10 µl (5 x 104 cpm) 1000 cpm / µl 

100 mM HEPES pH 7.5 5 µl 10 mM 
1 mg / ml I2 solution  5 µl 0.1 mg / ml 

RNase-free water 30 to 39 µl  
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iodine-induced cleavage pattern. 

3.5 Methods for the analysis of RNase P activity 

3.5.1 Kinetic and thermodynamic analysis of RNase P 

 Kinetic experiments can be performed in order to analyse in detail the influence of 

buffer conditions (pH, monovalent cations, divalent cations, anions), chemical modifications, 

deletions and mutations on substrate processing by RNase P. Using appropriate reaction 

conditions, individual steps in RNase P-induced catalysis can be explored. 

 Using an excess of substrate relative to enzyme (Michaelis-Menten conditions), the 

measured reaction velocity is dependend on the slowest reaction step. Each enzyme 

molecule runs through the reaction cycle many times (multiple turnover). In the case of tRNA 

precursor (ptRNA) processing by E. coli P RNA, the rate determining step under conditions 

of 0.1 M MgCl2 and 0.1 M NH4OAC is the dissociation of mature tRNA (tRNA) from the 

enzyme complex (Hardt et al., 1995). 

 The reaction scheme is: 

 

E + S           ES         EP          E +P
k kk

k k
1 32

-1 -3  

 

 where E = P RNA; S = ptRNA; P = tRNA 

 If the enzyme is in excess relative to substrate, each enzyme molecule can maximally 

process one substrate molecule. Thus, it goes through the reaction cycle only once (single 

turnover). In this case, product release does not contribute to the speed of substrate 

conversion. Consequently, the reaction velocity depends on substrate binding (k1, k-1) or on 

the rate of the chemical step (k2). 

3.5.2 Single turnover kinetic experiments 

 In the case of single turnover experiments, the enzyme concentration is much higher 

than the concentration of substrate ([E]>>[S]). Performing single turnover kinetic 

experiments, three different constants could be determined: 

• KM = the enzyme concentration at the half-maximal cleavage rate; 

• kobs = the rate constant observed in the single turnover reaction at a certain enzyme 

concentration; 

• kreact = the rate constant corresponding to the highest possible reaction velocity in a 

single turnover reaction. This condition is met when enzyme concentration becomes 
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saturating. 

 In this work almost all kinetic experiments were performed under single turnover 

conditions and at enzyme concentrations in the saturating range where kreact = kobs. 

Standard protocols for performing single turnover kinetic experiments are described below. 

 P RNA alone reaction 

 5 x S&P buffer, pH 5.0 to 8.2:  

5 M NH4OAc; 250 mM buffering substance (PIPES, MES or HEPES); pH 

as indicated (5.0 to 8.2); 

 Before starting the reaction, enzyme and substrate were preincubated separately in 

the same buffer. The enzyme (E. coli P RNA) was preincubated for 1 h at 37°C and the 

substrate for 5 min at 55°C and 25 minutes at 37°C. 

 

* in some kinetic reactions where the influence of enzyme concentration was analysed, the actual value was 

lower. 

** in this work, acetate or chloride salts of the different divalent cations (Me2+) like Mg2+, Mn2+, Zn2+, Sr2+ etc. 

were used. The concentration of divalent cations varied and it is specified for each set of experiments in the 

Results and Discussion section (4). 

 After preincubation, 4 µl of the substrate solution were mixed with the P RNA solution 

(both solutions were pre-warmed at 37°C). This was considered the reaction start point. The 

P RNA-substrate mix was further incubated at 37°C and aliquots were withdrawn at different 

timepoints. The remaining substrate solution (1.5 µl) was considered the zero control and 

was incubated at 37°C until the last aliquot of the P RNA-substrate mix was withdrawn. The 

RNA of each aliquot including the zero control was precipitated (3.2.2) and analysed by 

denaturing PAGE (3.2.1). For data evaluation, see (3.5.5) 

 RNase P holoenzyme reaction 

 Single turnover kinetic experiments to analyse the reaction catalysed by RNase P 

holoenzymes were carried out similarly with those described for the P RNA alone reaction. 

P RNA preincubation, 16 µl Final concentration 
x µM P RNA  x µl (100 pmol)* 6.25 µM * 
5 x S&P buffer 3.2 µl 1 x 

x mM Me2+ ** x µl x mM 

RNase-free water to 16 µl  

Substrate preincubation, 5.5 µl Final concentration 
5' -endlabelled substrate x µl (20000 cpm) < 1 nM 
5 x reaction buffer 1.1 µl 1 x 

x mM Me2+ ** x µl x mM 

RNase-free water to 5.5 µl  
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Exceptions were the reaction conditions and the enzyme concentration. An additional step 

for reconstitution of the holoenzyme (see below) was performed.  

5 x F buffer:  

   500 mM KCl; 250 mM MES; pH 6; 10 or 50 mM MgCl2 

 

* the concentration of MgCl2 in the 5 x buffer was 10 or 50 mM; the final concentration of MgCl2 in the reaction 

mix was 2 or 10 mM. 

** 16 µl represents the total volume including the volume of P protein. 

*** the P protein was stored at –80°C in small aliquots and thawed shortly before use. For reconstitution of the 

holoenzyme 4 fold excess of B. subtilis and 10 fold of E. coli P protein over the molar concentration of P RNA 

were used. 

The further procedure is identical with that described for the P RNA alone reaction. 

3.5.3 Binding experiments using the gel filtration method  

Binding of ptRNA to E. coli P RNA 

Binding buffer 1:  

1 M NH4OAc; 50 mM MES / NaOH, pH 6.0; 0.1 % SDS; 0.05 % 

Nonidet P40; 5 to 80 mM Me2+ ion salt; 

5 x S&P buffer pH 6:  

5 M NH4OAc; 250 mM MES; pH 6; 

 Binding experiments were performed using self-prepared spin columns (Microspin TM 

columns; Amersham Pharmacia) filled with Sephadex G75. To avoid substrate processing 

by P RNA during gel filtration experiments, divalent cations like Ca2+ and Sr2+ were used 

Enzyme preincubation and holoenzyme reconstitution, 16 µl Final concentration 
x µM P RNA  x µl (2 pmol) 100 nM  
5 x F buffer * 3.2 µl 1 x * 
RNase-free water ** up to 16 µl**  
 incubate 5 min. at 55°C and 50 min.at 37°C 
x µM P protein *** x µl (8 or 20 pmol) 400 or 1000 nM 
 incubate 2 min. at 37°C 

Substrate pre-incubation, 5.5 µl Final concentration 
5’ end labelled substrate x µl (20000 cpm) < 1 nM 
5 x F buffer * 1.1 µl 1 x * 
RNase-free water up to 5.5 µl  
 incubate 5 min. at 55°C and 25 min.at 37°C 
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that allow substrate binding but do support catalysis inefficiently or not at all. 

 2.5 g of Sephadex G75 were suspended in 50 ml binding buffer 1 and left overnight at 

room temperature for swelling. The columns were filled with 800 µl of this suspension, 

placed in a microfuge tube and centrifuged for 1 min at 2000 x g. The tube with the 

flowthrough was removed and the columns with the Sephadex matrix were placed in new 

microfuge tubes. At this stage they were ready to use.  

* for binding experiments, 5 or 80 mM SrCl2 or 2 to 150 mM CaCl2 were used. 

 As in the kinetic experiments, enzyme (P RNA) and substrate (ptRNA) were pre-

incubated separately under the same buffer conditions. The enzyme (P RNA) concentration 

was varied between 0 and 2.5 µM and trace amounts of radiolabelled substrate were used. 

P RNA was preincubated for 1 h at 37°C and the substrate 30 minutes at 37°C.  

 After preincubation, ptRNA was mixed with P RNA and incubated at 37°C for 2 min. 

The entire P RNA-ptRNA mix was transferred onto the Sephadex G75 column, which was 

placed in a microfuge tube and centrifuged for 1 min at 2000 x g. After centrifugation, the 

fraction of ptRNA molecules not bound to P RNA remained in the column matrix, while the 

flow-through contained the fraction of substrate molecules bound to P RNA. With the help of 

a scintillation counter, the yields of radiolabelled RNA within the Sephadex column and in 

the flow-through were determined. This procedure was repeated for all concentrations of P 

RNA (from 0 to 2500 nM). 

 

 

P RNA preincubation, 10 µl Final concentration 
x µM P RNA  x µl (0 to 50 pmol) x µM 
5 x S&P buffer  2 µl 1 x 

x mM Me2+ * x µl as specified 

1 % SDS 1 µl 0.1 % 
0.5 % Nonidet P40 1 µl 0.05 % 
RNase-free water to 10 µl  
   

Substrate preincubation, 10 µl Final concentration 
x µM 5' -endlabelled ptRNA  x µl (4000 cpm) < 1nM 
5 x S&P buffer 2 µl 1 x 

x mM Me2+ * x µl x mM 

1 % SDS 1 µl 0.1 % 
0.5 % Nonidet P40 1 µl 0.05 % 
RNase-free water to 10 µl  
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Binding of ptRNA to B. subtilis RNase P holoenzyme 

Binding buffer 3: 

200 mM NH4OAc; 50 mM Tris / CH3COOH, pH 7.1; 0.05 % Nonidet P40; 

15 mM Ca(OAc)2; 

5 x B3 buffer:  

1 M NH4OAc; 250 mM Tris / CH3COOH, pH 7.1; 

 The procedure applied for preparing the Sephadex matrix was as that described for 

ptRNA binding to P RNA, only that instead of binding buffer 1, the binding buffer 3 was used. 

 The reconstitution of the holoenzyme was performed as described below. Parallel a 

control RNA alone mixture and a dilution buffer were prepared. 

* 10 µl represents the total volume including the volume of P protein. 

 The reconstituted holoenzyme and the RNA alone mixtures were diluted with the 

dilution buffer (prewarmed at 37°C) as follows: 

Reconstitution of the holoenzyme  

 holoenzyme 
(10 µl) 

RNA alone 
(10 µl) 

Dilution buffer 
(1000 µl) Final concentration 

x µM B. subtilis  
P RNA x µl (10 pmol) x µl (10 pmol)  1 µM 

5 x B3 buffer 2 µl 2 µl 200 1 x 
100 mM Ca(OAc)2 1.66 µl 1.66 µl 150 15 mM 

1 % Nonidet P40 0.5 µl 0.5 µl 50 0.05 % 
RNase-free water * to 10 µl * to 10 µl 600  
 Incubate for 1 h at 37°C   
x µM B. subtilis P 
protein x µl (50 pmol)   5 µM 

 Incubate for 15 min. at 37°C   
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All dilutions were incubated at 37°C for 5 min. 

10 µl of substrate mix were mixed with 10 µl of each enzyme (holoenzyme and RNA alone) 

dilution (both prewarmed at 37°C) and incubated for 5 min at 37°C. The further procedure is 

identical with that described for the P RNA alone. 

Data evaluation of ptRNA binding experiments 

 The fraction of bound substrate was calculated as described below: 

 

 cpm total = cpm free substrate + cpm complex                                                           (3.5.1) 

 

where cpm total is the amount of radiolabelled RNA loaded onto the Sephadex column; cpm 

free substrate is the amount of radiolabelled RNA that remained on the matrix; cpm complex is 

the amount of radiolabelled RNA in the flowthrough. 

 In the absence of enzyme, the fraction of cpm retained in the matrix was determined 

as:  

 

Dilution 

of reconstituted holoenzyme mix 

Dilution 

of RNA alone mix 

Final enzyme 

concentration 

Holoenzyme mix Dilution buffer RNA alone mix Dilution buffer  

0 µl 50 µl 0 µl 50 µl 0 nM 

0.5 µl 500 µl 0.5 µl 500 µl 1 nM 

0.5 µl 250 µl 0.5 µl 250 µl 2 nM 

0.5 µl 125 µl 0.5 µl 125 µl 4 nM 

0.5 µl 50 µl 0.5 µl 50 µl 10 nM 

0.5 µl 25 µl 0.5 µl 25 µl 20 nM 

1 µl 25 µl 1 µl 25 µl 40 nM 

2.5 µl 25 µl 2.5 µl 25 µl 100 nM 

Substrate preincubation, 200 µl Final concentration 
x µM 5' -endlabelled ptRNA  x µl (80000 cpm) < 1nM 
5 x B3 buffer 40 µl 1 x 
100 mM Ca(OAc)2 30 µl 15 mM 

1 % Nonidet P40 10 µl 0.05 % 
RNase-free water  up to 200 µl  
 Incubate for 30 minutes at 37°C 
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 f zero = cpm matrix / cpm total                                                                                        (3.5.2) 

 normally determined f zero was ~ 0.05 to 0.1 

Then, the fraction of substrate in complex with the enzyme was calculated: 

 f complex = (cpm complex / cpm total) – fzero                                                           (3.5.3) 

 

f complex was represented as a function of the concentration of free (i.e. unbound) enzyme in 

solution [enzyme]free, considered equal with the total enzyme concentration under conditions 

of E>>S, and the data were fitted (Grafit 3.0, Erithacus Software) to the equation: 

 

f complex = f substrate x [enzyme]free / (Kd + [enzyme]free)                                               (3.5.4) 

 

where f substrate is the fraction of substrate that is able to bind to the enzyme at saturating 

concentration ([enzyme] free → ∞) and Kd is the binding constant, representing the 

concentration of P RNA at which 50 % of the fraction of substrate able to bind (f substrate) is 

in complex with the enzyme. Using this curve fitting algorithm Kd and f substrate values are 

obtained. From the Kd value, the free binding energy of the P RNA-ptRNA complex can be 

calculated according to the equation: 

 

 ∆G = R x T x ln (1 / Kd)                                                                                         (3.5.5) 

 

with R being the gas constant (0.00198 kcal mol
-1

 K
-1) and T the absolute temperature in 

Kelvin. 

3.5.4 Cis-cleavage experiments of P RNA – tRNA tandem constructs 

 In this work, two types of tandem constructs were used: E. coli P RNA covalently 

linked to the 5' -half of tRNA (P RNA - tRNA 5' -half) and E. coli P RNA conjugated to a full-

length tRNA (P RNA - tRNA). In both cases, the enzyme was connected to the (partial) 

substrate by a string of ribonucleotides, the RNA linker, to provide the freedom of movement 

necessary for correct intramolecular alignment of enzyme and substrate. 

4 x annealing buffer:  

   400 mM MES-NaOH or Tris-HCl, pH 5.9 to 7.5; 400 mM NH4Cl 

 Both tandem constructs were preincubated for annealing and folding, followed by 

dilution and concomitant addition of Mg2+ to start the cis-cleavage reaction. The P RNA - 
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tRNA 5' -half was used in combination with the 3' -half of the tRNA in order to reconstitute a 

full-length substrate. 

 A general protocol is described below. Please note that there are variations between 

different sets of experiments and deviations from the standard protocol. The respective 

reaction conditions are specified for individual experimental settings in the Results and 

Discussion section (4.3). 

The annealing mix consisted of: 

or 

The annealing mix was incubated for 1 h at 50°C. Then the components listed below were 

added, mixed thoroughly and incubated for 2 min at 50°C. 

 The cis-cleavage reaction was started by adding 0.76 µl 3 M MgCl2 (final 

concentration 36 mM). Aliqouts were withdrawn at different timepoints, the RNA of each 

aliquot was precipitated (3.2.2) and analysed by denaturing PAGE (3.2.1.). For data 

evaluation, see (3.5.5). 

3.5.5 Data evaluation of RNase P cleavage experiments 

 The reaction products from the kinetic experiments were resolved by denaturing 

PAGE (4.2.1), an image plate was exposed to the polyacrylamide gel for at least 3 h, 

Annealing mix 1, 16.5 µl: (for P RNA - tRNA 5' -half) Final concentration 
4 x annealing buffer 4.125 µl 1 x 
30 mM CaCl2 2.75 µl 5 mM 

5' -endlabelled P RNA - tRNA 5' -half x µl (2 x 104 cpm) ∼ 0.3 nM 
x µM unlabelled P RNA - tRNA 5' -half x µl (0 to 2.52 pmol) 0 to 0.153 µM 
x µM tRNA 3' -half x µl (0.495 to 2525 pmol) 0.03 to 153 µM 
RNase-free water to 16.5 µl  

Annealing mix 2, 16.5 µl: (for P RNA - tRNA) Final concentration 
4 x annealing buffer 4.125 µl 1 x 
30 mM CaCl2 2.75 µl 5 mM 
5' -endlabelled P RNA - tRNA  x µl (2 x 104 cpm) ∼ 0.3 nM 
RNase-free water to 16.5 µl  

Self-cleavage reaction, 63.25 µl: Final concentration 
annealing mix (1 or 2) 16.5 µl 0.26 x annealing mix / buffer 
30 mM CaCl2 7.8 µl 5 mM 

4 x annealing buffer 11.69 µl 0.74 x annealing buffer 
5 M urea 1.27 µl 100 mM 
RNase-free water to 63.25 µl  
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scanned and digitised using a Fuji FLA 3000 phosphorimage analyser and the software 

BasReader. Images were imported into the program AIDA and quantification boxes were 

positioned around bands representing substrate or uncleaved complex and product or 

cleaved complex. The data report, containing the values corresponding to the intensity of 

marked bands, was imported into the curve fitting software (Grafit 3.0) and the fraction of 

product corresponding to each time point was calculated: 

 

f product = I product / (I product + I substrate)                                                                          (3.5.6) 

 

where I product is the band intensity corresponding to product or cleaved complex and I 

substrate is the band intensity corresponding to substrate or uncleaved complex. The fraction 

of product (f product) was corrected by subtracting the fraction of product calculated for the 

zero control (fzero): 

 

fzero = f product when t = 0 

 

The corrected f product was represented as a function of time and the data were fitted to the 

equation: 

 

f product = f endpoint x (1 – e
-kobs x t

)                                                                                  (3.5.7) 

 

where f endpoint represents the maximal fraction of substrate that can be cleaved, t is time 

and k obs is the observed reaction velocity rate constant. 
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4 Results and discussion 

4.1 The role of divalent cations in RNase P RNA catalysis: studies 

with Zn2+ as catalytic cofactor 

 Studies with P RNA from Escherichia coli (structural P RNA subtype A) and Bacillus 

subtilis (subtype B) have implied a specific role for two or more metal ions in substrate 

binding and cleavage chemistry (Smith and Pace, 1993; Warnecke et al., 1996; 1999; Kurz 

& Fierke, 2002). Mg2+ and Mn2+ efficiently support the precursor tRNA (ptRNA) processing 

reaction catalysed by bacterial P RNAs (Smith et al., 1992), which generates 3'-OH and 5'-

phosphate termini. For E. coli P RNA (called also M1 RNA), processing under standard 

assay conditions was reported to be essentially abolished when Mg2+ (earth alkaline metal) 

or Mn2+ (transition metal) was replaced with other earth alkaline metals such as Sr2+ or 

other transition metal ions such as Zn2+, Co2+ or Ni2+, or Co(NH3)63+ as a potential mimic 

of hexaaquo Mg2+ (Guerrier-Takada et al., 1986; Brannvall & Kirsebom, 2001). Ca2+, as an 

exception, supported the reaction, although inefficiently (Smith et al., 1992; Brannvall & 

Kirsebom, 2001). While the ribozyme failed to cleave the substrate in the presence of Ba2+, 

Sr2+, Zn2+ or Co(NH3)63+ alone, some cleavage activity was restored with the combinations 

Zn2+/Sr2+, Zn2+/Ba2+ or Zn2+/Co(NH3)63+ (Brannvall & Kirsebom, 2001). Catalysis by E. 

coli P RNA with Sr2+ or Ba2+ alone has only been observed with low efficiency under very 

specialised conditions (at pH >> 7 and in the presence of ethanol; Kazakov & Altman, 1991). 

From Pb2+-induced hydrolysis patterns of E. coli P RNA generated in the presence of 

different divalent metal ions and Co(NH3)63+ (Brannvall et al., 2001), it was concluded that 

E. coli P RNA conformation is very similar in the presence of earth alkaline metal ions 

(Mg2+, Ca2+, Sr2+ and Ba2+), Mn2+ and apparently also Co(NH3)63+, whereas other 

transition metals, such as Zn2+ and particularly Cd2+, Co2+, Cu2+ and Ni2+ induce changes 

of the native E. coli P RNA conformation.  

 To obtain a deeper insight into how different metal ions modulate this ribozyme 

system, the effects of Zn2+ and Sr2+ on different aspects of processing by E. coli P RNA 

were investigated in this study, namely catalysis and its inhibition by Sr2+ in particular, 

enzyme-substrate affinity and changes in the fraction of substrate able to bind to the 

enzyme. The well-characterised bacterial ptRNAGly, used as the substrate for processing by 

E. coli P RNA, is illustrated in Fig. 4.1.1, including the variants carrying single-site 2'-ribose 
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modifications at nt –1. These were obtained by ligation of a synthetic oligonucleotide (24-

mer oligonucleotide with 3’-OH termini, representing the first 24 bases from the 5’ end; Fig. 

4.1.1) to the 3’ portion of a tRNA starting with position +18 in the ptRNA (tRNA18-79, 

obtained by in vitro transcription) and carrying a 5’ phosphate terminus. Catalysis was 

analysed under single turnover conditions (E>>S), and all assays included a relatively high 

monovalent salt concentration (1 M NH4OAc) to focus on roles of metal ions which cannot 

be replaced by monovalent cations. The pH of 6.65 was chosen to combine substantial 

substrate turnover with conditions under which the rate of cleavage is determined mainly by 

the cleavage chemistry (Warnecke et al., 1996).  

 

 

Fig. 4.1.1: Secondary structure of the ptRNAGly 

substrate. 2'-ribose modifications introduced at 

the canonical RNase P cleavage site (nt -1) are 

illustrated in the grey-shaded box on the left. The 

arrow marks the canonical RNase P cleavage 

site between nt -1 and +1. For further details, see 

Persson et al., 2003. 

4.1.1 E. coli P RNA catalysis with Zn2+ as the sole divalent metal ion and 

Zn2+/ Sr2+ combinations 

  In this study it is shown that E. coli P RNA catalysis occurs in the presence of Zn2+ as 

the only divalent metal ion present in the cleavage assay (termed Zn2+ alone conditions in 

the following; Fig. 4.1.2), an observation that contrasts with findings from previous studies 

(Guerrier-Takada et al., 1986; Brannvall & Kirsebom, 2001). This discrepancy can be 

explained by the fact that here experiments were performed under single turnover conditions 

(E>>S) and in the presence of high concentrations of NH4OAc. The catalysis with Zn2+ was 

supported only in the presence of ammonium salts (Fig. 4.1.2 A). The nature of the counter 

anion (chloride or acetate) was not critical (Fig. 4.1.2 A), although some RNA degradation 

was observed with chloride salts. With potassium or sodium instead of ammonium salts, E. 

coli P RNA-catalysed cleavage under Zn2+-alone conditions was not detected (Fig. 4.1.2 A). 

One explanation for this could be that some of the water ligands surrounding the Zn2+ ions 

are replaced with ammonia (Cotton & Wilkinson, 1988) as a requirement to be able to sustain 
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catalysis by E. coli P RNA.  

  Although proficient in catalysis (see Fig. 4.1.2), Zn2+ was unable to support 

thermodynamically stable E•S complex formation (4.1.2 and Fig. 4.1.5), in contrast to other 

divalent metal ions, such as Mg2+ and Mn2+, which support both E•S complex formation and 

cleavage. Yet selection of the canonical cleavage site (between nt –1 and +1) was not 

changed in the presence of Zn2+ alone (relative to Mg2+ alone; data not shown), despite the 

very low substrate affinity under Zn2+ alone conditions. This shows that low affinity substrate 

ground state binding not necessarily favours aberrant cleavage (between nt –2 and –1) 

relative to cleavage at the canonical site. One interpretation is that the large activation 

barrier difference for aberrant cleavage (at –2/–1) relative to canonical cleavage (–1/+1) is 

maintained under these conditions. In conclusion, P RNA catalysis with Zn2+ as the metal 

Fig. 4.1.2: Processing of all-ribose ptRNAGly by E. coli P RNA under single turnover conditions at 37°C in the 

presence of 20 mM Zn2+. (A) dependence on the type of monovalent cation; processing occurred in the 

presence of ammonium, but not sodium or potassium salts; reaction conditions: 5 µM P RNA, < 1 nM ptRNA, 

50 mM PIPES, pH 6.65, 1 M monovalent salt as indicated, 20 mM ZnCl2 or Zn(OAc)2; control lanes 1, 6, 11, 

16, 21: incubation for 2 h in the absence of P RNA; time points were 5 min (lanes 2, 7, 12, 17, 22), 20 min 

(lanes 3, 8, 13, 18), 1 h (lanes 4, 9, 14, 19) and 2 h (lanes 5, 10, 15, 20); lanes 21 and 22 (C1 , C2) are equal 

to lanes 1 and 2. (B) assay documenting that no processing occurs in the presence of Sr2+ as the sole metal 

ion; reaction conditions: 5 µM P RNA, < 1 nM ptRNA, 50 mM PIPES, pH 6.65, 1 M NH4OAc and 100 mM 

SrCl2 (left) or 20 mM ZnCl2 (right). Control lanes 1 and 6: incubation for 3 h in the absence of P RNA; time 

points were 5 min (lane 7), 20 min (lanes 2, 8), 40 min (lane 3), 1 h (lanes 4, 9) and 3 h (lanes 5, 10). 
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cofactor represents a ribozyme case where the specific transition state is achieved despite a 

dramatic destabilisation of substrate ground state binding.  

 In contrast to Zn2+, Sr2+ alone did not support E. coli P RNA catalysis (Fig. 4.1.2 B) 

but mediated ground state binding (4.1.2 and Fig. 4.1.5). In the combination with Zn2+, Sr2+ 

stimulated the cleavage reaction at low concentrations by increasing E•S complex formation 

but inhibited catalysis at higher concentrations (Fig. 4.1.3 A). The failure of Sr2+ to support 

catalysis as well as the inhibition by Sr2+ under standard assay conditions can be attributed 

to a coordination geometry different from the canonical octahedral Mg2+. Indeed, a 

coordination geometry resembling a slightly distorted trigonal prism and involving nine 

oxygen atoms (four ribose hydroxyl groups and five waters) was observed for a Sr2+ ion in 

the crystal structure of the tRNAAla acceptor stem (Mueller et al., 1999). Taking into account 

that four hydroxyl groups are inner-sphere ligands of this Sr2+ ion, whereas inner-sphere 

coordination of 2'-OH ligands to Mg2+ seems to be rare (Juneau et al., 2001), it is an 

intriguing possibility that Sr2+ fails to support E. coli P RNA catalysis due to inner-sphere 

coordination to the 2-OH at nt –1 of the substrate. A role for this substituent in Sr2+ binding 

is indeed indicated by a weaker inhibitory effect of Sr2+ in the context of the ptRNA substrate 

with a 2’-F modification at nt –1 (Fig. 4.1.7 A).  

 

Fig. 4.1.3: Processing rates as a function of increasing concentrations of SrCl2 (A) or Co(NH3)6Cl3 (B); reaction 

conditions: 5 µM E. coli P RNA, < 1 nM ptRNA, 50 mM PIPES, pH 6.65, 1 M NH4OAc, 20 mM Zn(OAc)2; 

transition points between the stimulatory and inhibitory phases of the curves are marked by broken lines. 
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 The inability of Zn2+ to mediate high affinity substrate binding suggested the potential 

to use Zn2+ as a specific tool to study catalysis apart from E•S complex formation. This, 

however, turned out to be difficult because saturating enzyme concentrations could only be  

reached when a second non-catalytic metal ion was present that promotes substrate binding 

but does not support catalysis, such as Sr2+. Unfortunately, Sr2+ also inhibited catalysis 

(Fig. 4.1.3 A). Analysis of ptRNA processing under single turnover conditions by E. coli P 

RNA in the presence of Zn2+ and increasing concentrations of Sr2+ resulted in complex 

velocity versus [Sr2+] curves with ascending and descending sections (Fig. 4.1.3 A; Fig. 

4.1.7 and Fig. 4.1.8). This suggested that two different Sr2+ ions (or classes of ions) affected 

the cleavage reaction under these experimental conditions. Similar results were observed 

with Co(NH3)63+ instead of Sr2+ (Fig. 4.1.3 B). 

 Hill analyses of E. coli P RNA-catalysed cleavage in the presence of Zn2+ alone or 

Zn2+ / Sr2+ or Zn2+ / Co(NH3)63+ combinations revealed an involvement of two or more 

Fig. 4.1.4: Zn2+-dependence of P RNA-catalysed 

cleavage of all-ribose ptRNAGly (Hill analysis). The Zn2+-

concentration was varied in the range of 0 to 80 mM. (A), 

at constant [Sr2+] (12 mM) and pH 6.0. (B), in the 

absence of a second metal ion at pH 6.5. (C), at constant 

[Co(NH3)6
3+] (20 mM) and pH 6.0. Data were analysed 

by non-linear regression analysis using the Hill equation v 

= Vmax • [Zn2+]n / (K'Zn + [Zn2+]n). The Hill coefficient 

(nH) was determined as 2.2 ± 0.03 in (A), 2.8 ± 0.02 in 

(B) and 1.80 ± 0.04 in (C). 
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Zn2+ ions or classes of Zn2+ ion binding sites (Fig. 4.1.4). This result is similar to those 

obtained with Mg2+ as the metal ion cofactor (Smith and Pace, 1993). These authors 

concluded that at least three Mg2+ ions take part in the catalytic step.  

4.1.2 Zn2+/ Sr2+ dependence of substrate binding to E. coli P RNA 

 Binding of ptRNAGly to E. coli P RNA was analysed as a function of Zn2+ and Sr2+. 

Kd measurements (Fig. 4.1.5) were performed with trace amounts of 32P-labelled ptRNA 

and varying excess amounts of enzyme using a gel filtration spin column assay (Warnecke 

et al., 1999; Beebe & Fierke, 1994). The results are summarised in Table 4.1.1. 

 

 

Table 4.1.1 Influence of Zn2+, Sr2+ and/or Co(NH3)6
3+ on ptRNA binding 

metal ion(s) 

transition Me2+ other 
Kd (nM) average endpoint 

-- -- 10,000 ± 3,000 0.66 

20 mM Zn2+ -- ≥ 20,000 n. d. * 

20 mM Cd2+ -- 2,100 ± 400 0.75 

-- 5 mM Sr2+ 240 ± 15 0.93 

20 mM Zn2+ 5 mM Sr2+ 700 ± 300 0.59 

-- 80 mM Sr2+ 4 ± 0.5 0.98 

20 mM Zn2+ 80 mM Sr2+ 9 ± 0.5 0.92 

20 mM Zn2+ 5 mM Co(NH3)63+ 2,486 ± 400 0.55 

-- 20 mM Co(NH3)63+ 751 ± 200 0.75 

20 mM Zn2+ 20 mM Co(NH3)63+ 350 ± 120 0.65 

-- 80 mM Co(NH3)63+ 79 ± 35 0.26 

20 mM Zn2+ 80 mM Co(NH3)63+ 53 ± 6 0.28 

 

Kd and endpoint values (n. d. = not determined) could not be determined with reasonably low errors due to 

very low ribozyme-substrate affinity; the Kd of 20000 nM in the presence of 20 mM Zn2+ alone is a lower limit 

estimate. 
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 In the absence of any divalent metal ion, a Kd of about 10 µM was measured under 

standard assay conditions. The Kd increased to ≥ 20 µM in the presence of 20 mM Zn2+, 

demonstrating that Zn2+ destabilises substrate ground state binding. Another transition 

metal ion, Cd2+, supported E•S formation poorly as well, although more efficiently than 

Zn2+. In contrast to these transition metal ions, Sr2+ or Co(NH3)63+ support substrate 

binding, with Sr2+ being more efficient than Co(NH3)63+. Kd values in the presence of 20 

mM Zn2+ progressively decreased with increasing Sr2+ concentrations (Fig. 4.1.5 A). 

However, at all tested Sr2+ concentrations (5, 10, 20, 40 and 80 mM), addition of 20 mM 

Zn2+ resulted in a constant 2 to 3-fold increase in Kd, indicating that Sr2+ is unable to 

displace Zn2+ (or to compensate its deleterious effects) at some sites where it directly or 

indirectly impairs high affinity substrate binding. Moreover, the proportion of substrate that is 

able to form a stable complex under conditions of enzyme saturation (Fig. 4.1.5 A, numbers 

above bars) decreased with increasing ratios of [Zn2+] to [Sr2+], for example the binding-

Fig. 4.1.5: Kd values for ptRNAGly binding to E. 

coli P RNA determined by the spin column assay 

(Beebe and Fierke, 1994; Warnecke et al., 1999). 

Assay buffers contained 50 mM MES, pH 6.0, 1 M 

NH4OAc and indicated concentrations of Sr2+ 

and/or Zn2+ (or Cd2+). (A) Bar diagram of log Kd 

dependence on Sr2+ and/or Zn2+ (or Cd2+) 

concentration as indicated below the diagram. 

Values above bars represent the proportion of 

ptRNAGly that was able to form a complex with P 

RNA at the theoretical endpoint (P RNA 

saturation), normalised to conditions of 40 mM 

Sr2+. Asterisk above the black bar for conditions 

of 20 mM Zn2+ alone: the experimental endpoint 

could not be reached due to very weak complex 

formation, which resulted in high errors for Kd 

determinations; the Kd of ≥ 20 µM is therefore 

only an estimate. Error bars indicate errors 

obtained from the average of four independent 

experiments. (B) Hill plot analysis of Kd 

dependence on Sr2+ concentration. f = (minimal 

Kd) / (observed Kd); the minimal Kd at saturating 

Sr2+ concentrations was determined to be 2 nM. 
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proficient substrate fraction at 20 mM Zn2+ increased from 0.59 to 0.92 (normalised to 1.0, 

measured for 40 mM Sr2+ alone, Fig. 4.1.5 A) at 5 and 80 mM Sr2+, respectively. Hill 

analysis of Kd in the presence of varying concentrations of Sr2+ and in the absence of Zn2+ 

gave a slope of nH = 1.8 (Fig. 4.1.5 B), suggesting that binding of at least two Sr2+ ions 

contributes to enzyme-substrate complex formation under the applied conditions. 

 Since Kd reflects structural properties of enzyme and substrate, the Zn2+ binding 

sites responsible for this Kd increase may be located on the substrate and/or enzyme. To 

understand the structural effects of Zn2+ observed in the presented study, it is instructive to 

inspect the Zn2+ binding sites detected in yeast tRNAPhe crystals (Rubin et al., 1983). Five 

bound Zn2+ ions were identified, two of which, Zn (1) and Zn (2), replaced tightly bound 

Mg2+ ions in the U8-U12 region and in the D loop (corresponding to the Mg2+ binding sites 1 

and 3 in Jovine et al., 2000), one, Zn (3), overlapped with the weak Mg2+ binding site 7 of 

Jovine et al., and the remaining two, Zn (4, 5), being Zn2+- or transition metal ion-specific 

sites in base-paired regions. All five Zn2+ ions were coordinated tetrahedrally, and four of 

them were bound by direct coordination to a guanine N7 at positions where the G residue is 

flanked by a purine residue on its 5' side. Based on these observations, Zn2+ may well 

cause specific changes of tRNA conformation or may occupy novel Zn2+-specific sites that 

disturb ptRNA interaction with E. coli P RNA. The preference of Zn2+ for purine-guanine 

dinucleotides also in paired regions implies that (a) some Zn2+ binding sites may directly 

perturb E•S contacts involving acceptor and T stems regions and (b) that effects of Zn2+ will 

be to some extent sequence-specific and thus specific for every individual RNA under 

investigation. 

 Co(NH3)63+ also decreased the Kd (Table 4.1.1), but substrate affinity was lower 

relative to equal concentrations of Sr2+, suggesting that Co(NH3)63+ is a rather inefficient 

substitute for hexahydrated Mg2+ in this system. Whereas Kd values in the presence of Sr2+ 

were generally increased by addition of 20 mM Zn2+ (Fig. 4.1.5 A), addition of 20 mM Zn2+ 

to 20 or 80 mM Co(NH3)63+ (Table 4.1.1) tended to lower Kd to some extent compared with 

the corresponding Co(NH3)63+ alone conditions. This suggests that Zn2+ and Co(NH3)63+ 

weakly complement each other in promoting E•S complex formation. Remarkably, higher 

concentrations (e.g. 80 mM) of Co(NH3)63+ substantially lowered the proportion of ptRNA 

capable of complex formation (compared to Sr2+) under saturating enzyme concentrations 

(0.26 for 80 mM Co(NH3)63+ versus 0.98 for 80 mM Sr2+; Table 4.1.1). 
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4.1.3 Processing of substrates with 2’-ribose modifications at nt –1 in the 

presence of Zn2+/ Sr2+ 

  A model of the P RNA cleavage mechanism (Chen and Gegenheimer, 1997; Fig. 

4.1.6, model I) proposes that one Mg2+ ion (Mg[B]) simultaneously interacts with the OH– 

nucleophile and the 2'-OH at position –1 of the substrate and directly coordinates to the pro-

Rp phosphate oxygen at the cleavage site. In an alternative model (Fig. 4.1.6, model II), two 

metal ions (Mg[A] and Mg[B]) directly coordinate to the pro-Rp oxygen, but Mg[A] instead of 

Mg[B] coordinates the OH– nucleophile (Warnecke et al., 1996; Kuimelis & McLaughlin, 

1998). In both models, Mg[B] interacts with the 2'-OH group at nt –1 of the substrate. The 

possibility that Sr2+ displaces catalytically important Zn2+ at the aforementioned metal ion 

binding site B was addressed in this study, assuming that the binding sites for the two 

different metal ions overlap to such an extent that their binding is mutually exclusive. 

Recently it was shown that 2'-substitutions at nt –1 of ptRNA decreased cleavage efficiency 

by E. coli P RNA in the order 2'-H ≤ 2'-N < 2'-F < 2'-OH under conditions of rate-limiting 

chemistry (Persson et al., 2003). Assuming that Sr2+ indeed displaces a Zn2+ ion that is 

bound to site B involving the 2'-OH at nt –1 of ptRNA (Fig. 4.1.6), one would expect that 

Fig. 4.1.6: Transition state models for 

phosphodiester hydrolysis by E. coli P RNA. The 

single 2'-hydroxyl at nt –1 (in blue) was replaced 

with a 2’-deoxy, 2’-amino or 2’-fluoro group in the 

modified substrates analysed in Fig. 4.1.7. Putative, 

catalytically important Mg2+ ions are shown in red 

and magenta; metal ion site B was in the focus of 

the present study. The transition state model for 

hydrolysis of the scissile phosphodiester connecting 

nt +1 and –1 is derived from that proposed in Chen 

and Gegenheimer, 1997, according to which the 

Mg2+ ion at site B (Mg[B]) directly coordinates to the 

pro-Rp phosphate oxygen and simultaneously 

interacts with the OH- nucleophile (in green) and the 

2' OH at position –1 (model I). Alternatively, two 

magnesium ions Mg[A] and Mg[B] may directly 

coordinate to the pro-Rp oxygen, but Mg[A] instead 

of Mg[B] coordinates the OH- nucleophile 

(Warnecke et al., 1996; Kuimelis & McLaughlin, 

1998; model II). 
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these 2‘-modifications change the affinities of Zn2+ and Sr2+ (which largely differ in their 

electronic properties and the details of their coordination spheres) to different extents. In 

contrast, the competition profile should be much less affected if Sr2+ displaces catalytic Zn2+ 

at another than site B, where metal ion coordination is not directly dependent on the 2‘-

hydroxyl at nt –1.  

In fact, the concentration of Sr2+ at the transition point between the stimulatory and 

inhibitory phases of the curve was substantially shifted towards higher Sr2+ concentrations 

(20 to 40 mM versus 3.5 mM, Fig. 4.1.7 A) when the 2'-OH at nt –1 was replaced with a 2'-F, 

2'-N or 2'-H substituent. To determine if this shift in the inflection point of the curve is a 

specific feature associated with the 2’-ribose modifications at nt –1 rather than a general 

effect, for example related to a reduction in the rate of the chemical step (kchem), the Sr2+ 

dependence of cleavage rate was analysed for the all-ribose substrate at two lower pH 

values to reduce the rate of the chemical step (kchem). When the changes in the inflection 

point observed are exclusively due to the ribose modifications at nt –1, one would expect the 

same inflection point for all pH values. However, the inflection point of these curves shifted 

Fig. 4.1.7: Processing by E. coli P RNA of all-ribose 

ptRNAGly (2'-OH) and variants thereof with a single 2'-

fluoro (2'-F), 2'-deoxy (2'-H) or 2'-amino (2'-N) 

modification at nt –1. (A) Processing rates in the 

presence of 20 mM Zn2+ and varying concentrations of 

Sr2+ at pH 6.65. Dashed lines mark inflection points 

between stimulatory and inhibitory phases of curves. 

The inset shows the magnified curves for the 2'-H- and 

2'-N-modified substrates. (B) Processing rates for all-

ribose ptRNAGly at three different pH values. (C) As in 

(B), but using the 2'-F-modified ptRNAGly.  
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toward higher Sr2+ concentrations with decreasing pH (Fig. 4.1.7 B), which also holds for 

cleavage of the 2’-F ptRNA measured at the same pH values (Fig. 4.1.7 C). These findings 

suggested that it might be difficult to extract metal ion-specific information based on changes 

of the inflection point between the stimulatory and inhibitory phases.  

4.1.4 The effect of enzyme concentration on the inhibition by Sr2+ 

 The affinity measurements (Fig. 4.1.5 A) showed that an enzyme concentration of 5 

Fig. 4.1.8: Sensitivity of Sr2+-dependent processing rates to differences in [E]. (A), all-ribose ptRNAGly (2'-OH); (B), 

2'-F-ptRNAGly; (C, D) Secondary v0/vi plots of the data (v0 = kobs in the absence of Sr2+; vi = kobs at the respective 

Sr2+ concentration) from (A) and (B). Data fitting was best with the model depicted in Fig. 4.1.9 A, using equation 

4.1.1 (see below); curve fits yielded the following values for αKI(a) and βKI: 1.46 ± 0.46 mM and 0.72 ± 0.025 mM 

(panel C, 1.4 µM E. coli P RNA, 2’-OH), 1.49 ± 0.45 mM and 0.72 ± 0.005 mM (panel C, 5 µM E. coli P RNA, 2’-

OH), 3.5 ± 0.4 mM and 9.1 ± 2.1 mM (panel D, 1.4 µM E. coli P RNA, 2’-F) and 2.2 ± 0.2 mM and 11 ± 0.8 mM 

(panel D, 5 µM E. coli P RNA, 2’-F); estimates for KS were 50 and 120 µM in panels C and D, respectively. 
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µM was subsaturating at 20 mM Zn2+ and < 5 mM Sr2+. Since the stimulatory effect of Sr2+ 

at low concentrations was attributed to its stabilisation of E•S complexes, changes in 

enzyme concentration [E] were also expected to affect the inflection point between the 

stimulatory and inhibitory phases. Indeed, Sr2+-dependence of processing rate displayed 

changes in the inflection point between the two phases for the all-ribose as well as the 2’-F 

ptRNA when monitored at enzyme concentrations of 5 versus 1.4 µM (Fig. 4.1.8 A, B).  

4.1.5 Mode of inhibition and stimulation by Sr2+ 

 In this study a kinetic model that describes both the inhibition and stimulation of E. 

coli P RNA catalysis by Sr2+ ions was proposed. As discussed previously, the Hill plot 

analysis in Fig. 4.1.5 B and the biphasic curves obtained by plotting the reaction velocity 

(kobs) versus [Sr2+] suggested that at least two Sr2+ ions contribute to E•S complex 

 

Fig. 4.1.9: (A) Equilibria for the E. coli P RNA-catalysed 

processing reaction in the presence of constant [Zn2+] as 

the catalytic cofactor and varying concentrations of [Sr2+] 

that activate the reaction at low but inhibit at higher 

concentrations. The model involves two Sr2+ ions (or two 

classes of Sr2+ ions) that both improve substrate affinity 

in a cooperative manner (see Fig. 4.1.5), but one of the 

two inhibiting substrate conversion noncompetitively with respect to the substrate. I(a) = Sr2+ ion that activates 

processing by decreasing KS to αKS; I = inhibitory Sr2+ ion that inhibits cleavage chemistry but also decreases 

KS to ßKS. (B) Dixon plot of the E. coli P RNA-catalysed ptRNA cleavage rate at 37°C as a function of [Sr2+] in 

the presence of four different fixed Zn2+ concentrations and 5 µM E. coli P RNA, < 1 nM ptRNA, 50 mM PIPES, 

pH 6.65, and 1 M NH4OAc; open circles, 8.1 mM Zn2+; filled circles, 10 mM Zn2+; open squares, 15 mM Zn2+; 

filled triangles, 20 mM Zn2+. All four data sets fit to straight lines intersecting on the x-axis, indicating that Sr2+ 

acts as a noncompetitive inhibitor with respect to Zn2+ 
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formation. This model (Fig. 4.1.9 A) assumes that there are two Sr2+ ions involved, both 

mediating substrate binding to E. coli P RNA and one of these two inhibiting substrate 

conversion.  

According to this model the following formula (the derivation of this formula is described in 

appendix 1) was obtained: 

 The data of Fig. 4.1.8 A and B were then replotted as v0 / vi (v0 and vi correspond to 

kobs in the absence and presence of Sr2+, respectively; Fig. 4.1.8 C and D). The best fit of 

the data was obtained utilising equation 4.1.1 (see above) based on the model outlined in 

Fig. 4.1.9 A. The two Sr2+ ions involved may well be those suggested by the Hill coefficient 

of the binding data in Fig. 4.1.5 B. The fact that both Sr2+ ions contribute to formation of high 

affinity E•S complexes is accounted for by introducing the interaction factors α and β in the 

scheme of Fig. 4.1.9 A. Other models, for example assuming the involvement of two 

“activating“ and one inhibitory Sr2+ ion or predicting that E•I•S and E•S•I(a)•I complexes 

retain residual reactivity, failed to give satisfactory curve fits of the data.  

 In order to investigate the inhibition type of Sr2+ with respect to Zn2+, kinetic 

experiments were performed by varying the Sr2+ concentration between 10 and 40 mM at 

four different Zn2+ concentrations. Under these conditions, the enzyme concentration (5 µM) 

was assumed to be saturating at all variations of Sr2+ and Zn2+, even at the combination 10 

mM Sr2+ and 20 mM Zn2+, where a Kd of about 250 nM was determined (Fig. 4.1.5 A). 

Thus, cleavage chemistry was expected to limit the rate of substrate turnover. The Dixon plot 

of the data (Fig. 4.1.9 B) suggests that Sr2+ inhibition is noncompetitive with respect to 

Zn2+, arguing against a direct displacement of catalytic Zn2+ by a Sr2+ ion at the 

aforementioned metal ion site [B] (Fig. 4.1.6). 

 

   + [E]  (1+ (        +            )  [I] +    [I]  KS                            )
1 1

1

1

β  KI α  KI(a)

α  KI(a)

α  β  K KI  I(a)v0

vi
 (1 +               [I]) (  + [E])KS

=

2

(4.1.1) 
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4.2 Chemical modification studies: the role of 2’-hydroxyls at the 

cleavage site and neighbouring positions 

 The presence of the 2’ OH group on the RNA pentose sugar ring is at the origin of the 

profound structural and dynamical differences observed between RNA and DNA molecules. 

Structural and biophysical studies have led to the conclusion that the additional 2’ OH group 

stabilises the C 3' -endo pucker (Fig. 4.2.1 B) typical of RNA, compared with the C 2' -endo 

pucker prevalent in DNA (Sanger, 1984; Fig. 4.2.1 A). Yet, a precise knowledge of the 

orientation and dynamics of the 2’ OH substituent, which is an important RNA recognition 

element, is essential to clarify its specific structural contribution to the stabilisation of helical 

regions, complex RNA tertiary folds and RNA / protein interactions. This knowledge will be 

useful in the study of the mechanisms of catalytic RNA molecules, which all depend on direct 

or indirect contributions from 2’ OH groups (Gesteland & Atkins, 1993; Eckstein & Lilley, 

1996). 

 In this work the role of the 2’ OH groups within the ptRNA substrate in the RNase P -

catalysed cleavage was examined. The studies required modification of this group followed 

by analysis of the modified RNAs. Chemical modifications were introduced by ligation of 

chemically synthesised 24-mer oligoribonucleotides to the 3’ portion of a glycine tRNA 

(tRNA18-79) starting with position +18 according to the tRNA numbering system. The ligation 

site was in the tRNA D loop, marked by the red circle (Fig. 4.2.2). The following modified 

                             A                                                                      B 

Fig. 4.2.1: The conformations of sugar rings found in nucleic acids; (A) C 2' -endo (type S) conformation typical 

of DNA that form B-type helices; (B) C 3' -endo (type N) conformation typical of RNA forming A-type helices 
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ptRNAs were analysed: variants with locked nucleic acid (LNA; see Fig. 4.2.2 left) 

modifications at nucleotide (nt) positions –2 (TLNA –2), –1 (TLNA –1) and +1 (GLNA +1), 2’-

deoxy modifications at nt –1 (2’ H –1) and +1 (2’ H +1), 2’-fluoro at nt –1 (2’ F –1) and 2’-

methoxy at –1 (2’ OCH3 –1) and +1 (2’ OCH3 +1). An unmodified ptRNA [r (T –1, T –2)] was 

used as reference. The ptRNA variants 2’ H –1 and 2’ F –1 contained a uracil (U) and 

cytosine (C) at nt –2 and –1 (see Fig. 4.1.1) while all other substrates mentioned above had 

a ribo-thymine at both positions (Fig. 4.2.2). Therefore, for these two variants a second 

substrate with U at nt –2 and C at nt –1 [r (C –1)] was used as reference. 

 LNA monomers (2’-O,4’-C-methylene-‚-D-ribofuranosyl nucleotide) are nucleotide 

analogues with a bicyclic furanose unit locked in an RNA-mimicking C 3' -endo sugar 

conformation (Obika et al., 1997; Singh et al., 1998; Koshkin et al., 1998). Duplexes 

involving LNA’s (hybridised with either DNA or RNA) display an unprecedented increase of 

the melting temperature, ranging from 4°C to 9.3°C per modification compared to the 

corresponding unmodified reference duplex. In contrast to nucleotides with a flexible ribose 

ring which exist in a fast equilibrium between C 3’- and C 2' -endo conformation (the N, S 

two-state model; Altona & Sundaralingam 1972; 1973), the LNA-modified nucleotides adopt 

a rigid C 3' -endo conformation. The positions flanking an LNA modification adopt sugar 

conformations with a significantly increased population of the N-type (C 3' -endo) conformer 

(Nielsen et al., 1999; 2000; Petersen et al., 2000; 2002). The 2’ substituent of the LNA -

modified nucleoside is a good H-bond acceptor but lacks an H-bond donor function. Some 

sterical effects caused by the methylene bridge of LNA have to be taken into consideration 

as well.  

 

 

Fig. 4.2.2: Secondary structure of the 

ptRNAGly substrate. Modified bases at and 

around the canonical RNase P cleavage 

site (between nt –1 and +1, marked by the 

arrow) are illustrated by the grey-shaded 

box. In the grey box on the left an LNA 

modification is illustrated. Please note that 

the sequence of the ptRNA variants r (C –

1), 2’ H –1 and 2’ F –1 differs at nt –1 and 

–2 from that shown here; compare with 

Fig. 4.1.1. 
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  In contrast to LNA, 2’ fluoro nucleosides have a flexible sugar conformation and 

similar to LNA lack the H-bond donor function, but may retain some acceptor activity, 

although weaker than LNA.  

 2’ deoxy nucleosides have neither an H-bond donor nor acceptor function, while the 

conformation of the sugar moiety is flexible, although the deoxynucleosides show a 

preference for the C 2' -endo conformation. 

 2’ methoxy nucleosides have properties similar to LNA. They lack the H-bond donor 

function but can accept H-bonds with similar strength as LNA. In contrast to LNA, the ribose 

conformation of 2’ methoxy nucleosides is flexible. The location of the methyl group is similar 

but not identical to that of the methylene group in LNA. Therefore, sterical effects caused by 

these groups are not necessarily identical but may overlap to some extent. 

4.2.1 Ground state binding of ptRNAs carrying 2’-ribose modifications  

 The affinity of ptRNA to E. coli P RNA was investigated using the gel filtration spin 

column assay (see 3.5.3; Warnecke et al., 1999; Beebe & Fierke, 1994) in the presence of 

Sr2+ (5 or 80 mM) or Ca2+ (15 mM). These metal ions were selected in order to avoid 

significant cleavage by E. coli P RNA during binding experiments. Kd measurements (Fig. 

4.2.3) were performed with trace amounts of 32P-labelled ptRNA variants and varying 

excess amounts of enzyme. The results are summarised in Table 4.2.1. 

Fig. 4.2.3: Ground state binding of 2’-ribose modified ptRNAs to E. coli P RNA in the presence of 1 M NH4OAc, 

0.1 % SDS, 0.05 % Nonidet P40, 50 mM MES, pH 6.0 and 5 mM Sr2+ (A), 15 mM Ca2+ (B) and 80 mM Sr2+ 

(C). The binding experiments were performed according to 3.5.3. The numbers above the columns indicate the 

fraction of substrate able to bind under enzyme saturation conditions normalised to the fraction measured for 2’ 

H +1 at 15 mM Ca2+. The variants highlighted in blue represent those with a C at nt –1 and a U at nt –2, while 

those shown in black correspond to substrates with a ribo T at nt –1 and –2. 
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 The modifications introduced into ptRNA substrates at nt –1 and +1 affected ptRNA 

binding. The TLNA –2 variant had a slightly reduced binding affinity (3.4-fold, relative to the 

reference substrate) at 5 mM Sr2+, but not at 15 mM Ca2+ and 80 mM Sr2+.  

Effects of ribose modification at nt –1 on ptRNA ground state binding 

 The 2' modifications introduced at nt –1 had different effects on ptRNA binding 

affinity. The substrate affinity decreased in the order r(C –1) ~ r(T –1, T –2) > 2’ F –1 > TLNA 

–1 >> 2’ H –1 > 2’ OCH3 –1 at 5 mM Sr2+ and r(T –1, T –2) ~ r(C –1) > TLNA –1 > 2’ F –1 > 

2’ H –1 > 2’ OCH3 –1 at 15 mM Ca2+ and 80 mM Sr2+ (Table 4.2.1; Fig. 4.2.3). The two 

Table 4.2.1 Influence of the ribose modifications on ptRNA binding to E. coli P RNA. 

divalent metal ion ptRNA substrate Kd (nM) average endpoint 

r(T –1, T –2) 86 ± 22 0.54 
r(C –1) 48 ± 20 0.59 
TLNA –2 295 ± 70 0.63 
TLNA –1 1143 ± 232 0.51 
2’ F –1 103 ± 49 0.33 
2’ H –1 2887 ± 874 0.63 

2’ OCH3 –1 4168 ± 733 0.36 
2’ H +1 80.4 ± 11 0.53 

2’ OCH3 +1 2960 ± 931 0.54 

5 mM Sr2+ 

GLNA +1 3544 ± 1100 0.42 
r(T –1, T –2) 6.1 ± 2.3 0.83 

r(C –1) 7.6 ± 1.3 0.75 
TLNA –2 6.7 ± 3 0.83 
TLNA –1 15.5 ± 3.7 0.56 
2’ F –1 27.1 ± 3.7 0.78 
2’ H –1  82.5 ± 11.3 0.54 

2’ OCH3 –1 191.4 ± 4 0.61 
2’H +1 7.6 ± 2.7 1.00 

2’ OCH3 +1 188 ± 21 0.78 
GLNA+1 291 ± 84 0.69 

r(T –1, T –2) 5.9 ± 2.9 0.71 
r(C-1) 7.4 ± 2 0.83 

TLNA –2 7.4 ± 2.4 0.75 
TLNA –1 11.5 ±4.2 0.75 
2’F –1  29.9 ±8.3 0.75 
2’H –1  67.9 ± 16.4 0.80 

2’ OCH3 –1 211 ± 61 0.71 
2’H +1 6.2 ± 1.2 0.68 

2’ OCH3 +1 46.7 ± 18.5 073 
GLNA +1 74.4 ± 25.6 0.69 

 

The average endpoints (right column) represent the fraction of substrate able to bind under enzyme 

saturation conditions and were normalised to 1, measured for 2’ H +1 at 15 mM Ca2+. The red numbers 

correspond to ptRNA variants with reduced endpoints compared with the corresponding reference 

substrate. The variants shown in blue (second column from left) carry C at nt –1 and a U at nt –2, while 

in all other variants a ribo T is incorporated at these positions. 
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reference substrates r (T –1, T –2) and r (C –1) showed similar binding affinity to E. coli P 

RNA, although slight differences were observed (factor of 1.2 to 1.8; see Table 4.2.1). A 

significant reduction in binding affinity (compared to the corresponding reference substrate) 

was observed for the following ptRNA variants: TLNA –1 (13-fold at 5 mM Sr2+), 2’ H –1 (60-

fold at 5 mM Sr2+, 11-fold at 15 mM Ca2+ and 9-fold at 80 mM Sr2+) and 2’ OCH3 –1 (48-

fold at 5 mM Sr2+, 31-fold at 15 mM Ca2+ and 36-fold at 80 mM Sr2+). The observed 

reduction in the binding affinity of TLNA –1 at 15 mM Ca2+ and 80 mM Sr2+ (Kd increased 2 

to 2.5-fold compared to the corresponding reference substrate) as well as for 2’ F –1 in all 

tested conditions (Kd increased 1.4 to 5-fold compared to the corresponding reference 

substrate) was considered as marginal. Taken together, these results suggest that formation 

of E•S complexes is supported by a H-bonding interaction that involves the 2’ OH group at 

nt –1. The stronger reduction in the binding affinity of TLNA –1 (at 5 mM Sr2+) and 2’ OCH3 

–1 (in all tested conditions) is probably caused by an additional sterical effect of the 

methylene bridge and the 2’ methoxy group, respectively, found at nt –1 of these substrates. 

 Moreover, the proportion of substrate that was able to form stable E•S complexes 

under enzyme saturation conditions (the binding-proficient substrate fraction; Fig. 4.2.3, 

numbers above columns; Table 4.2.1, right column) was reduced by all modifications at nt –

1. While the binding affinity constant (Kd) reflects the effect of the ribose modifications on 

enzyme and substrate, the binding-proficient substrate fraction is a characteristic of 

substrate only and indicates if the analysed modification induces changes in the substrate 

conformation, partially converting it to a non-functional form. The binding-proficient substrate 

fraction (compared to the corresponding reference substrate) was reduced (Table 4.2.1, right 

column, red numbers) by ~ 44 % for 2’ F –1 and ~ 33 % for 2’ OCH3 –1 at 5 mM Sr2+ or ~ 

28 % for 2’ H –1, ~ 33 % for TLNA –1 and ~ 26 % for 2’ OCH3 –1 at 15 mM Ca2+, indicating 

that all modifications introduced at nt –1 have a significant effect on the conformation of 

ptRNA, reducing the fraction of substrate able to bind to the enzyme. This suggests a role of 

the 2' OH group at nt –1 in ptRNA folding, stabilising its functional conformation. 

Effects of ribose modification at nt +1 on ptRNA ground state binding 

 When an LNA or 2’ methoxy modification was introduced at position +1, a strong 

defect in ground state binding was observed. Kd increased by a factor of 41 (GLNA +1) or 34 

(2’ OCH3 +1) at 5 mM Sr2+ and 48 (GLNA +1) or 31 (2’ OCH3 +1) at 15 mM Ca2+, relative to 

the unmodified substrate (Fig. 4.2.3 A and B; Table 4.2.1). This binding defect could be 

rescued to some extent by increasing the divalent metal ion concentration: the Kd ratio to r 
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(T –1, T –2) was reduced to a factor of 13 (GLNA +1) or 7 (2’ OCH3 +1) at 80 mM Sr2+ (Fig. 

4.2.3 C; Table 4.2.1). Moreover, the binding-proficient substrate fraction was reduced 17 % 

(15 Ca2+ mM) to 22 % (5 mM Sr2+) by an LNA at nt +1 (Fig. 4.2.3, numbers above columns; 

Table 4.2.1, right column). Neither reduction in binding affinity nor changes in the fraction of 

substrate able to bind to the enzyme were observed when a 2’ deoxy modification was 

introduced at this position (2’ H +1; Fig. 4.2.3; Table 4.2.1). These results suggest that the 2’ 

OH group at nt +1 is involved neither in an H –bonding interaction during substrate binding in 

the ground state nor in stabilisation of ptRNA functional conformation. Therefore, the effects 

observed with GLNA +1 (on Kd and binding-proficient substrate fraction) and 2’ OCH3 +1 

(only on Kd) at relative low Me2+ concentration (5 mM Sr2+ and 15 Ca2+; Table 4.2.1) can 

be attributed to sterical effects caused by the methylene bridge and methyl group at nt +1 of 

these substrates. Since these effects are compensated by higher Me2+ concentration (80 

mM Sr2+; Table 4.2.1) it is likely that these modifications disrupt binding of Me2+ ion 

required for E•S complex formation. Fore more detailed analyses, see 4.2.5. 

4.2.2 Influence of ribose modifications on cleavage site selection 

 The active site of P RNA enzymes consists of a network of inter- and intramolecular 

interactions that are the basis for substrate recognition and catalysis. Disruption of one or 

more of these interactions by mutation or chemical modification can lead to complex effects 

due to more or less locally confined conformational changes. In addition to changes in the 

affinity and catalytic rate, deletion or modification of important functional groups can result in 

miscleavage (cleavage at a site different from the canonical one). Miscleavage can occur at 

different sites, and loss of fidelity can result in processing within the acceptor stem, the 5′ 

leader sequence, or sometimes both. Accordingly, this study aimed to determine whether 

modifications within ptRNA at and around the cleavage site result in miscleavage. 

Processing of all ptRNA variants analysed here except TLNA –1 resulted in single cleavage 

products (Fig. 4.2.4). The TLNA –1 variant was processed at two consecutive sites (Fig. 

4.2.4, lane 3). 

 The ptRNA variants TLNA –2, GLNA +1, 2’ OCH3 +1 and 2’ H +1 were processed by 

E. coli P RNA at identical site (canonical site; c0) as the reference substrate [r (T –1, T –2); 

Fig. 4.2.4]. The cleavage site identity for ptRNA variants r (C –1), 2’ H –1 and 2’ F –1 was 

previously analysed (Persson et al., 2003); they were processed at the canonical site as 

well. The differences observed in the electrophoretic mobility of these variants (Fig. 4.2.4, 

lanes 7, 8 and 9) are due to the modification located in the 5’ flank (for details see Persson 

et al., 2003).  
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 The identity of the P RNA cleavage site for the unmodified substrate [r (T-1, T-2)] and 

the 2’ OCH3 –1 and TLNA –1 variants was further analysed by co-electrophoresis with 

nuclease P1 hydrolysis ladders (P1, like RNase P (RNA), generates 5´-phosphate termini) 

along with the E. coli P RNA cleavage products (Fig. 4.2.5).  

 Subsequent analysis of the cleavage pattern obtained by P1 hydrolysis compared 

with that obtained with P RNA indicate that the unmodified ptRNA [r(T –1, T –2)] was 

processed by E. coli P RNA at the canonical site (c0; lanes 5 and 6). Surprisingly, the 2’ 

OCH3 –1 variant was processed only at site m+1 (between nt +1 and +2; compare lanes 3 

and 4) while the TLNA –1 variants at both sites (m+1 and c0; lanes 1 and 2). 

Fig. 4.2.4: Cleavage analysis of 

ptRNA variants. Lanes 1 to 10 

and 11 to 14 represent two 

individual experiments. The first 

two lanes represent the 

cleavage pattern of alkaline 

hydrolysis of ptRNA substrates 

carrying an LNA residue at nt –

2 (first lane) and –1 (second 

lane). The missing bands 

marked by rectangles represent 

the LNA modified positions that 

could not be hydrolysed by 

alkaline due to the absence of 

the 2' OH. Please note that 

alkaline hydrolysis generates 

cleavage products with 2’, 3’-

cyclic phosphates at the 3' -

end, while RNase P generates 

3’ OH termini. Therefore, products with the same number of nucleotides obtained by alkaline hydrolysis run 

faster during PAGE than RNase P cleavage products due to an additional negative charge. In the third lane 

the two products obtained by E. coli P RNA cleavage of ptRNA with an LNA at nt –1 can be seen. The lanes 

4-9 and 11-14 show products of E. coli P RNA cleavage using the variants indicated above each lane. Lane 

10 labeled as C above, corresponds to a 7-mer oligoribonucletide with a 2’ deoxy modification at nt 7 

(pCCCUUUdC). This fragment is identical to the E. coli P RNA cleavage product obtained using the 2’ H –1 

substrate (lane 8). E. coli P RNA cleavage was performed at 37°C, pH 7, 1 M NH4OAc and 20 mM Mg(OAC)2. 

The incubation time was 10 min (lane 4, 6, 7 and 11), 20 min (lane 8, 12 and 14), 1 h (lane 5 and 9) and 22 h 

(lane 3 and 13). Alkaline hydrolysis was performed as described (3.4.6) with the 24-mer oligoribonucleotides 

from the ligation reaction used to create the full-length ptRNA substrate (Fig. 4.2.2). 
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 In a previous study (Zahler et al., 2005), a single mutation in the P RNA (A 248 to U) 

led to miscleavage at site m–2 (one nucleotide upstream the canonical cleavage site) of 

ptRNAAsp with a 2’ deoxy at nt –1. This miscleavage was almost completely abolished when 

an additional 2’ deoxy modification at nt –2 was introduced, but simultaneously miscleavage 

at site m+1 was obtained. These results suggest that altering the cleavage reaction at site c0 

(e.g. by disrupting the interaction of nt –1 with A 248 and removing the 2’ OH group at nt –1) 

favours miscleavage at site m–2; additional blockage of cleavage at site m–2 (e.g. by 

introducing a second 2’ deoxy modification at nt –2) results in miscleavage at site m+1, a site 

normally masked owing to its slow rate of cleavage. According to this hypothesis, it seems 

that an LNA or 2’ OCH3 residue at nt –1 alters not only the cleavage at site c0, but also at 

site m–2. Since miscleavage at m+1 was obtained with both modified ptRNA variants (2’ 

OCH3 –1 and TLNA –1), it is likely that the bulky methyl or methylene group found at the 2’ 

                     A                                                              B 

Fig. 4.2.5: Analysis of the P RNA cleavage site. (A) P RNA (lane 2, 4 and 6) and P1 nuclease (lanes 1, 3 and 5) 

cleavage pattern of TLNA –1, 2’ OCH3 –1 and r (T –1, T –2) variants, respectively. Numbers on the left and right 

side indicate the fragment length (nt) generated by nuclease P1; P RNA cleavage sites are indicated in 

parentheses. The rectangles mark the missing P1 fragments due to the absence of a 2' OH at the 

corresponding position. Hydrolysis by P1 was performed as described (3.4.7), using as substrate the 24-mer 

oligonucleotide (the same as in the ligation reaction to generate the full-length ptRNA). For P RNA cleavage 

reaction conditions, see legend to Fig. 4.2.4; incubation times were 8 h (lane 2), 22 h (lane 4) and 10 min (lane 

6). (B) The secondary structure of ptRNA; the green arrows show the two RNase P (RNA) cleavage sites. The 

nt –1 is shown in violet and nt +1 in red. 
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position of nt –1 within the two variants induces sterical effects (e.g. repulsion of catalytic 

metal ions) that affect catalysis at c0 as well as m–2. The different positioning and flexibility 

of the methyl / methylene group at nt –1 of the two substrates might explain why one 

substrate was processed exclusively (2’ OCH3 –1) and the other partially (TLNA –1) at the 

m+1 site. 

4.2.3 Effect of ribose modifications on ptRNA cleavage rate 

 The cleavage experiments were performed under single turnover conditions (5 µM E. 

coli P RNA and < 1 nM ptRNA; 3.5.2) in the presence of 1 M NH4OAc. A pH of 5.5 was 

Table 4.2.2 Cleavage rates and endpoints of ptRNA variants 

pH 5.5 pH 7 

ptRNA variant 

10 mM Mg2+ 20 mM Mg2+ 120 mM Mg2+ 20 mM Mg2+ 120 mM Mg2+ 

r (T -1,T -2) (c0) 0.47 ± 0.09 
0.86 

0.84 ± 0.2 
0.84 

3.0 ± 0.9 
0.91 

6.3 ± 1.7 
0.92 

17 ± 4 
0.96 

r(C –1) (c0) 0.23 ± 0.01 
0.75 

1.33 ± 0.14 
0.85 

4.5 ± 0.7 
0.97 

 - 

TLNA –2 (c0) 0.52 ± 0.02 
0.73 - 2.3 ± 0.2 

0.86 - - 

TLNA –1 (c0)  - - 0.0008 ± 0.0 

0.73 
0.0012 ± 10-4 

0.52 
0.024 ± 10-4 

0.81 

TLNA –1 (m+1)  - - 0.003 ± 0.0 
0.12 

0.003 ± 10-4 

0.17 
0.022 ± 0.001 

0.13 

2’ F –1 (c0) - 0.03 ± 0.01 
0.74 

0.5 ± 0,07 
0.96 

1.2 ± 0.1 
0.84 

6.7 ± 2.5 
0.92 

2’ H –1 (c0) - [6 ± 3] x 10-4 

0.76 
0.04 ± 0.006 

0.86 
0.03 ± 0.006 

0.88 
0.6 ± 0.1 

1.0 

2’OCH3 –1 (m+1) - - 0.002 ± 0.0 
0.22 

0.003 ± 10-4 

0.34 
0.003 ± 10-4 

0.67 

2’ H +1 (c0) 0.4 ± 0.05 
0.98 

1.23 ± 0.2 
1.0 

3.8 ± 0.1 
0.97 - - 

2’ OCH3 +1(c0) 0.004 ± 10-4 

0.94 
0.09 ± 0.05 

0.93 
3.6 ± 0.25 

0.92 
- - 

GLNA +1 (c0) 0.005 ± 0.002 
0.87 

0.07 ± 0.006 
0.84 

1.3 ± 0.2 
0.91 - - 

 

The black numbers are cleavage rates in [min-1], the red numbers below designate the average endpoints 

normalised to the 2’ H +1 variant at 20 mM Mg2+, pH 5.5. The endpoint represents the maximum fraction of 

substrate that could be cleaved (time → ∞). The variants with C at nt –1 are shown in blue (left column) while all 

other ptRNAs (with a ribo T at this position) are in black. c0 indicates canonical cleavage (between –1 and +1), 

m+1 miscleavage (between nt +1 and +2).  
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chosen to allow for substantial substrate turnover under conditions where the rate of 

cleavage is determined by the chemical step (Warnecke et al., 1996). The results are 

summarised in Table 4.2.2. 

The effect of the 2’ OH substitution at nt –1 on E. coli P RNA catalysis 

  Several functions for the 2’ OH at nt –1 have been proposed so far. Smith and Pace 

analysed the effect of a 2’ deoxy modification at nt –1 on Mg2+ binding. This modification 

reduced the affinity for Mg2+ ions, suggesting that the 2’ OH at nt –1 might be involved in 

binding and positioning of Mg2+ ions required for the chemical step (Smith & Pace, 1993). 

Pan and coworkers, when reanalysing the role of 2' OH at nt –1, proposed a model according 

to which different cleavage sites are the result of the formation of distinct E•S complexes. 

Here the substitution of 2’ OH by 2’ H at nt –1 of a yeast tRNAPhe changed the reaction 

kinetics for all cleavages to a similar extent, suggesting that the ribozyme interaction with this 

2’ OH group is universal for all E•S complexes (here referred to as the 2' OH model; Loria & 

Pan, 1998). According to this model, the 2’ OH at position –1 could be still involved in binding 

of a Mg2+ ion necessary for maximal efficiency in chemistry, but a Mg2+ of this kind may be 

distinct from the two other Mg2+ ions proposed to act as the base and the electrophile in the 

transition state (Steitz & Steitz, 1993). Kirsebom and colleagues, analysing the role of the 2' 

OH at the cleavage site using a model RNA hairpin substrate mimicking the architecture of a 

ptRNAHis cleavage site, concluded that the presence of the 2' OH at the immediate vicinity of 

the scissile bond is crucial for efficient cleavage by P RNA, contradicting the 2' OH model 

(Loria & Pan, 1998). Here, introducing a 2' H at the canonical cleavage site did not affect 

cleavage at an alternative site to any significant extent (Brannvall & Kirsebom, 2005). 

Similarly, the importance of the 2' OH at the immediate vicinity of the scissile bond in RNase 

P-mediated cleavage was shown for ptRNAPhe (Zahler et al., 2005). Here, the substitution of 

the 2' OH at nt –2 affected the cleavage reaction at the corresponding site. These studies 

(Brannvall & Kirsebom, 2005; Zahler et al., 2005) favour the model proposed by Smith and 

Pace (Smith & Pace, 1993) where the 2' OH at the cleavage site influences Mg2+ binding in 

its immediate vicinity. To address the question of a potential direct metal interaction with the 

2’ substituent at nt –1, we analysed cleavage of a ptRNA substrate carrying a 2’ N 

substitution at nt –1 in the presence of Mg2+ vs. Mn2+. Since Mn2+ is able to form stable 

inner-sphere complexes with nitrogen-containing compounds, a Mn2+ rescue effect could 

indicate a direct metal coordination to the 2’ N substituent. A Mn2+ rescue was indeed 

observed, but a rescue of similar strength was also observed for the substrate carrying a 2’ H 

modification at nt –1, arguing against a direct metal ion coordination (Persson et al., 2003). 
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  The substitution of 2’ OH by 2’ H at nt –1 led to a reduction in RNase P catalysis by 

several hundred-fold (Loria & Pan, 1997; Smith & Pace, 1993; Persson et al., 2003). When 

the 2’ OH at nt –1 was replaced with 2’ F, a 13-fold increase in catalysis (relative to the 2’ H-

modified substrate) was observed, but this was still 10-fold less effective relative to the 

unmodified substrate, suggesting a hydrogen bonding function for the 2’ OH at nt –1 during 

catalysis (Persson et al., 2003). Alternatively, the 2’ OH at nt –1 may be involved in lowering 

the pKa of the neighbouring 3’-oxygen leaving group, analogous to the mechanism proposed 

for the group I ribozyme reaction (Herschlag et al., 1993; Smith & Pace, 1993).  

  The results presented in this work are in agreement with previous studies (see 

above). All modifications introduced at nt –1 significantly affected the cleavage reaction. The 

rate corresponding to canonical site cleavage (c0) decreased in the order r (T –1,T –2) ~ r(C 

–1) > 2’ F –1 > 2’ H –1 > TLNA –1 (c0) by a factor of 9 (2’ F –1), 100 (2’ H –1) and 3300 

(TLNA –1; c0) at 120 mM Mg2+ / pH 5.5 relative to the corresponding reference substrate 

(Table 4.2.2). These results indicate that there is a H-bonding interaction involving the 2’ OH 

group at nt –1 during catalysis. Since a 2’ H substituent at nt –1 is not able to form any H-

bonding interactions, while LNA is a good H–bond acceptor, one might expect a higher 

cleavage rate for the TLNA –1 than the 2’ H –1 variant. However, the LNA at nt –1 had a 

huge detrimental effect on E. coli P RNA-catalysed cleavage at site c0 (cleavage rate 

reduced by a factor of ∼ 3300 at 120 mM Mg2+ / pH 5.5, ∼ 5300 at 20 mM Mg2+ / pH 7.0 and 

∼ 700 at 120 mM Mg2+ / pH 7.0 relative to the unmodified substrate; Table 4.2.2), suggesting 

sterical hindrance caused by the methylene bridge of LNA at nt –1. Moreover, the proportion 

of substrate able to be cleaved at the canonical site was significantly smaller at low Mg2+ 

concentration but similar at high Mg2+ concentration for the TLNA –1 substrate compared to 

the reference substrate. Interestingly, a small proportion of the TLNA –1 substrate (∼ 12 to 17 

%) was processed at another than the canonical site (m+1; miscleavage between nt +1 and 

+2). Similarly, the 2’ OCH3 –1 variant was completely processed at the site of miscleavage 

(m+1). The rate of miscleavage of the 2’ OCH3 –1 variant was similar (at 120 mM Mg2+ / pH 

5.5 and 20 mM Mg2+ / pH 7.0 ) to or 8-fold lower (120 mM Mg2+ / pH 7.0) than that obtained 

for the TLNA –1 variant (see Table 4.2.2), suggesting that the sterical effects leading to 

miscleavage of both substrates are of the same kind. The different positioning and flexibility 

of the methyl / methylene group at nt –1 of the two substrates might explain why one 

substrate was processed exclusively (2’ OCH3 –1) and the other only partially (TLNA –1) at 

the m+1 site. Miscleavage one nucleotide downstream from the canonical cleavage site was 

also detected previously when analysing a substrate with a 2’ OCH3 at nt –1 (Smith & Pace, 
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1993). The presence of the methyl / methylene group at the canonical cleavage site might 

(completely or partially) hinder binding of a catalytic Mg2+ ion or disrupt an intimate contact 

to the ribozyme, therefore shifting the cleavage site one nucleotide downstream of the 

canonical site. Further analysis (NMR experiments) might explain the kind of sterical effects 

induced by the methylene / methyl group and their effect on catalysis by E. coli P RNA. The 

canonical cleavage and miscleavage of the TLNA –1 variant were further analysed for their 

dependence of Mg2+ concentration and pH (see 4.2.4). 

  In a previous study (Zuleeg et al., 2001), model substrates mimicking the acceptor 

stem of a tRNA and carrying three nucleotides extension at the 5' -end and the 3' –CCA 

terminus were analysed by NMR.  Hre it was shown that the ribose at nt –1 is found in a C 2' 

–endo conformation. Using LNA modification the importance of the C 2' endo conformation at 

nt –1 in the P RNA catalysed cleavage can be inferred. In this part of my work it is 

demonstrated that the transition state can be achieved even with a C 3' –endo conformation 

at nt –1, since the substrate with an LNA modification at nt –1 that fixes the ribose in a C 3' –

endo conformation, was still processed by P RNA at the canonical site, although with a lot 

reduced efficiency compared to the unmodified substrate. 

The effect of the 2’ OH substitution at nt +1 on E. coli P RNA catalysis 

  Modifications introduced into the ptRNA substrate at nt +1 had different effects on the 

cleavage reaction. The 2’ H +1 ptRNA variant was processed with similar efficiency (even 

faster) as the reference substrate. When an LNA or 2’OCH3 modification was introduced at 

position +1, a strong deleterious effect was observed for E. coli P RNA cleavage at low Mg2+ 

concentrations (∼ 100-fold decrease in the cleavage rate relative to the reference substrate 

at 10 mM Mg2+ and pH 5.5; Table 4.2.2). This effect could be largely rescued in the case of 

the GLNA +1 variant (only 2.5-fold decreased cleavage rate compared to the reference 

substrate) or completely for the 2’OCH3 +1 variant by increasing the metal ion concentration 

(Table 4.2.2, 120 mM Mg2+ and pH 5.5). A similar effect was observed in the binding 

experiments (4.2.1); the affinity to E. coli P RNA of these two substrates was 30- to 50-fold 

lower at 5 mM Sr2+ / 15 mM Ca2+ and only 8- to 12-fold lower at 80 mM Sr2+ (see Table 

4.2.1). The results suggest that the effect of these modifications on E. coli P RNA cleavage 

at low Mg2+ concentration can be attributed to a decreased affinity between substrate and 

enzyme, as it has been observed in the binding experiments. For further analyses see 4.2.5. 
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Cleavage by and affinity binding to the RNase P holoenzyme of single LNA modified 

ptRNA variants 

  In order to determine if the RNase P protein subunit (P protein) can rescue the effects 

seen in P RNA alone studies (see above and 4.2.2), the LNA-modified ptRNA variants were 

tested for cleavage by and affinity to the RNase P holoenzyme (E. coli and / or B. subtilis). 

The cleavage experiments were performed under single turnover conditions at 100 mM KCl, 

50 mM MES, pH 6.0 and 2 or 10 mM Mg2+ according to the protocol described in Materials 

Fig. 4.2.6: Cleavage experiments of ptRNA substrates: r(T –1,T –2): filled circles; GLNA +1: filled triangles; 

TLNA –1: empty squares and TLNA –2: filled squares. The cleavage reaction was catalysed by the E. coli (A 

and B) or B. subtilis (C and D) P holoenzyme. The experiments were performed at two Mg2+ 

concentrations, 2 (A and C) and 10 (B and D) mM. Assays were performed as follows: P RNA (100 nM) 

was preincubated for 5 min at 55°C and 25 min at 37°C in 100 mM KCl, 50 mM MES, pH 6.0 and Mg2+as 

indicated above. After preincubation the P protein was added in excess over P RNA (4-fold for B. subtilis or 

10 fold for E. coli P protein). The entire mix was incubated for 5 min at 37°C. Then the substrate 

(preincubated for 30 min at 37°C in the same buffer as the P RNA) was added. Aliquots were withdrawn at 

different time points (between 0 and 1300 min). For more details see 3.5.2. 
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and Methods (3.5.2).  

  The results show the same huge detrimental effect on catalysis, that was observed in 

the E. coli P RNA alone reaction (see above) for an LNA modification at nt –1; no significant 

canonical cleavage (c0) of the TLNA –1 substrate was obtained under all tested conditions 

(Fig. 4.2.6 A, B, C and D; open squares). Also, cleavage at site m+1 was detected like in the 

E. coli P RNA alone reaction. The rate of both cleavage and miscleavage could not be 

determined reliably due to a very slow substrate conversion.  

  The cleavage of the GLNA+1 substrate was poor at 2 mM Mg2+ (Fig. 4.2.6 A and C; 

filled triangles) compared with the unmodified substrate (filled circles). The cleavage 

efficiency substantially increased with both holoenzymes at 10 mM Mg2+ (Fig. 4.2.6 B and D; 

filled triangles), but was still reduced (1.2- to 2.5-fold) compared to the unmodified substrate).  

  The LNA modification at nt –2 had only a marginal effect on cleavage catalysed by 

both holoenzymes (Fig. 4.2.6 A and C, filled squares). These results correlate with those 

obtained in cleavage experiments with the E. coli P RNA alone, suggesting that the protein 

subunit is not able to compensate for deleterious effects caused by LNA modifications at nt –

1 and +1. 

 In a further experiment, ptRNA affinity to the B. subtilis holoenzyme was analysed. 

The binding experiments were performed as described (3.5.3) at 200 mM NH4OAc, 0.1 % 

SDS, 0.05 % Nonidet P40, 50 mM MES, pH 6.0 and in the presence 15 mM Ca(OAc)2. The 

obtained results (Fig. 4.2.7) are similar to those obtained for binding to E. coli P RNA alone 

(4.2.1). The LNA modification at nt –1 and –2 had a minor effect on ptRNA binding to the B. 

 

 

Fig. 4.2.7: High affinity binding of ptRNA 

substrates carrying LNA modifications to the 

B. subtilis RNase P holoenzyme. Spin 

column assays were performed as described 

in 3.5.3 under the following conditions: 200 

mM NH4OAc, 0.1 % SDS, 0.05 % Nonidet 

P40, 50 mM MES, pH 6.0 and in the 

presence 15 mM Ca(OAc)2. Error bars 

indicate standard deviations obtained in 3 

independent experiments. 
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subtilis holoenzyme (Fig. 4.2.7). A significant loss of affinity was observed when the LNA 

modification was introduced at nt +1 (12-fold; Fig. 4.2.7).  

4.2.4 Kinetic analysis of canonical cleavage and miscleavage of ptRNA 

substrate carrying an LNA modification at nt –1 

 Deletion or modification of important functional groups can result in miscleavage 

within the acceptor stem and / or the 5’ leader sequence. Although the factors that govern 

miscleavage are not entirely understood, structure-function studies using miscleavage as an 

indicator provide important insights into P RNA–ptRNA interactions. Substrate features 

proximal to the cleavage site that contribute to affinity and catalysis include the 3' RCCA 

sequence, the G(+1)-C(+72) base pair, the interaction of nt –1 with the conserved base A 

248 (E. coli numbering system) and the 2' OH at nt –1 (Fig. 4.2.8).  

 As an important example, analysis of the effect of compensatory mutations on 

cleavage fidelity demonstrated an interaction between the substrate's 3′ RCCA sequence 

Fig. 4.2.8: Contacts between the ptRNA cleavage site and the C-domain of P RNA. (a) Diagram of active site 

pairing interactions between P RNA and the ptRNA substrate. The base of the acceptor stem, the 5´ leader 

sequence and the 3´ RCCA sequence of ptRNA are shown in red. Helix P15 in P RNA and adjoining structures 

involved in substrate interactions are indicated in green; such interactions include the pairing interaction 

between the 3´ end of ptRNA and L15, and between J5/15 and nt –1 in the 5´ leader sequence. The portion of 

the structure depicted in the model (b) is indicated by a dashed box. (b) Three-dimensional structure derived 

from computer modelling of the L15–RCCA interaction from the E. coli ribozyme. The phosphodiester 

backbones of P15 and L15 are depicted in green; only the individual nucleotides involved in substrate contacts 

are shown. Functional groups identified by NAIM as important for binding are indicated by spheres. 
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and the loop of helix P15 (L15) of P RNA (Kirsebom & Svard, 1994). The importance of 

understanding interactions with functional groups flanking the cleavage site is underscored 

by the observation that removal or substitution of the 2' OH at nt –1 decreases the rate of 

substrate cleavage by 100- to 1000-fold (Smith & Pace, 1993; Loria & Pan, 1998; 1999; 

Persson et al., 2003; this work, see Table 4.2.2). In the context of a substrate that is cleaved 

at multiple sites (ptRNAPhe), Pan and colleagues showed that a 2' deoxy modification at nt –

1 affects the rate of cleavage at both correct and incorrect sites. In contrast, substitution of 2' 

OH groups at neighbouring sites had no effect. These and other observations led to a model 

in which cleavage at correct and incorrect sites involves formation of distinct enzyme–

substrate complexes, which differ in their interactions with the 5' leader, but involve similar 

recognition of the T stem-loop and the 2' OH group at the correct cleavage site (Loria & Pan, 

1998; 1999). In contrast to these studies, Harris and colleagues studying miscleavage of 

ptRNAAsp by P RNA with a mutation at nt 248 (U instead of A) showed that the 2’ OH at nt –

2 is an important enzyme-substrate contact for miscleavage at the m-2 site (Zahler et al., 

2005). By removing this 2' OH group, the miscleavage at the m-2 site was essentially 

abolished. Similarly, Kirsebom and colleagues observed that the 2' OH at nt –1 did not 

influence cleavage at an alternative cleavage site to any significant extent, suggesting that 

the presence of the 2' OH at the immediate vicinity of the scissile bond is crucial for efficient 

P RNA cleavage (Brannvall & Kirsebom, 2005). In the context of weakened interactions with 

the RCCA motif, cleavage site selection is dependent on the identity of nt –1 (Brannvall et 

al., 1998; 2002) and the presence of a 2' OH at nt –1 (Persson et al., 2003). In addition, in 

the context of a minimal substrate representing only the acceptor stem of a tRNA, changes 

in nt –1 identity influence the rate of cleavage (Zuleeg et al., 2001). Similarly, changing the 

identity of nt –1 in a full-length ptRNA alters the rate of catalysis by the RNase P holoenzyme 

and results in miscleavage of certain substrates (Crary et al., 1998; Loria et al., 1998; Loria & 

Pan, 1998). Photocrosslinking and compensatory mutation studies suggest that the 

conserved adenosine (A 248; E. coli numbering system) in the J5/15 region of the ribozyme 

is involved in interactions with substrate elements proximal to the scissile phosphate (Burgin 

& Pace, 1990; Kufel & Kirsebom, 1996; Christian et al., 1998; Christian & Harris, 1999; 

Zahler et al., 2003). Mutation of the conserved nucleotide A 248 in addition to a 2’ deoxy 

modification at nt –1 led to miscleavage between nt –1 and –2 (Zahler et al., 2005). Titration 

studies demonstrated that metal ion identity and concentration as well as reaction pH can 

also influence cleavage site selection (Brannvall & Kirsebom, 1999; 2001; Persson et al., 

2003). Moreover, changes in active site architecture due to changes in the nature of the 3′ 

RCCA and 5′ nt –1 interactions can affect the extent to which different combinations of metal 

ions lead to miscleavage. 
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Processing of the TLNA –1 variant occurs via two parallel pathways leading to 

canonical cleavage and miscleavage 

 In addition to a large reduction in the catalytic rate and a moderate decrease of 

substrate affinity, a single LNA modification at nt –1 leads to miscleavage of ptRNA within 

the acceptor stem between positions +1 and +2 (4.2.2; Fig. 4.2.5). Previous studies of 

RNase P miscleavage have shown that cleavage at the canonical site as well as at the site 

of miscleavage arises from structurally distinct E•S complexes (Zahler et al., 2003; Branvall 

et al., 2002). A simple model for formation of distinct E•S complexes under single turnover 

conditions involves two parallel pseudo-first-order reactions as illustrated in Fig. 4.2.9 

(Zahler et al., 2005). 

 To characterise the kinetics of product formation for correctly cleaved and miscleaved 

ptRNAs, E. coli P RNA cleavage experiments were performed as described (3.5.2). An 

example result of this analysis is shown in Fig. 4.2.10; the results are consistent with the 

scheme presented in Fig. 4.2.9. 

Fig. 4.2.9: Model for formation of distinct enzyme-

substrate complexes (E•S) under single turnover 

conditions involving two parallel pathways of RNase 

P cleavage. ESc is the complex that results in 

cleavage at the canonical site, generating product 

Pc. ESm is the complex that generates miscleaved 

product Pm. 

 

Fig. 4.2.10: Kinetic analyses of canonical and miscleavage 

of TLNA –1 variant. Cleavage experiments were performed 

under single turnover conditions in the presence of 1 M 

NH4OAc, 60 mM Mg2+, pH 7. Plots show cleavage at the 

canonical site (open circles) and miscleavage in the 

acceptor stem (filled circles). The fraction of substrate 

reacted is expressed as the ratio of product at a given time 

[P] to the total amount of substrate [Stot] at the start of the 

reaction. The relative amount of cleavage taking place at the 

canonical site (Fc; open squares) was calculated as the ratio 

between the amount of product obtained by cleavage at the canonical site and the sum of both cleavage 

products. Similar curves were obtained at all pH values and Mg2+ concentrations tested. 
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 One can see that both cleavage pathways follow a single exponential decay and that 

the fraction of cleavage taking place at the canonical site (Fig. 4.2.10; open squares) 

remains constant over time. Given the observed rate constant (kobs; determined from curve 

fitting; see 3.5.5) and Fc = Pc / (Pm+Pc), it was possible to calculate the apparent rate of 

cleavage (kapp) at a particular site: 

 kapp,c = kobs,c x Fc (4.2.1) 

 kapp,m = kobs,m x (1 - Fc)  (4.2.2) 

where kapp,c, kapp,m are the apparent rates of cleavage at the canonical and miscleavage 

site, respectively; and kobs,c and kobs,m are the observed rate constants for correct and 

miscleaved product formation. However, as Fc is dependent on equilibrium binding terms, 

the magnitude of these rate constants will not be entirely determined by the cleavage step. 

Thus, quantitative analysis of Fc and apparent rates of cleavage and miscleavage must be 

undertaken with caution, since it is not possible to fully distinguish between effects on 

substrate binding and catalysis. Nonetheless, evaluation of these parameters provides an 

overall measure of the relative difference in the kinetics of correct cleavage and miscleavage 

pathways. 

Mg2+ dependence of cleavage site selection 

  Given the potential for structural differences between the two E•S complexes (Fig. 

4.2.9), it seemed likely that they could differ with respect to Mg2+ binding. In such a case it 

would be possible to influence cleavage site selection by changing Mg2+ concentration. Fig. 

4.2.11 shows plots of kapp and Fc as a function of Mg2+ concentration. The kapp 

corresponding to the canonical cleavage (c0) increases with Mg2+ concentration in the range 

of 20 to 800 mM, while kapp corresponding to miscleavage (m+1) increases at 

concentrations lower than 300 mM (Fig. 4.2.11 A). Using the program Grafit (3.0), this data 

was fitted to the equation 

kapp = (kapp, max x [Mg2+]) / (K1/2 x [Mg2+])     (4.2.3) 

where kapp, max represents the maximum value at saturating Mg2+ concentration and K1/2 

the concentration of Mg2+ required to achieve half of the maximum rate (kapp, max). From 

data fits of kapp, max and K1/2, values for both reaction pathways were obtained:  

kapp, max (c0) = 0.1 min-1, K1/2 (c0) = 400 mM for canonical cleavage, 

kapp, max (m+1) = 0.01 min-1, K1/2 (m+1) = 150 mM for miscleavage. 
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At relatively low Mg2+ concentrations, an increase in [Mg2+] resulted in a larger 

fraction of correctly cleaved products (c0), with Fc reaching its maximum value at 

approximately 100 mM Mg2+ (Fig. 4.2.11 B), suggesting that the pathway leading to 

cleavage at the canonical site (c0) exhibits a higher dependency on Mg2+ than the pathway 

leading to miscleavage (m+1). Further increases in the Mg2+ concentration did not have any 

influence on Fc (Fig. 4.2.11 B). Usually, cleavage at the c0 site has a lower Mg2+ 

requirement than cleavage at sites m-2 or m+1 (Zahler et al., 2005). This observation 

together with the results shown here indicates a sterical hindrance of binding catalytic Mg2+ 

ions required for cleavage at the canonical site by the methylene group found at nt –1 of the 

ptRNA variant with an LNA at this position. The dependence on the Mg2+ concentration may 

be attributed to the structural differences between the two E•S complexes (ESc and ESm; 

Fig. 4.2.8) if both reaction pathways share the same rate-limiting step. Alternatively, it is 

possible that the rate of miscleavage reflects different rate-limiting steps that display different 

metal ion concentration dependencies.  

The canonical and miscleavage pathways have different rate-limiting steps 

 It is well established that the rate of cleavage by the RNase P ribozyme increases 

with increasing pH and displays log-linear dependence with a slope of about 1 (Smith & 

                          A                                                B 

Fig. 4.2.11: Mg2+ influence on the cleavage reaction of ptRNA substrate with an LNA modification at nt –1. A: 

[Mg2+] dependence of the apparent cleavage (kapp) at the canonical site (c0; open circles) and the site of 

miscleavage (m+1; filled circles). B: dependence of Fc (corresponding to canonical cleavage; open circles) and 

Fm+1 (for miscleavage; filled circles) on Mg2+ concentration. For reaction conditions see legend to Fig. 4.2.10. 
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Pace, 1993). The pH dependence of P RNA-mediated catalysis is believed to arise from the 

dependence of phosphodiester hydrolysis on hydroxide concentration (Kirby & Younas, 

1970; Cassano et al., 2002), and is therefore taken to indicate that chemistry is rate-limiting 

(Warnecke et al., 1996; Frank & Pace, 1998; Christian et al., 2002). However, the correct 

cleavage and / or miscleavage pathways observed with the LNA –1 substrate could involve 

limiting steps other than cleavage chemistry. If that is the case, changes in pH will 

differentially affect the rates of canonical cleavage and miscleavage pathways, altering the 

observed level of miscleavage.  

 In Fig. 4.2.12 A, the dependency of Fc and Fm on pH is shown. In the pH range 

studied (5.5 to 8.1), an increase of Fc with pH was observed, suggesting that the pathway 

leading to correct cleavage has a higher pH dependency than the miscleavage pathway. 

The difference in pH dependency between the two pathways could arise from different rate-

limiting steps or differences in the structure or metal ion requirements for formation of the 

two E•S complexes (ESc and ESm; Fig. 4.2.9).  

 To extract useful information regarding the steps that limit the correct cleavage and 

miscleavage pathways, the pH dependence of kapp of both pathways (kapp,c and kapp,m) 

Fig. 4.2.12: pH dependence of cleavage site selection. (A) Effects of pH on Fc (open circles) and Fm (filled circles) 

indicate that the correct cleavage pathway has a higher pH dependency than the miscleavage pathway; (B) Plots 

of log kapp, c (open circles) and log kapp, m (filled circles). Curve fits indicate a slope of 1.22 for cleavage at the 

canonical site in the pH range of 5.5 to 6.6, consistent with the chemical step being rate-limiting in this pH range. 

Canonical cleavage at higher pH as well as miscleavage over the whole pH interval occurs with a slope of 0.5 and 

0.4, respectively, suggesting that another slower step limits the cleavage rate under these conditions. 
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was analysed (Fig. 4.2.12 B). Both were log-linear, consistent with phosphodiester 

hydrolysis being at least partially rate-limiting for both pathways. In the case of canonical 

cleavage, a slope of 1.22 was obtained in the pH range from 5.5. to 6.6, suggesting that 

chemistry is rate-limiting in this range. The slope of 0.5 above pH 6.6 for canonical cleavage 

and 0.4 for the miscleavage pathway over the whole pH range tested indicates that an 

additional slow step (e.g. refolding) upstream from the hydrolytic step limits the cleavage rate 

under these conditions. Since the K1/2 value (see above) determined for canonical cleavage 

is higher than that corresponding to the miscleavage pathway, it might be possible that LNA 

at nt –1 decreases the affinity of a catalytic Mg2+ ion at the canonical cleavage site. This 

hypothesis is also supported by the observation that increasing the Mg2+ concentration 

favours formation of E•S complexes leading to canonical cleavage (Fc increases with Mg2+ 

concentration; see Fig. 4.2.11 B). The complexes that are not able to bind the catalytic Mg2+ 

at the canonical site might change their conformation to allow binding of Mg2+ to the site of 

miscleavage, consistent with the notion that a refolding step limits the miscleavage pathway. 

4.2.5 Analysis of the effect of an LNA modification at nt +1 on ptRNA ground 

state binding and cleavage by E. coli P RNA 

 The substrate carrying an LNA at nt +1 was analysed as well in cleavage experiments 

under single turnover conditions (3.5.2) and for affinity binding to E. coli P RNA by a gel 

filtration spin column assay (3.5.3). The binding experiments showed a significant reduction 

of the GLNA+1 substrate's affinity (relative to the unmodified substrate) to E. coli P RNA at 

low Me2+ (5 mM Sr2+ or 15 mM Ca2+; 4.2.1) concentrations. This effect could be rescued to 

some extent by a higher concentration of Me2+ (80 mM Sr2+; 4.2.1). Consistent with these 

observations, a significantly reduced cleavage efficiency was observed for E. coli P RNA 

cleavage of the GLNA+1 substrate at low Mg2+ concentrations (compared to the 

corresponding unmodified substrate), which, however, could be rescued at higher 

concentrations (Fig. 4.2.13 A; see also 4.2.3). This reduction of catalytic efficiency was 

attributed to poor E•S complex formation at low Me2+ ion concentrations and seems to be 

independent of the type of divalent cation, since a similar curve was obtained using Mn2+ 

instead of Mg2+ (Fig. 4.2.13 B) when plotting the relative reaction velocity (krel) as a function 

of Me2+ concentration; krel, calculated as the ratio between the observed rate constants 

(kobs) for the unmodified substrate and the LNA +1 substrate (see legend to Fig. 4.2.13), 

decreased from ∼100 at 10 mM Mg2+ to 2 at 60 mM Mg2+, reaching a plateau at higher 

concentrations (Fig. 4.2.13 A). With Mn2+ instead of Mg2+, krel decreased from 40 to 1.3 in 
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the concentration range of 2 to 10 mM Mn2+ (Fig. 4.2.13 B). Taken together, these results 

suggest that the observed catalytic deficiency caused by this modification is generated 

mainly by the low affinity of the modified substrate for E. coli P RNA.  

 Since neither changes in ground state binding (relative to the unmodified substrate; 

4.2.1) nor significant reduction of catalysis (∼ 1.2 fold decrease in cleavage rate at 10 mM 

Mg2+; 4.2.3) was observed in the analysis of the 2’ H +1 variant, it was concluded that the 2’ 

OH at nt +1 is not involved in H-bonding interactions.  

  A hypothesis proposed by Altman and coworkers assumes that the ptRNA acceptor 

stem is denatured during or after binding to E. coli P RNA, but before catalysis occurs (Knap 

et al., 1990). This possibility was also addressed in this study. Since the LNA at nt +1 

stabilises the acceptor stem helix, it should hinder its denaturation and thereby reduce 

ptRNA binding. A way to test this theory was to perform cleavage experiments by E. coli P 

RNA, using the unmodified and LNA +1 substrate at different temperatures (37°C, 50°C). 

One would expect a decrease of krel (see above) with increasing temperature. Interestingly, 

no significant differences between krel values obtained in cleavage experiments at different 

temperatures were observed at 15 mM Mg2+ (43 at 37°C, 47 at 50°C) or 20 mM Mg2+ (13 at 

37°C, 15 at 50°C), arguing against the notion that helix stabilisation by the LNA +1 

modification may impair catalytic efficiency by exacerbating ptRNA acceptor stem opening. It 

can also not be completely ruled out that two compensatory effects occur: the higher 

temperature might favour the denaturation of the acceptor stem but at the same time 

Fig. 4.2.13: E. coli P RNA cleavage experiments at different Me2+ concentrations, 1M NH4OAc and pH 5.5; A: 

cleavage in the presence of Mg2+ in the concentration range of 10 to 120 mM; B: cleavage with Mn2+ between 2 

to 10 mM. The krel represents the relative cleavage rate constant calculated as the ratio between the observed 

rate constants (k obs) for the unmodified substrate [r(T –1, T –2)] and the LNA +1 substrate (GLNA +1).  

krel = k obs [r(T-1, T-2)] / k obs (GLNA+1)  
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destabilise Me2+ ion binding at the cleavage site. 

  A significant deleterious effect on ptRNA ground state binding and processing at low 

Me2+ ion concentration was obtained when an LNA or 2’ OCH3 modification was introduced 

at nt +1, suggesting sterical effects induced by the methylene bridge of GLNA +1 or CH3 

group of the 2’ OCH3 +1 variant. These bulky substituents at the 2’ position of nt +1 within 

the two ptRNA variants might hinder binding of divalent metal ions or disrupt an important 

enzyme-substrate contact required for ptRNA binding to E. coli P RNA. Therefore, binding of 

the GLNA +1 variant vs. the unmodified substrate was analysed as a function of Me2+ (Ca2+) 

ion concentration (Fig. 4.2.14). The Kd of both ptRNAs decreased with increasing Ca2+ 

concentration (Fig. 4.2.14 A). Hill analysis of Kd in the presence of varying concentrations of 

Ca2+ yielded slopes of nH = 1.8 for the unmodified substrate [r (T –1, T –2)] and 2.6 for the 

GLNA +1 variant (Fig. 4.2.14 B), suggesting that the two substrates bind to the P RNA via 

different mechanisms, involving at least two [r (T –1, T –2)] or three (GLNA +1) Ca2+ ions.  

  Since the slope of the Hill plot (Fig. 4.2.14 B) for the GLNA +1 ptRNA variant is higher 

than that determined for the unmodified substrate (2.6 vs. 1.8), it can be concluded that the 

E•S complexes with the GLNA +1 substrate bind at least one Ca2+ ligand more compared 

with the unmodified ptRNA. Two explanations are conceivable: (1) because GLNA +1 has a 

Fig. 4.2.14: Ca2+ dependence of ptRNA binding; unmodified (filled circles) and LNA at nt +1 modified (filled 

squares) ptRNA substrate. (A) Kd dependence on Ca2+ concentration; the inset shows the magnified curve for 

the unmodified ptRNA. (B) Hill plot analysis of Kd dependence on Ca2+ concentration. f = Kd, minimal / Kd, 

observed; the Kd, minimal at saturating Ca2+ concentrations was determined to be 0.5 nM for the reference 

(unmodified) substrate and 1.5 nM for GLNA +1 variant. 
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lower binding affinity compared to the reference substrate, it is likely that the LNA 

modification blocks one of the two Ca2+ binding sites determined for the unmodified 

substrate to be involved in stable E•S complex formation (a direct displacement of a Ca2+ 

ion by LNA). To partially compensate for the loss of one important binding site, two other 

Ca2+ ions might be taken up at different low affinity sites into the E•S complexes with the 

GLNA +1 variant. Both of them support complex formation, but with lower affinity than that 

displaced by the LNA modification. (2) Alternatively, it is possible that an LNA modification at 

 nt +1 disrupts a direct enzyme – substrate contact, via sterical hindrance, inducing 

rearrangements in the substrate orientation with respect to the enzyme. As a consequence 

one of the two essential Ca2+ ions (see above) is not able to bind anymore (an indirect 

displacement of a Ca2+ ion by LNA). This might be partially compensated by binding of two 

different Ca2+ ions at other lower affinity sites [see (1)]. 

  Both hypotheses are consistent with the results obtained in the ptRNA binding 

experiments and might explain the very slow E•S complex formation (with GLNA +1 ptRNA) 

at low Me2+ concentration [∼ 41-fold at 5 mM Sr2+ (4.2.1; Table 4.2.1; Fig. 4.2.3) or ∼ 62-fold 

at 5 mM Ca2+ (Fig. 4.2.14 A) slower than the reference ptRNA] and the rescue effect at 

higher concentrations [~ 12-fold slower at 80 mM Sr2+ (4.2.1; Table 4.2.1; Fig. 4.2.3) or 50 

mM Ca2+ (Fig. 4.2.14 A)].  
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4.3 Modification interference studies: an approach to identify 

functional groups that interfere with the cleavage reaction 

4.3.1  Introduction to modification interference studies 

  The NAIM approach; Nucleotide analogue interference mapping (NAIM) is a specific 

and versatile chemogenetic approach which allows to probe the functional consequences of 

changes as minor as single atom substitutions in the base, sugar or phosphate moiety of 

nucleic acids. NAIM uses the potential of phosphorothioate modifications as reporters (Fig. 

4.3.1, yellow), which permits to specifically cleave the nucleic acid chain by iodine exclusively 

at the sites of analogue incorporation 

(Gish & Eckstein, 1998; 3.4.8). 

Phosphorothioate modifications are 

obtained by substitution of one of the two 

non-bridging phosphate oxygen atoms 

(pro Sp and pro Rp) with sulphur. For 

synthesis of modified RNA by run-off 

transcription, Sp-α-thio-NTP’s are used. 

During polymerisation the phosphate 

group is converted to the Rp–

configuration (Griffiths et al., 1987). The 

substitution with sulphur may affect the 

coordination of Mg2+ and the formation 

of hydrogen bonds while the secondary 

structure of RNA usually remains 

unaffected. 

 At the onset of NAIM studies, a pool of RNA molecules with limited numbers of 

randomly distributed nucleotide analogues is synthesised. Such a pool of RNAs is then 

subjected to a selection procedure to separate active variants from those with impaired 

function due to modification at a particular location. Subsequent comparative analysis of the 

distribution of modifications in the active RNA fraction and a reference fraction (e.g. the 

fraction of molecules with impaired function or the original unselected pool) reveals positions 

critical for function.  

 The partial modification of RNA is achieved by the presence of nucleoside α-

thiotriphosphate analogues during in vitro transcription by T7 RNA polymerase, resulting in 

the aforementioned pool of RNA molecules, each carrying a low number of randomly 

Fig. 4.3.1: Phosphorothioate as reporter for modification 

interference studies 
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distributed modifications. The elegance of the method lies in the capacity to simultaneously 

screen for the functional contribution of a particular chemical group at almost every A, C, G 

or U position in an RNA chain. The analogues available for NAIM studies can be divided into 

three categories (Strobel, 1999), according to their main attribute: (a) if they primarily change 

the chemical properties of the substitutent, (b) delete a functional group or (c) introduce a 

bulky substituent.  

 Depending on the type of modification introduced, NAIM experiments have the 

potential to reveal the following information:  

• An Rp-phosphorothioate (Fig. 4.3.1, yellow) modification per se (AMPαS, GMPαS, 

CMPαS, UMPαS) may identify crucial coordination sites for Mg2+ ions. Substitution 

of sulfur for a non-bridging phosphate oxygen essentially abolishes inner-sphere 

coordination to Mg2+, because Mg2+, a "hard" Lewis acid, prefers to bind oxygen, a 

"hard" Lewis base, relative to the much more polarisable and thus "softer" sulfur 

(Pearson, 1963). However, addition of more thiophilic metal ions ("softer" Lewis 

acids) such as Mn2+ or Cd2+ may restore, to varying extent, metal ion binding to the 

thiophosphate, leading to a (partial) rescue of the functional defect (Warnecke et al., 

1996). 

• C7-deaza (the nitrogen marked in red replaced by a C-H group; Fig. 4.3.1) purine 

analogues (c7-AMPαS, c7-GMPαS) are employed to reveal N7 positions involved in 

hydrogen binding or metal ion coordination. The latter aspect may be particularly 

relevant if RNA structure and function is probed in the presence of transition metal 

ions, such as Mn2+ or Zn2+, which form inner-sphere complexes with the N7 of 

purines (Sigel & Song, 1996; Rubin et al., 1983).  

• 2'-deoxy (removal of the 2’-OH group highlighted in green; Fig. 4.3.1) modifications 

allow probing of the hydrogen donor and acceptor functions of 2' hydroxyls. 

• IMPαS (the amino group highlighted in magenta replaced with hydrogen; Fig. 4.3.1), 

incorporated by T7 RNA polymerase instead of G nucleotides is suited to probe the 

role of guanine exocyclic amino groups in hydrogen bonding. For E. coli P RNA, 

relatively few inosine interference effects were detected in regular helices, 

suggesting that helix destabilisation by this modification is of minor importance for the 

function of the RNase P ribozyme (Heide et al., 1999). However, destabilisation of 

secondary structure can become important if inosines are part of a short 

intermolecular hybrid helix required to bind the substrate to the ribozyme, particularly 

under conditions where ribozyme molecules compete for a limited amount of 

substrate RNAs (Ortoleva–Donnely et al., 1998). For such cases, combined analysis 

of IMPαS and N2-methyl-GMPαS interfence patterns was reported as a strategy to 
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differentiate between helix destabilisation and loss of important tertiary interactions 

as the cause of interference (Strobel, 1999; Ortoleva–Donnely et al., 1998). The N2-

methyl group can still form a hydrogen bond with the O2 of cytosine in Watson-Crick 

base pairs, but has lost its capacity to participate in a bifurcated hydrogen bonding 

frequently observed in tertiary contacts that involve the 2-amino group of paired G 

residues (Heide et al., 1999; Ortoleva–Donnely et al., 1998; Cate et al., 1996; Pley et 

al., 1994). 

 Nucleotide analogue interference suppression (NAIS) is an extension of NAIM to 

determine whether an observed interference effect is caused by disruption of a direct contact 

between two particular functional groups of two interacting molecules. In NAIS, the partially 

analogue-modified RNA pool (RNA 1) is analysed for interference effects in two parallel 

setups: one employing the interacting RNA (RNA 2) in its unmodified form, as in NAIM, and 

the second one using RNA 2 with a point mutation or a single chemical group altered at a 

location suspected to interact directly with RNA 1. If a functional group in RNA 2 that 

normally interacts with the functional group in RNA 1 has been changed by the 

aforementioned mutation or modification, the interference effect observed in the first 

experimental setup corresponding to the disruption of this particular interaction should 

disappear, since the contact has already been abolished by the mutation or modification 

introduced into RNA 2, and a modification in RNA 1 at the corresponding position remains 

without effect. A critical point of such NAIS experiments is to adapt the functional assay with 

the mutant or modified RNA 2 in such a way that the extent of reaction or complex formation 

is the same as in the reference assay with unmodified RNA 2. For a more detailed 

description and illustration of NAIM and NAIS, see Cuzic & Hartmann, 2005 and Fedorova et 

al., 2005. 

4.3.2 Construction of E. coli P RNA – tRNA conjugates 

 In order to identify functional groups that are important for substrate cleavage by 

RNase P RNA, NAIM and NAIS experiments have to be performed with a self-cleaving RNA 

conjugate (P RNA - tRNA; Fig. 4.3.2). In this experimental setup, functional, self-cleaving 

conjugates can be separated from inactive ones according to size, employing denaturing 

PAGE (Harris & Pace, 1995). In this study two types of RNA conjugates were used:  

P RNA – tRNA 5' -half 

  The P RNA – tRNA 5' -half conjugate (Fig. 4.3.2) is based on a transcript consisting 

of E. coli P RNA (black), a linker region (green) and the 5' -half of a bacterial tRNA
Gly

 (blue). 

To generate a functional substrate, an excess of tRNA 3' -half (red, Fig. 4.3.2) was annealed 
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to this construct, creating a self-cleaving P RNA – tRNA conjugate. This bipartite system 

prevents premature self-cleavage at the tRNA 5' -end during RNA preparation and 

furthermore enables NAIS-studies using modified functional groups in the 3' -half region of 

tRNA. 

 The sequence encoding the P RNA – tRNA 5' -half was constructed in three steps 

(Fig. 4.3.3). To create a homogenous end, a hammerhead sequence was attached to the 3' -

end of the DNA construct; the hammerhead self – cleaves during RNA transcription. 

(1) A standard PCR (3.3.4), using primers 1 (magenta) and 2 (green) and plasmid pFL 

117 (encoding the sequence of P RNA from E. coli) as template;  

(2) A primer elongation reaction (3.3.6) using primers 3 (blue) and 4 (red);  

 

 

 

 

 

 

 

 

 

 

Fig. 4.3.2: E coli P RNA – tRNA conjugate; with the P RNA in 

black, linker in green, tRNA 5’ half in blue and 3’ half in red. The 

tRNA 3' -half is either only annealed to the 5' -half part of the 

conjugate (P RNA – tRNA 5' -half conjugate) or directly 

connected to the 5’ half (P RNA – tRNA conjugate). 

Fig. 4.3.3: Construction of the P RNA 

– tRNA 5' -half conjugate; For 

simplification the primers have been 

numbered: primer 1 in magenta (Eco 

M1 5' Eco R I T7), 2 in green (3' M1 

Gly spacer), 3 in blue (3' Gly spacer 2 

compl) and 4 in red (3' Gly spacer 3). 

The sequence corresponding to each 

primer and their direction is indicated. 

Please note that the primer sequence is complementary to (primer 2 and 4) or identical with (primer 1 

and 3) the given sequence (see also appendix 2). A part of the sequence not shown here is indicated by 

the broken line. 
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(3) A fill up reaction (3.3.7) using the double-stranded DNA products of step (1) and (2). 

 

 The DNA product obtained in step (3) was digested with Eco RI and Bam HI and 

ligated into the vector pUC 19 which was previously linearised using the same two restriction 

endonucleases and dephosphorylated at the 5’ end. E coli XL2 blue cells were transformed 

with the ligation product, and ampicillin resistant colonies were analysed (analytical plasmid 

preparation, restriction digest and sequencing [the latter being performed by MWG-Biotech]). 

The desired plasmid (called pXX) was isolated (3.3.1), linearised with Bam HI and subjected 

to in vitro transcription (3.4.1).  

 The tRNA 3' -half (Fig 4.3.2; red) encoding sequence was constructed by standard 

PCR (3.3.4), using the primers 9 (tgly 3’ -half 5' T7 EcoR I) and 10 (tgly 3’ -half 3' Mfe I-

Bahm HI) and the plasmid pSBpt3’HH (encoding the ptRNAGly sequence) as template. The 

PCR product was cloned into the vector pUC 19 using the restriction sites Eco RI and Bam 

HI. E coli XL2 blue cells were transformed with the ligation product, and ampicillin resistant 

colonies were analysed (see above). The desired plasmid (ptgly 3’ -half) was isolated 

(3.3.1), linearised with Mfe I (Mun I) and subjected to in vitro transcription (3.4.1). 

Linearisation with Mfe I enzyme ensured that CCA termini (important for P RNA catalysis) 

were generated during the run-off transcription. 

P RNA – tRNA conjugate 

 The sequence encoding the P RNA–tRNA conjugate (Fig. 4.3.2) was constructed by 

PCR using as template the plasmid containing the P RNA–tRNA 5' -half sequence (pXX; see 

above). The PCR method applied in this case differed from the standard method (3.3.4) 

regarding the number and the amount of primers used (Fig. 4.3.4). Instead of one antisense 

primer, three overlapping ones were used in this special case, in order to generate the 

sequence for the tRNA 3' -half (which is not encoded by the template). The amount (1 nM) of 

Fig. 4.3.4: Construction of the P RNA – 

tRNA conjugate; For simplification the 

primers have been numbered: primer 5 in 

light green (Eco M1 5' Eco RI T7 short), 6 

in yellow (ptRNA loops), 7 in blue (3' 

ptRNA Mun I-Bam HI) and 8 in red (3' 

ptRNA short). The sequence 

corresponding to each primer and their 

orientation is indicated. Please note that the primer sequence is complementary to (primer 6, 7 and 8) or 

identical with (primer 5) the given sequence (see also appendix 2). A part of the sequence not shown here 

is indicated by the broken line. 
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short primers (5 in light green and 8 in violet; Fig. 4.3.4) added to the PCR mix corresponded 

to the standard PCR method (3.3.4). The concentration of the long primers (6 in yellow and 7 

in dark blue; Fig. 4.3.4) was ten times lower.  

 The PCR product was cloned into the Eco RI and Bam HI sites of a pUC 19 derivative 

(pUC 19 Hind III to Eco 147I), containing a point mutation (introduced by PCR mutagenesis; 

3.3.5) that transforms the Hind III recognition site into an Eco 147 I recognition site. The 

resulting plasmid was termed pXY. Absence of the Hind III site from the original vector was 

necessary for the construction of P RNA – tRNA conjugates with different linker lengths (Fig. 

4.3.2; linker shown in green):  

 (1) The plasmid encoding the P RNA – tRNA conjugate sequence (pXY), containing a 

linker of 53 nt and constructed as described above, was digested with Hind III (2 recognition 

sites within the linker region) and religated, resulting in a conjugate with a linker of 33 nt; 

 (2) By annealing of a self – complementary deoxyoligonucleotide with 5’ phosphate 

termini, creating a recognition site for Eco 47 III (enzyme generating blunt ends) in the middle 

of the helix as well as appropriate overhangs, and ligating this short DNA duplex into the 

Hind III linearised vector [see (1)], a 43 nt linker was obtained; 

(3) The plasmid obtained in (2) was linearised with Eco 47 III, and bluntend double -

stranded DNA fragments of different size obtained from a 10 bp DNA ladder by separation 

on an agarose gel were ligated into the vector. The resulting products contained linkers 

between 54 and 375 nt. 

 For run - off transcription all templates, obtained as described above, were linearised 

with Mfe I (Mun I). Transcription was performed using the protocol for internally labelled RNA 

as described in 3.4.1 with one exception: the Mg2+ concentration was 7 instead of 33 mM. 

At this Mg2+ concentration, cis–cleavage of the conjugate during transcription was avoided. 

4.3.3 Characterisation of P RNA – tRNA conjugates by kinetic experiments 

 Cis-cleaving P RNA - tRNA conjugates open up the perspective to identify functional 

groups that are crucial for cleavage chemistry, either applying NAIM or NAIS. In previous 

related approaches, the tRNA substrate was tethered to internal positions of E. coli P RNA 

(Harris & Pace, 1995; Kazantsev & Pace, 1998; Kaye et al., 2002). However, these 

constructs required 3 M monovalent salt for efficient self-cleavage, and such conditions may 

suppress informative interference effects to an unwanted extent. Therefore, a somewhat 

different strategy was pursued: a transcript consisting of E. coli P RNA, a linker region and 

the 5' -half of a bacterial tRNAGly was annealed to an oligomer representing the tRNA’s 3' -

half (added in excess over the P RNA - tRNA 5' -half construct), thereby creating a self-

cleaving P RNA - tRNA conjugate (see Fig. 4.3.2). Using this bipartite system, premature 
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self-cleavage during RNA preparation is prevented by the absence of a functional substrate. 

Furthermore, it permits the use of tRNA 3' halves with single-site modifications for NAIS 

experiments.  

 Before conducting NAIM experiments, it was essential to analyse the kinetic 

behaviour of the conjugate in order to determine the conditions under which cis-cleavage 

occurs exclusively. Moreover, the step limiting the reaction rate, for example cleavage 

chemistry or a refolding step, had to be identified.  

Conditions for cis-cleavage only  

 Employing conditions that exclude trans-cleavage is essential for the separation of 

active ribozymes from less active and inactive RNA variants. To check for cis-cleavage, 

kinetic experiments were performed at increasing concentrations of P RNA - tRNA 5’ -half 

conjugate with a linker of 53 nt. If trans-cleavage occurs, a proportional increase of cleavage 

rate (or product formation) with ribozyme conjugate concentration is to be expected. The 

finding that the cleavage rate remained constant (after 20 minutes 55 to 60 % of the RNA 

conjugate was cleaved; Fig. 4.3.5) in the tested range of P RNA - tRNA 5' -half 

concentrations (0.5 to 40 nM; Fig. 4.3.5) demonstrated that this type of ribozyme acts only in 

cis and not in trans under dilute conditions.  

 

Fig. 4.3.5: cis-cleavage of P RNA - tRNA conjugate at different complex concentrations. This figure documents 

that no significant trans - cleavage occurred under the conditions tested, since the cleavage rate was constant 

for different concentrations of P RNA - tRNA 5' -half (0.5 to 40 nM). Assays were performed as follows: the P 

RNA - tRNA complex was formed by annealing the tRNA 3' -half to 5' -end-labelled P RNA - tRNA 5' -half in the 

presence of 100 mM NH4Cl and 5 mM CaCl2 to avoid self-cleavage. The P RNA - tRNA 5' -half concentration 

was 80 nM and that of tRNA 3' -half 5 µM. The annealing mixture was heated to 95°C for 2 min, then cooled 

down to 50°C in a heating block and preincubated for 30 min at 50°C. After preincubation, the mixture was 

diluted to 0.5 to 40 nM P RNA - tRNA 5' -half and 30 to 2500 nM tRNA 3' -half by adding NH4Cl, urea and CaCl2 

to final concentrations of 100, 100 and 5 mM, respectively. The reaction was started by adding MgCl2 to a final 

concentration of 36 mM. Samples were withdrawn at different time points and analysed by 8% denaturing PAGE. 
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Kinetic analysis of P RNA - tRNA conjugate  

 Kinetic experiments using P RNA - tRNA 5' -half and tRNA 3' -half were performed to 

characterise the behaviour of this chimeric RNA. It was observed that the curve obtained by 

single exponential fitting [rel. turnover = Limit x (1 – e – kt)] did not mirror the course of the 

reaction as defined by the data points (Fig. 4.3.6 A). Assuming two independent types of 

turnover (a fast one and a slow one) for the self-cleavage of the complex, each obeying the 

kinetic of a single exponential decay, and employing the corresponding formula [rel. turnover 

= Limit 1 x (1 – e – k1t) + Limit 2 x (1 – e – k2t)], a better fitting was obtained (Fig. 4.3.6 B). 

This finding suggests that there are at least two populations of ribozymes reacting with 

different velocities: the presumably correctly folded population (ca. 20%, see Limit 1 in Fig. 

4.3.6 B) that reacts fast, and a fraction of slower reacting conjugates (ca. 50 %; see Limit 2 

in Fig. 4.3.6 B) that either have to change their conformation before cis-cleavage can occur 

or use an alternative, albeit slower reaction pathway.  

Fig. 4.3.6: cis-cleavage of the P RNA - tRNA conjugate equipped with a 53-nt long linker. Assays were 

performed as follows: the P RNA - tRNAGly complex was formed by annealing the tRNA 3' -half to 5' -end-

labelled P RNA - tRNA 5' -half in the presence of 100 mM NH4Cl and 5 mM CaCl2 to avoid self-cleavage. The 

P RNA - tRNA 5' -half concentration was 0.3 nM and that of tRNA 3' -half 300 nM. The annealing mixture was 

heated to 95°C for 2 min, then cooled down to 50°C in a heating block and preincubated for 30 min at 50°C. 

After preincubation, the mixture was diluted to 0.1 nM P RNA - tRNA 5' -half and 100 nM tRNA 3' -half by 

adding NH4Cl, urea and CaCl2 to final concentrations of 100, 100 and 5 mM, respectively. The reaction was 

started by adding MgCl2 to a final concentration of 36 mM. Samples were withdrawn at different time points and 

analysed by 8% denaturing PAGE. The time course was fitted to either a single first - order (A) or two 

simultaneously occurring first - order reactions (B). 
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The saturation concentration of the tRNA 3' -half 

 For further kinetic analysis, one concentration of the P RNA - tRNA 5' -half conjugate 

was selected (0.3 nM during the annealing step and 0.1 nM in the cleavage reaction). In 

order to define the saturating concentration of tRNA 3' -half, cleavage experiments were 

performed at increasing tRNA 3' -half concentrations (up to 1 µM in the cleavage reaction) in 

the presence of 0.1 nM ribozyme conjugate. Transfer RNA 3' -half concentrations exceeding 

that of P RNA - tRNA 5' -half by a factor of 800 did not increase k1 (Fig. 4.3.7). 

The fast and the slow turnover have different rate limiting steps 

The pH dependence of the rate of cleavage by P RNA is believed to arise from the 

dependence of phosphodiester hydrolysis on metal-bound hydroxide concentration (Kirby & 

Younas, 1970; Cassano et al., 2002), and is therefore taken to indicate that chemistry is rate 

limiting (Frank & Pace, 1998; Christian et al., 2002). The linear relationship observed for log 

k1 versus pH with a slope of about 1 in the range of pH 5.2 to 6.5 (Fig. 4.3.8, A) indicates 

that the chemical step is rate-limiting in this pH range (Warnecke et al., 1996; Persson et al., 

2003) for the fast turnover, predominant in the initial phase of the reaction. In contrast, the 

cleavage rate constant k2 describing the slow turnover (Fig. 4.3.8, B) was independent of 

pH, supporting the idea that k2 may reflect the rate of a slow refolding step.  

Fig. 4.3.7: Determination of the 

saturation limit for tRNA 3' -half, by 

varying its concentration up to a 10000-

fold excess over P RNA - tRNA 5' -half 

(53 nt linker), whose concentration was 

0.1 nM; tRNA 3' -half concentrations 

exceeding that of P RNA - tRNA 5' -half 

by more than a factor of 800 did not 

further increase the cleavage rate 

constant k1. For reaction conditions see 

legend to Fig. 4.3.6. 
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Fig. 4.3.8: pH dependence of k1 (the rate constant of the fast initial phase of the reaction, panel A) and k2 

(the rate constant of the second slower phase of the reaction; see panel B). For reaction conditions see 

legend to Fig. 4.3.6. 

 

The length of the linker that connects the P RNA to the tRNA has no effect on the cis-

cleavage reaction of the fast reacting conjugates 

  For analysing the influence of the linker length on cis-clevage of P RNA–tRNA 

complexes, variants with different linkers were constructed as described in 4.3.2. The linker 

 

Fig. 4.3.9: Influence of the linker length on the cleavage 

rate constant k1. No significant differences were 

observed in the cleavage rate constant k1 among 

complexes with linker lengths between 43 and 133 nt. 

The P RNA - tRNA complex was preincubated for 10 

minutes at 50°C in the presence of 100 mM NH4Cl and 

100 mM urea at pH 7.0. The concentration of the RNA 

conjugate was 0.3 nM. After preincubation the mixture 

was diluted to 0.1 nM RNA conjugate at constant 100 

mM NH4Cl and 100 mM urea. The reaction was started 

by adding MgCl2 to a final concentration of 36 mM. 

Samples were withdrawn at different time points and 

analysed by 8% denaturing PAGE. 
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length was defined as the number of nucleotides that separate the P RNA 3' -end from the 

tRNA 5' -end. The rate constant k1 was shown to be independent of the linker length in the 

range of 43 to 133 nt (Fig. 4.3.9).  

4.3.4 NAIM and NAIS: the concept of the method 

 The experimental setup proposed in this study was designed for identifying enzyme-

substrate contacts and/or functional groups involved in binding of metal ions that are 

important for the cleavage reaction. Optimal conditions for the cleavage reaction were 

established by kinetic analyses (4.3.3): (1) a concentration of 24 nM for the P RNA - tRNA 5' 

-half conjugate was selected to combine an optimal yield of RNA in a small reaction volume 

with conditions under which trans-cleavage is negligible (Fig. 4.3.5); (2) a reaction time of 2 

min where the fast turnover is predominant was chosen. During this time about 20 % of the 

RNA complexes, corresponding to the limit of the fast turnover (Limit 1 in Fig. 4.3.6 B), self-

cleave. Thus, the cleaved fraction (pool of active molecules) predominantly consists of fast - 

cleaving complexes. (3) Moreover, a pH of 5.9 was chosen, at which cleavage chemistry 

limits the fast turnover (Fig. 4.3.8 A). 

 IMPαS modification experiments using the E. coli P RNA - tRNA conjugate with a 53 

nt long linker connecting the P RNA and tRNA moieties are outlined below. The 

experimental procedure involved the following steps, illustrated in Fig. 4.3.10: 

1. Transcription of P RNA - tRNA 5' -half carrying a low degree (2.5 %) of randomly 

distributed IMPαS modifications (3.4.1); 5' -32P-end labelling of a small fraction of this 

RNA pool (3.4.2) for the detection of cleaved and uncleaved molecules after separation 

by denaturing PAGE; transcription of tRNA 3' -half (unmodified for NAIM; 3.4.1). The 

concept for NAIS experiments is illustrated as well. Experimental steps for NAIS are 

identical to those of NAIM, except that the reaction conditions have to be adapted for a 

modified 3' -half oligomer to yield a similar amount of cleaved conjugates as could be 

obtained with the unmodified tRNA 3' -half.  

2. Formation of the P RNA - tRNA complex by annealing the tRNA 3' -half (8.8 µM) to 

the P RNA - tRNA 5' -half (91 nM; containing trace amounts of the 5’-radiolabelled pool) 

in the presence of 100 mM NH4Cl and 5 mM CaCl2 at pH 5.9, conditions that prevent 

premature self-cleavage; the annealing mix was heated to 95°C for 2 min, then cooled 

down to 50°C in a heating block and preincubated for 30 min at 50°C.  
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Fig. 4.3 10: Flow diagram for NAIM (NAIS) analysis of a cis-cleaving P RNA – tRNA conjugate. For details 

see the text (4.3.4). 
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3. 3.8-fold dilution of the annealing mix to 24 nM P RNA - tRNA 5' -half and 2.3 µM 

tRNA 3' -half by addition of NH4Cl, urea and CaCl2 to final concentrations of 100, 100 

and 5 mM, respectively. 

4. Start of the cis-cleavage reaction by addition of MgCl2 to a final concentration of 36 

mM. 

(a) Stop of the reaction after 2 min at 50°C, resulting in 20 to 30 % product formation, 

and ethanol precipitation (3.2.2). 

(b) Incubation of a parallel reaction for 2 h, resulting in essentially complete substrate 

conversion. The products generated in this fashion serve as a reference RNA pool for 

NAIM analysis. 

5. Separation of cleaved P RNA conjugates from uncleaved fractions by denaturing 

PAGE (3.2.1) and elution by diffusion in elution buffer 2 (3.2.5).  

6. 3' -end labelling (3.4.3) of the complete pool of eluted RNAs, resulting in an about 

100 -fold higher specific radioactivity than that present at the 5' -end. 

7. Iodine hydrolysis (3.4.8) and denaturing PAGE analysis (3.2.1). 

4.3.5 Application example 

 In a previous study, the NAIM method had been applied to locate positions within E. 

coli P RNA important for substrate recognition by employing a gel retardation assay to 

separate active ribozyme molecules from those with impaired function (Heide et al., 1999). 

The method described here, employing the cis-cleavage assay, was designed to identify 

positions that interfere with catalysis itself. It seems possible that functional groups in P RNA 

important for substrate binding are likewise important for substrate turnover, since binding is 

a prerequisite for cleavage. Therefore, interference effects observed in NAIM experiments 

investigating binding and cleavage are expected to overlap at least partially. Thus, the 

results obtained here with the cis-cleavage assay were compared with those obtained in the 

previous study using the gel retardation approach (Heide et al., 1999). In both approaches, 

the contribution of guanosine 2-NH2 groups was investigated. Randomly distributed IMPαS 

modifications were introduced into P RNA – tRNA 5' -half conjugates by in vitro transcription. 

A low extent of modification (2.5 %) was chosen to avoid the possibility that an RNA 

molecule carries more than one modification at a functionally important position, which may 

otherwise mask weak interference effects. 
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Fig. 4.3.11: NAIM experiment to identify IMPαS modifications that interfere with cis-cleavage of an E. coli 

P RNA - tRNA conjugate. 3' -end labelled RNA samples, either treated with iodine (lanes A, A', B, B') or 

not treated (lanes Con A, A', B, B') were loaded onto a 10 % PAA / 8 M urea gel and separated by 

electrophoresis until xylene cyanol reached the bottom of the gel. Radioactive bands were visualised as 

described (see paragraph “Evaluation of NAIM data”). Lane A: pool of RNA molecules after 2 h of 

incubation, representing the entire pool of modified RNA (Fig. 4.3.10, step 4 b); lane B: fraction of fast - 

reacting conjugates cis-cleaved in the initial fast phase of the reaction (within 2 min; Fig. 4.3.10, step 4 a). 

Lanes A' and B': same as lanes A and B, respectively, but representing a second individual experiment. 
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Evaluation of NAIM data 

 Iodine hydrolysis bands were visualised and quantified using a phosphorimage 

analyser (Bio-Imaging Analyser FLA 3000-2R; FUJIFILM) and the analysis software 

PCBAS/AIDA (Raytest). An application example is illustrated in Fig. 4.3.11, representing two 

individual experiments run in parallel (lanes 1-4 and 5-8) on a high resolution polyacrylamide 

gel. The quantification boxes positioned within the program AIDA are outlined in black or 

white lines (white when black lines are masked by high band intensities). In the case of 

insufficient separation of individual bands (e. g. boxes 1 and 2), two or more bands were 

enclosed by a single box. Some bands, such as those of boxes 31, are hardly discernible in 

Fig. 4.3.11 due to loss of resolution, but can be clearly differentiated from the background 

within the analysis program AIDA. The calculated parameters are given in table 4.3.1 and 

the results illustrated in Fig. 4.3.12.  

 First the total band intensities per each lane were calculated (∑ IA and ∑ IB). The next 

step was to determine the normalisation factor κ to compensate for differences in total 

radioactivity in lanes A versus B, where A represents the pool of completely cleaved RNA 

conjugates (i.e. after 2 h) and B the fraction of fast reacting conjugates cis-cleaved during 

the initial phase of the reaction (within 2 min). A' and B' represent data from another 

Fig. 4.3.12: Quantification and statistical analysis of IMPαS modifications that interfere with cis-cleavage of an E. 

coli P RNA - tRNA conjugate, based on three independent experiments. (A) Mean R-values (ØR; error bars: 

standard deviation of the mean) were plotted against the numbers (No.) of quantification boxes according to Table 

4.3.1 (see next paragraph for data evaluation). Effects with R-values between 0.82 and 1.2 were arbitrarily 

considered insignificant (grey-shaded area). At positions where data points correspond to individual G residues for 

which interference effects were observed, the position according to the E. coli P RNA numbering system (see 

secondary structure in Fig. 4.3.13) is indicated next to the corresponding circle.  
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individual experiment; data from a third experiment (A'' and B'') were also included in the  

calculation of the average R-value, but are not given in Table 4.3.1.  

Table 4.3.1: Analysis of NAIM data obtained upon selection of fast-cleaving (within 2 min) E. coli P 

RNA conjugates (fraction B and B’) and comparison with the IMPααααS-modified pool of RNA molecules 

obtained after exhaustive cleavage (fraction A and A’) 

fraction A fraction B  fraction B’ fraction A’  
No position 

IA IB IB x κ IA’ IB’ IB’ x κ’ 
R R’ 

§
R" ØR SD 

1  267325,7 268508,1 285370,41 205632,4 247931,9 229510,56 1,07 1,16 1,02 1,07 0,03 

2  99128,7 97563 103689,96 93011,7 96683,2 89499,64 1,06 0,96 0,98 0,10 0,03 

3  5103,5 4019,6 4272,03 8152,5 3743,8 3465,64 0,84 0,43 1,08 0,78 0,19 

4  11505,4 11559,2 12285,12 8920,8 9722,3 8999,93 1,07 1,01 1,04 1,04 0,02 

5  6894,3 6143,4 6529,21 6028,7 5262,1 4871,13 0,95 0,81 0,99 0,92 0,06 

6  16869,3 15114,1 16063,27 11072 13779,9 12756,05 0,96 1,15 1,11 1,07 0,06 

7  5823,9 3511,6 3732,13 3464,9 2963,2 2743,03 0,65 0,79 0,96 0,8 0,09 

8  6918,6 5624,5 5977,72 5825,2 5363,9 4965,36 0,86 0,85 0,96 0,89 0,03 

9  20596,9 16283,7 17306,32 17227,6 14217,7 13161,32 0,85 0,76 1,15 0,92 0,12 

10 271+270 9981,1 8461,5 8992,88 6623,5 8808 8153,57 0,90 1,23 1,21 1,11 0,11 

11 275+276 4298,9 4396,8 4672,92 4542,9 4306,1 3986,16 1,09 0,88 1,22 1,06 0,10 

12 280 3472,3 3499,8 3719,59 2768 3338 3089,99 1,07 1,12 0,93 1,04 0,06 

13 285 1660,9 1402,6 1490,68 1699,1 1788,3 1655,43 0,90 0,97 1,38 1,09 0,15 

14 291 2395,1 1871,8 1989,35 3471,2 2678,9 2479,84 0,83 0,71 0,86 0,80 0,04 

15 292 2225,7 1535 1631,40 3451,9 2099,5 1943,51 0,73 0,56 0,84 0,71 0,08 

16 293 5352,9 3555,6 3778,89 5085,5 4225,7 3911,73 0,71 0,77 0,80 0,76 0,027 

17 297+296 8472,7 7253,3 7708,81 5296,3 5313,3 4918,52 0,91 0,93 1,36 1,07 0,15 

18 300 3822,9 1686,3 1792,20 2301,7 1650,6 1527,96 0,47 0,66 0,63 0,59 0,06 

19 304 6238,6 4291,2 4560,69 4714,8 3548,7 3285,03 0,73 0,70 0,88 0,77 0,06 

20 306 7388,6 5131,3 5453,55 5342,3 4166,4 3856,84 0,74 0,72 0,81 0,76 0,03 

21 310 3425,2 2531 2689,95 3154,1 2732,1 2529,10 0,79 0,80 0,95 0,85 0,05 

22 312 2973 2091,6 2222,95 3304 2428,8 2248,34 0,75 0,68 0,97 0,80 0,09 

23 314 5925,1 3661 3890,91 4617,2 4307,2 3987,17 0,66 0,86 0,81 0,78 0,06 

24 316 2856,3 2112,4 2245,06 2818 1905,8 1764,20 0,79 0,63 1,02 0,81 0,12 

25 320 2667,7 2265,8 2408,09 2014,7 2228,7 2063,11 0,90 1,02 0,81 0,91 0,06 

26 323+324 10050,2 9544,4 10143,79 10304,4 10058,5 9311,15 1,01 0,90 0,93 0,95 0,03 

27 329 1942,9 1449,4 1540,42 1867,6 1696,1 1570,08 0,79 0,84 0,90 0,85 0,03 

28 332 6697,3 6058,8 6439,29 3723,5 5509,8 5100,42 0,96 1,37 0,80 1,04 0,17 

29 336 2334,2 2167,8 2303,94 2261,5 1788,6 1655,71 0,99 0,73 0,83 0,85 0,07 

30 340 2966 2978,4 3165,44 2224,3 2556,2 2366,27 1,07 1,06 0,71 0,95 0,12 

31 346 1264,6 804,2 854,70 702,1 632,2 585,23 0,68 0,83 1,14 0,88 0,14 

32 350 1944,3 1486,7 1580,06 1461,1 1236,6 1144,72 0,81 0,78 0,68 0,76 0,04 

sum 540522,8 508563,9  443085,5 478672,1  

 

κ = 1.06284146; κ’ = 0.92565558 

I = intensity; κ = normalisation factor (see text). 

Position: according to the E. coli P RNA numbering system (see secondary structure in Fig. 4.3.13); 

R = IB x κ / IA; R’ = IB’ x κ’ / IA’; R”: calculated like R or R’, §primary data (IA”, IB” , IB” x κ” ) not included in the table; 

ØR = mean of R, R’ and R”; SD = standard deviation of the mean 
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The normalisation factor κ was calculated from the ratio of the sum of all band intensities in 

lane A versus B (∑ IA / ∑ IB). Interference and enhancement effects for individual bands (or 

two or more bands if quantified as one due to low gel resolution) are then determined by 

calculating the ratio R = (κ x IB) / IA. Interference effects are associated with R-values below 

1.0, whereas enhancement effects will result in R-values above 1.0. In a previous study (Rox 

et al., 2002), only R-values below 0.82 and above 1.2 were considered significant, but these 

cutoff values are arbitrary and depend on the quality of the data, such as the number of and 

fluctuations between individual experiments as well as the selection stringency inherent to 

the experimental setup. In the example shown in Table 4.3.1, the data are based on three 

individual experiments, which we consider to be the absolute minimum for such studies. Fig. 

4.3.12 shows a graphical representation of the mean R-values (including errors). 

Comparing NAIM results obtained with the cis-cleavage assay of E. coli P RNA - tRNA 

conjugates (this study) with results obtained for tRNA binding (previous study) 

   Usually, one compares IMPαS with GMPαS interference patterns to be able to 

ascribe effects to the thioate and/or additional base modification. However, the idea behind 

the strategy employed here was to determine to which extent IMPαS interference patterns 

obtained with the cis-cleaving conjugate overlap with those observed in a gel retardation 

assay selecting for high affinity tRNA binding to E. coli P RNA (Heide et al., 1999). Generally, 

the amount of information derived from NAIM experiments can be significantly increased by 

comparing NAIM results obtained for the same system but using different functional assays. 

Comparison of NAIM results shown in Fig. 4.3.12 with those obtained for high affinity tRNA 

binding to E. coli P RNA by a gel retardation assay (Heide et al., 1999) reveals substantial 

overlap (Fig. 4.3.13). In the region of nucleotides 291 – 350, IMPαS modifications at G 291 – 

293, G 300, G 304, G 306 and G 314 caused interference effects in both functional assays 

(marked by red circles in Fig. 4.3.13), although with different amplitudes. The interference 

effect at position G 300 obtained in the tRNA binding assay (Heide et al., 1999) was 

predominantly a phosphorothioate effect already observed with GMPαS modification alone, 

which, however, was not analysed in the cis – cleavage assay. The positions G 291 – 293 

normally interact with the 3’ -CCA terminus of tRNA (Heide et al., 1999; Busch et al., 2000). 

By introducing inosine modifications at these three positions, the interaction with the tRNA’s 

CCA terminus is weakened, explaining why inosine interference effects at these positions 

were detected in both functional assays. Modifications at position G 300, G 304, G 306 and 

G 316 apparently destabilise substrate binding to the ribozyme, either directly or by inducing 

conformational changes of ribozyme structure. In the tRNA binding assay, two additional 

interference effects caused by IMPαS modifications were detected at positions G 329 and G 
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356 (highlighted in blue in Fig. 4.3.13). Interference effects at G 312, G 316 and G 350 

(green; Fig. 4.3.13) were detected only in the cis – cleavage assay. G 350 may represent a 

position essential for the catalytic step, as evidence was provided that G 350 contributes to 

the binding of catalytically important Mg2+ near the active site of P RNA (Rasmussen & 

Nolan, 2002). According to the graphical representation shown in Fig. 4.3.12, IMPαS 

interference effects at G 312 and G 316 are borderline cases due to their weakness. 

  

Fig. 4.3.13: Secondarry structure of E. coli P RNA. Positions where IMPαS interference effects were detected 

are marked by colored circles: red corresponds to interference effects detected in binding as well as cleavage 

assays; positions highlighted in green are those where interference effect were detected only in the cis-

cleavage assay, blue corresponds to positions that interfere with tRNA binding only.  
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Outlook 

NMR analyses of 2' ribose modified model substrates 

Based on the biochemical approaches applied in this work, different assumptions 

were proposed, but these approaches did not totally clarify the role of the 2' OH at the 

cleavage site or the effect of the analysed modifications on ptRNA ground state binding and 

catalysis by P RNA. Structural analyses (NMR) using model 

substrates (see illustration on the left), consisting of a short 5' –

leader sequence, the acceptor stem and the 3' –CCA termini, 

carrying 2' ribose modifications at the P RNA cleavage site (nt –

1 and +1 highlighted in red; see illustration) might give some 

more information regarding the divalent metal ion binding sites 

located in the vicinity of these positions. Preliminary NMR 

analyses (Imino-proton 1D-spectrum) indicated that the ribo T 

at position –1 forms a base pairing interaction (indicated by the blue line) with U 73. This 

base pairing interaction was very weak for the unmodified RNA substrate, very strong for the 

substrate with an LNA modification at nt –1 and intermediate for the variant with an LNA at nt 

+1. Mg2+ titration experiments revealed a Me2+ ion binding site located in the vicinity of this 

base pair, but this Me2+ might be not the one involved in the catalytic step. The biochemical 

data supports the hypothesis that an LNA at nt –1 destabilises binding of catalytic metal ions 

and LNA at nt +1 displaces (directly or indirectly) an Ca2+ ion essential for E•S complex 

formation. By applying other NMR techniques (COSY and NOESY spectra) Mg2+ / Mn2+ ion 

binding site can be inferred. Due to its paramagnetism, Mn2+ binding to RNA can be 

monitored by NMR , since manganese (II) ions cause specific line-broadening of 1D NMR 

signals of nuclei close to a bound Mn2+ ion. 

NAIS experiments; proof of principle 

The NAIM experiments using an RNA pool which carried randomly distributed IMPαS 

modifications revealed positions that interfere with P RNA cleavage. The strongest 

interference effects were observed in the region G 291 – 293 located in L 15 / 16 of E. coli P 

RNA. Since it is known that G 292 – 293 form base pairs with C 75 - 76 of the 3' –CCA 

terminus of tRNA, in a further NAIS experiment, using a point mutation in the CCA sequence 

(e.g. C 75 to G) is expected to suppress the interference effect observed in the NAIM 

experiment, an observation that would confirm the direct contact of the P RNA via the two 

G's in L 15 / 16 with 3' -CCA of the tRNA. 
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Summary 

 The ribonucleoprotein enzyme ribonuclease (RNase) P is an endonuclease that 

generates the mature 5' -ends of tRNA. Bacterial RNase P enzymes are composed of a 

catalytic RNA subunit of about ∼400 nucleotides (nt) in length and a single small protein of 

typically 120 amino acids. Under physiological conditions, both subunits are essential for the 

catalysis. The RNA subunit is catalytically active in the absence of the protein at high 

divalent metal ion concentrations. This work focused on the catalytic mechanism of RNase 

P, and different aspects of RNase P processing are illustrated in three main chapters:  

The role of divalent cations in RNase P RNA catalysis: studies with Zn2+ as catalytic 

cofactor 

 Studies with P RNA from Escherichia coli (structural P RNA subtype A) and Bacillus 

subtilis (subtype B) have implied a specific role for two or more metal ions in substrate 

binding and cleavage chemistry (Smith & Pace, 1993; Warnecke et al., 1996; 1999; Kurz & 

Fierke, 2002). Mg2+ and Ca2+ were shown to be the only earth alkaline divalent cations that 

support P RNA cleavage under standard assay conditions, Ca2+ being significantly less 

efficient than Mg2+. Among the transition metal ions, only Mn2+ alone and Zn2+ in 

combination with Sr2+ or Ba2+ mediated RNase P cleavage.  

 This study demonstrated, for the first time, catalysis by E. coli P RNA with Zn2+ as the 

sole divalent metal ion cofactor in the presence of ammonium, but not sodium or potassium 

salts. Hill analysis suggests a role for two or more Zn2+ ions in catalysis. Zn2+ destabilises 

substrate binding even more than Cd2+. In contrast, Co(NH3)63+ and Sr2+ in particular, both 

unable to support catalysis by themselves, promote high substrate affinity. Hill analysis 

suggests the uptake of at least two additional Sr2+ ions upon E•S complex formation. Zn2+ 

and Co(NH3)63+ substantially reduce the fraction of ptRNA molecules able to bind to E. coli 

P RNA at saturating enzyme concentration. Stimulating and inhibitory effects of Sr2+ could 

be rationalised by a model involving two Sr2+ ions (or two classes of Sr2+ ions), both 

improving substrate affinity in a cooperative manner, but one of the two inhibiting substrate 

conversion in a noncompetitive mode with respect to substrate. Kinetic analyses further 

suggest that the inhibition mode of Sr2+ is noncompetitive with respect to Zn2+. A single 2’-

fluoro modification at nt –1 of the substrate substantially weakened the inhibitory effect of 

Sr2+, although the precise role of the 2’-OH at nt –1 in this context remains to be elucidated.  
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Chemical modification studies: the role of 2’-hydroxyls at the cleavage site and 

neighbouring positions 

  2’ OH groups within the structural context of ptRNA can serve as H-bond donors or 

acceptors for specific residues in the P RNA and they could be involved in binding of 

catalytic metal ions. In this work, the role of the 2’ OH groups was analysed at and around 

the cleavage site of a ptRNA in E. coli P RNA - catalysed cleavage. Towards this goal, single 

modifications were introduced into the ptRNA at the cleavage site (nt –1) and neighbouring 

positions (nt –2 and +1) and their effect on binding and processing efficiency by E. coli P 

RNA was analysed.  

 Analyses of ptRNA variants carrying 2' ribose modifications at nt –1 suggest that the 

2' OH group of nt –1 is involved in a H-bonding interaction during the cleavage reaction. 

Removal or modification of this group led to a significant reduction in cleavage efficiency by 

E. coli P RNA, while the effect on ptRNA binding was moderate. In addition to a huge 

reduction of the catalytic rate, an LNA or 2’ OCH3 modification at nt –1 induced partial (LNA) 

or exclusive (2’ OCH3) miscleavage of the corresponding ptRNA at a site one nucleotide 

downstream from the canonical cleavage site. Analyses of pH dependence of canonical 

cleavage and miscleavage for LNA –1 substrates indicate that the two reaction pathways 

have different rate limiting steps; chemistry limits the rate for canonical cleavage in the pH 

range 5.5 to 6.5, while a refolding step seems to limit the rate of canonical cleavage at a pH 

above 6.5 as well as the rate of miscleavage over the entire pH range investigated. Mg2+ 

titration experiments indicate that the pathway leading to canonical cleavage has a higher 

requirement for Mg2+ than the pathway leading to miscleavage. These notions suggest that 

the LNA at nt –1 interferes with binding of catalytic metal ions at the canonical site; the E•S 

complexes that are not able to bind the catalytic Mg2+ at the canonical site might change 

their conformation to allow binding of the catalytic Mg2+ to the site of miscleavage, 

consistent with the observation that a refolding step limits the miscleavage pathway. 

  Analysis of ptRNA substrate carrying a deoxy modification at nt +1 indicates that E•S 

complex formation is not supported by a H-bonding interaction involving the 2' OH at nt +1 

since this modification neither had an effect on ptRNA binding to nor on processing by E. coli 

P RNA. An LNA or 2’ OCH3 modification at nt +1 significantly decreased ptRNA affinity to E. 

coli P RNA at low divalent cations concentration. This binding defect was compensated to 

some extent by higher Me2+ concentrations. A similar effect, observed in the cleavage 

reaction of this substrate at low Me2+ concentrations, was independent of the type of divalent 

cation and attributed to poor E•S complex formation under these conditions. These results 

suggest that these two modifications interfere with substrate binding via sterical hindrance by 
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the bulky methyl or methylene group found at nt +1 of these variants. Hill analysis of ptRNA 

binding with LNA at nt +1 compared to the unmodified variant in the presence of Ca2+ 

indicates a higher Ca2+ cooperativity for the modified ptRNA variant, since a higher slope of 

the Hill plot for the GLNA +1 variant compared to the one determined for the unmodified 

substrate was obtained. Two hypotheses consistent with these results were proposed, 

suggesting a direct or indirect displacement of Ca2+ by an LNA modification at nt +1. 

Modification interference studies: an approach to identify functional groups that 

interfere with the cleavage reaction  

  Nucleotide analogue interference mapping (NAIM) and nucleotide analogue 

interference suppression (NAIS) are two powerful methods to identify important functional 

groups in nucleic acids. RNA (DNA) pools randomly modified with nucleotide analogues are 

separated into functional (e.g. binding or catalytically active) and defective fractions. 

Subsequent analysis of the respective modification patterns obtained by iodine-induced 

hydrolysis allows the identification of functionally important groups. 

 The focus of this study was to develop a method suitable for identifying residues 

important for the interaction of a ribozyme (P RNA) with its substrate (ptRNA) during the 

cleavage reaction. To address this issue, a chimeric RNA consisting of E. coli P RNA and 

the 5' -half of a ptRNA linked by a spacer was constructed. A functional substrate was 

reconstituted by annealing the 3' -half of the tRNA to the 5' -half contained within the 

chimeric RNA. After annealing, a cis-cleaving RNA complex was obtained. Reaction 

parameters for optimal cleavage and insuring the absence of trans-cleavage under 

conditions where chemistry limits the cleavage rate were established.  

 Kinetic analysis of the cis-cleavage reaction of the chimeric RNA showed that the 

course of the reaction is governed by a fast turnover dominating in the initial phase of the 

reaction and a slow one predominant in the second phase. The fast turnover was dependent 

of pH in the range from 5.2 to 6.5, suggesting that under this conditions cleavage chemistry 

is rate limiting. The slow turnover was pH independent, suggesting that other step than 

cleavage chemistry like a refolding step limits the second phase of the reaction. The length 

of the linker that connects the ribozyme to the reconstituted tRNA did not have an influence 

on the fast turnover in the range from 45 to 130 nucleotides.  

 For modification interference studies, a partially modified pool of this ribozyme 

chimera was synthesised by in vitro transcription. After separation of functional (self-

cleaving) and non-functional molecules, positions within the 3' -half of the P RNA where 

modifications interfered with processing (cleavage reaction) could be identified. These 

positions are overlapping to some extent with those found in a previous study, where 
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interference with E. coli P RNA - tRNA binding was analysed (Heide et al. 1999). In the 

region of nucleotides 291 – 350, IMPαS modifications at G 291 – 293, G 300, G 304, G 306 

and G 314 caused interference effects in both functional assays, although with different 

amplitudes. These results are to be expected because functional groups in P RNA important 

for substrate binding are likewise important for substrate turnover, since binding is a 

prerequisite for cleavage. Interference effects at G 312, G 316 and G 350 were detected 

only with the cis – cleavage assay. G 350 may represent a position essential for the catalytic 

step, as evidence was provided that G 350 contributes to the binding of catalytically 

important Mg2+ near the active site of P RNA (Rasmussen & Nolan, 2002), while G 312 and 

G 316 are borderline cases due to weak interference effects. 
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Appendix 

Appendix 1: Derivation of the equation describing the inhibition and 

stimulation of E. coli P RNA catalysed cleavage by strontium 
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Appendix 2: Materials & Equipment 

Chemicals 

Acrylamide M-Bis (50 % stock solution 24/1)    Gerbu 

Agar Agar      Serva 

Agarose      Roth 

Ampicillin      Gerbu 

Ammonium acetate      Fluka 

Ammoniumperoxodisulfate      Roth 

BlueSlick      Serva 

Boric acid      Roth 

Bromphenolblue (BPB)      Merck 

Deoxynucleosidtriphosphates (dNTPs)     Boehringer 

Disodiumhydrogenphosphate      Merck 

Dithiothreitol (DTT)      Gerbu 

Ethanol ≥ 99,8 %      Roth 

Ethidiumbromide      Serva 

Glycerol    Gerbu 

Glycogen      Roche 

Urea      Gerbu 

Yeast extract      Gerbu 

Isopropanol      Roth 

Potassiumdihydrogenphosphate      Fluka 

Sodiumacetate      Merck 

Nucleosidtriphosphates (NTPs)      Boehringer 

SELECT Peptone 140      Roth 

Phenol      Roth 

Bovine serum albumin (BSA)      Sigma 

N,N,N‘,N‘-Tetraethylmethylenediamin (TEMED)   Serva 

Tris-(hydroxymethyl)aminomethane     Gerbu 

Xylenecyanolblue (XCB)      Serva 

 
All other chemicals (not listed above) were purchased from Sigma, Gerbu or Life 

Technologies and they posses a purity grade “pro analysis”. 
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Radioisotopes 

[γ-32P]-ATP     Hartmann Analytic 

     ICN Radiochemicals 

[5`-32P]-pCp     Hartmann Analytic 

[α-32P]-GTP     Hartmann Analytic 

ICN Radiochemicals 

DNA size markers 

1kb DNA ladder      Invitrogen 

10 bp DNA ladder     Invitrogen 

2 - Log DNA ladder      New England Biolabs 

Enzymes 

Alkaline Phosphatase      Roche 

Nuclease P1       Biomol 

Pfu-Polymerase       Stratagene 

Pyrophosphatase      Roche 

Restriction endonucleases     MBI Fermentas 

      New England Biolabs  

T4 DNA-ligase       Gibco BRL 

       MBI Fermentas 

T4-Polynucleotide-kinase     MBI Fermentas 

       Gibco BRL 

T4 RNA-ligase       New England Biolabs,  

MBI Fermentas 

T7-RNA polymerase      MBI Fermentas 

Syntetic DNA oligonucleotides (Primers) 

The sequence of DNA oligonucleotides is given in the direction 5' → 3'. Restriction sites 

introduced with the primer are shown in bold. The overlapping region of two restriction sites 

is underlined.  
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Note: All DNA oligonucleotides were synthesised by Invitrogen GmbH, Karlsruhe. 

Name Application Sequence (5' →→→→ 3') 

Eco M1 5' Eco R I T7 

PCR; construction of RNase P 

RNA - tRNA 5' -half tRNA 

sequence 

CCGGAATTCTAATACGACTC

ACTATAGGAAGCTGACCAGA

CAGTCGCCGCTTCG 

3' M1 Gly spacer 
PCR; construction of RNase P 

RNA- tRNA 5' -half sequence 

GGTCGTGCTCTACCGACTGA

GCTACTCCCGCGAATACCTA

TGACCATGATTACGC 

3' Gly spacer 2 compl. 

Primer elongation reaction; 

construction of RNase P RNA- 

tRNA 5' -half sequence 

GCGGGAGTAGCTCAGTCGG

TAGAGCACGACCTTGTCACC

GGATGT 

3' Gly spacer 3 

Primer elongation reaction; 

construction of RNase P RNA- 

tRNA 5' -half sequence 

CGCGGATCCTTGTTTCGTCC

TCACGGACTCATCAGACCGG

AAAGCACATCCGGTGACAAG 

t gly 3' -half 5' T7 EcoR I 
PCR; cloning tRNA 3' -half 

sequence 

CCGGAATTCTAATACGACTC

ACTATAGGACAAGGTCGGG

GTCGCGGGTTCA 

tgly 3' -half 3' Mfe I-Bahm H I 
PCR; cloning tRNA 3' -half 

sequence 

CGCGGATCCAATTGGAGCG

GGAGACGGGACTTGAACCC 

pUC 19-5'Hind III to Eco 147 I 
Mutagenesis; pUC 19 Hind III to 

Eco 147 I 

GACCTGCAGGCATGCAGGC

CTGGCGTAATCATGGTC 

pUC 19-3'Hind III to Eco 147 I 
Mutagenesis; pUC 19 Hind III to 

Eco 147 I 

GACCATGATTACGCCAGGC

CTGCATGCCTGCAGGTC 

Eco M1 5' Eco R I T7 short 
PCR; construction of RNase P 

RNA–tRNA sequence 

CCGGAATTCTAATACGACTC

ACTATAGGAA 

3' ptRNA Mun I-Bam H I 
PCR; construction of RNase P 

RNA–tRNA sequence 

CGCGGATCCAATTGGAGCG

GGAGACGGGACTTGAACCC

GCGACC 

3' ptRNA short 
PCR; construction of RNase P 

RNA–tRNA sequence 
CGCGGATCCAATTGGAGC 

ptRNA loops 
PCR; construction of RNase P 

RNA–tRNA sequence 

GACTTGAACCCGCGACCCC

GACCTTGGCAAGGTCGTGCT

CTACCGACTG 

ptRNA loops short 
PCR; construction of RNase P 

RNA–tRNA sequence 
GACTTGAACCCGCGACCC 
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Synthetic RNA oligonucleotides 

The sequence of RNA oligonucleotides is given in the direction 5' → 3'. The modified bases 

are highlighted in red. The subscript indicates the type of modification: F for 2’–fluor, H for 2’ 

- deoxy and LNA for locked nucleic acid modification. (rT) indicates a ribo-timine. All other 

nucleotides are unmodified.  

Note: Oligonucleotides were purchased by :IBA, Göttingen (oligo 1 to 3); Alnylam, Kulmbach (oligos 8 to 13) or 

synthesised by Prof. Dr. Rolf Bald† and coworkers (oligos 4 to 7) from Freie Universität Berlin. 

 

 

 

 

 

 

 

 

 

 

Nr. Sequence 5' to 3' Application 

1 CCCUUUCGCGGGAGUAGCUCAGUC 

2 CCCUUUCFGCGGGAGUAGCUCAGUC 

3 CCCUUUCHGCGGGAGUAGCUCAGUC 

4 CCCUU(rT)(rT)GCGGGAGUAGCUCAGUC 

5 CCCUU(TLNA)(rT)GCGGGAGUAGCUCAGUC 

6 CCCUU(rT)(TLNA)GCGGGAGUAGCUCAGUC 

7 CCCUU(rT)(rT)(GLNA)CGGGAGUAG 

8 CCCUU(rT)(rT)(GH)CGGGAGUAG 

• RNA ligation – construction of 

ptRNA substrates with different 

ribose modifications (1 to 8) 

• alkaline hydrolysis (4 to 7) 

• hydrolysis by nuclease P1 

9 CCCUUUCH size marker 

10 UU(rT)(rT)GCGGGAG 

11 UU(TLNA)(rT)GCGGGAG 

12 UU(rT)(rT)(GLNA)CGGGAG 

13 UU(T(TH)GCGGGAG 

 UU(T(UF)GCGGGAG 

 CUCCCGCUCCA 

NMR studies 
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Plasmids DNA’s 

Plasmids constructed and/or used in this work are listed below. The recognition sites of 

restriction enzymes used for cloning or linearisation before transcription are indicated.  

 

 

 

 

 

 

Plasmid 

name 
Application 

Restriction enzyme 

(recognition site) 
Reference 

pUC19 

Cloning vector 

 

Template for mutagenesis; 

pUC19 Hind III to Eco 147 I 

Eco R I (G↓AATTC) 

Bam H I (G↓GATCC) 

- 

Life Technologies 

pSBpt3’HH 
PCR template; construction of 

tRNA 3' -half 
- Busch et al., 2000 

pFL 117 
PCR template; construction of P 

RNA - tRNA 5' -half conjugate 
- 

Prof. Dr. Liu, University of 

California, Berkeley 

pXX 

Template for T7 transcription; P 

RNA - tRNA 5' -half 

PCR template; construction of P 

RNA - tRNA conjugate 

 

Bam H I (G↓GATCC) 

 

- 

4.3.2 

pXY and 

derivates 

Cloning vector ; construction of P 

RNA tRNA conjugates with 

different linker length 

Template for T7 transcription; P 

RNA tRNA conjugates 

 

Hind III (A↓AGCTT) 

Eco 47 III (AGC↓GCT) 

 

Mun I (C↓AATTG) 

4.3.2 

ptGly 3' -half 
Template for T7 transcription; 

tRNA 3' -half 

 

Mun I (C↓AATTG) 
4.3.2 

pdW98 
Template for T7 transcription of 

E. coli P RNA wild type 
Bsa A I (YAC↓GTR) Busch et al., 2000 

ptGly + 18 
Template for T7 transcription; 

tRNA18-79 
Bam H I (G↓GATCC) Person et al., 2003 

pdW66 m1 

wt 

Template for T7 transcription; B. 

subtilis RNase P RNA wild type 

 

Dra I (TTT↓AAA) 
Warnecke et al., 1999 
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Equipment 

 

Agarose gel chamber  Biorad, Mini Sub Cell  

Gel documentation system  Cybertech, CS1 with Mitsubishi Video Copy  

  Processor; Biostep, GelSystem MINI 

Gel dryer   Biorad, Model 483 SLAB Dryer 

Hand-monitor  Berthold, LB 1210 B 

Heating blocks  Techne, Dri-Block DB-3D; Biometra, TB1  

Imager cassettes  Fuji Film, Bas cassette 4043, Rego, 35,6x43,2cm 

Magnetic stirrers  Heidolph, MR 2002 

Microanalyses - filtersystem  Millipore 

Power supply  Pharmacia, EPS 3500; Bio Rad, Power Supply160/1.6 

(Power Pac 3000); Apelex, PS 9009T 

PAA-gel chamber  Constructed by the workshop of the Clinic University 

of Lübeck 

PCR cycler  Biometra, TGradient Thermocycler 

pH-Meter  WTW, pH Level 1 

Phosphoimager  Raytest, Bio-Imaging Analyser BAS 1000  

  (Fujifilm); FLA 3000, (Fujifilm) 

Pipettes  Gilson-Pipetman, P20, P200, P1000 

  Abimed 0.1÷2  

Quartz cuvette  Hellma 104-QS, 105.202, 115B-QS, 105 

Mixer  IKA, Vibrax-VXR; Eppendorf, Thermomixer  

  5436, Thermomixer comfort 

Spectrophotometer  Hewlett Packard, Photometer 8453; Varian, Cary  

  50 Conc; Thermo Spectronic, Biomate 3 

Software  PCBas/Aida Image Analyser v.3.45,  

  Corel Graphics Suite; GraFit 3.0;  

  Microsoft Office;  

Scintillation counters  Perkin Elmer, Wallac WINSPECTRAL α/β 1414  

  Liquid Scintillation Counter; Packard, Tricarb  

  2000CA 

Centrifuges  Heraeus, Biofuge pico, biofuge fresco; Sigma, Typ  

  112; Eppendorf, centrifuge 5810R, minispin plus 

  Stratagene, PicoFuge 
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Appendix 3: List of abbreviations and unit 

 
A260  absorption at 260 nm 

A  adenosine 

Amp  ampicillin 

approx.  approximatively 

APS  ammonium peroxo-disulfate 

bp  base pair 

BPB  bromphenolblue 

BSA  bovine serum albumin 

C  cytosine 

°C  degree Celsius  

C5 the protein subunit of E. coli RNase P 

cpm count per minute 

Da  Dalton 

DMSO  dimethylsulfoxide 

DNA  deoxyribonucleic acid 

DNase  deoxyribonuclease 

DTT  dithiothreitol 

E  enzyme 

E  extinction 

ε  molar extinction coefficient 

EDTA  ethylenediamintetraacetic acid 

e.g.  for example 

Fig.  figure 

g  gram 

G  guanosine 

h  hour 

HEPES N-2-hydroxyethylpiperazine-N’-2-

ethane sulphonic acid 

Kd  equilibrium dissociation constant 

kobs  observed rate constant 

l  liter 

LB  Luria-Bertani 

LNA  Locked Nucleic Acid 

m  metre 

M  mol/l, molar 

mA  milliampere 

MBq  MegaBequerel 

MES  2-(N-morpholino)-ethane sulfonic acid 

mg  milligram 

min  minute 

MW  molecular weight 

 

 

 

 

 

µmol  micromole 

µM  micromolar 

NAIM  nucleotide analogue interference 

mapping 

 

NAIS  nucleotide analogue interference 

suppression 

nm  nanometre 

nt  nucleotide 

NTP  Ribonucleosidtriphosphate 

OD600  optical density at 600 nm 

P  product 

p.a.  pro analysis 

PAA  polyacrylamide 

PAGE  polyacrylamide  

  gel electrophoresis 

PCR  polymerase chain reaction 

PEG  polyethyleneglycol 

PIPES  piperazine-1,4-bis(2-ethane sulphonic 

acid) 

pmol  picomole 

P protein protein subunit of RNase P 

P RNA RNA subunit of RNase P 

RNA  ribonucleic acid 

RNase  ribonuclease 

rpm  rounds per minute 

S  substrate 

SDS  Sodiumdodecylsulfat 

T  Thymine 

TBE  Tris-Borat-EDTA (buffer) 

TEMED N,N,N’,N’-Tetraethyl-

methylenediamine 

Tm  melting temperature 

Tris  Tris(hydroxymethyl)-aminomethane 

(p)tRNA  (pre)transfer-RNA 

U  Uridine 

U  Unit(s), Unit of enzyme activity 

v/v  volume per volume 

wt  wild type 

w/v  weight per volume 
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Appendix 4: Index of buffers, solutions, tables and figures 

Index of Buffers and Solutions  

Page 

LB- (Luria Bertani-) medium: ................................................................................................................. 18 

Sterile SOC medium: ............................................................................................................................. 19 

TBE-buffer (5 x concentrated): .............................................................................................................. 20 

DNA sample buffer (5 x concentrated): ................................................................................................. 20 

Ethidium bromide-dye solution: ............................................................................................................. 21 

Crystal violet solution:............................................................................................................................ 21 

Denaturing sample buffer (2 x concentrated): ....................................................................................... 22 

Ethidium bromide staining solution:....................................................................................................... 25 

RNA elution buffer 1: ............................................................................................................................. 27 

RNA elution buffer 2: ............................................................................................................................. 27 

RNA elution buffer 3: ............................................................................................................................. 27 

5 x S&P buffer, pH 5.0 to 8.2:................................................................................................................ 48 

5 x F buffer:............................................................................................................................................ 49 

Binding buffer 1:..................................................................................................................................... 49 

5 x S&P buffer pH 6: .............................................................................................................................. 49 

Binding buffer 3:..................................................................................................................................... 51 

5 x B3 buffer: ......................................................................................................................................... 51 

4 x annealing buffer: .............................................................................................................................. 53 

Index of Tables 

Table 3.1 Range of separation in gels containing different amounts of agarose .................................. 21 

Table 3.2 Single-stranded fragments (in nucleotides) that migrate with dyes in denaturing 

polyacrylamide gels ........................................................................................................................ 22 

Table 3.3 Double-stranded DNA fragments (in base pairs) that migrate with dyes in non-denaturing 

polyacrylamide gels ........................................................................................................................ 23 

Table 4.1.1 Influence of Zn2+, Sr2+ and/or Co(NH3)6
3+ on ptRNA binding.......................................... 61 

Table 4.2.1 Influence of the ribose modifications on ptRNA binding to E. coli P RNA.......................... 72 

Table 4.2.2 Cleavage rates and endpoints of ptRNA variants .............................................................. 77 

Table 4.3.1: Analysis of NAIM data ..................................................................................................... 108 

Index of Figures 

Fig. 1.1: Consensus seconrarry structure of type A and B P RNA.......................................................... 3 

Fig. 1.2: The secondary structure of E. coli RNase P RNA .................................................................... 5 

Fig. 1.3: Crystal structure of the RNA component of T. maritima RNase P. ........................................... 8 

Fig. 1.4: The RNase P holoenzyme....................................................................................................... 10 



Appendix  

 125 

Fig. 1.5: A proposed catalytic mechanism of RNase P ........................................................................ 11 

Fig. 1.6: Secondary structure of ptRNAGly (A) and tertiary structure of ptRNAAsp (B) from Thermus 

thermophilus................................................................................................................................... 12 

Fig. 1.7: Model of RNase P-tRNA interaction........................................................................................ 14 

Fig. 4.1.1: Secondary structure of the ptRNAGly substrate................................................................... 57 

Fig. 4.1.2: Processing of all-ribose ptRNAGly by E. coli P RNA under single turnover conditions........ 58 

Fig. 4.1.3: Processing rates as a function of increasing concentrations of SrCl2 (A) or Co(NH3)6Cl3 (B)

....................................................................................................................................................... 59 

Fig. 4.1.4: Zn2+-dependence of P RNA-catalysed cleavage of all-ribose ptRNAGly (Hill analysis)...... 60 

Fig. 4.1.5: Kd values for ptRNAGly binding to P RNA determined by the spin column assay............... 62 

Fig. 4.1.6: Transition state model for phosphodiester hydrolysis by E. coli P RNA .............................. 64 

Fig. 4.1.7: Processing by E. coli P RNA of all-ribose ptRNAGly (2'-OH) and variants with a single 2'-

fluoro (2'-F), 2'-deoxy (2'-H) or 2'-amino (2'-N) modification at nt –1............................................. 65 

Fig. 4.1.8: Sensitivity of Sr2+-dependent processing rates to differences in [E] ................................... 66 

Fig. 4.1.9: Equilibria for the E. coli P RNA-catalysed processing reaction in the presence of constant 

[Zn2+] as the catalytic cofactor and varying concentrations of [Sr2+] and Dixon plot of the E. coli P 

RNA-catalysed ptRNA cleavage .................................................................................................... 67 

Fig. 4.2.1: The conformations of sugar rings found in nucleic acids ..................................................... 69 

Fig. 4.2.2: Secondary structure of the ptRNAGly substrate. Modified bases at and around the canonical 

RNase P cleavage site................................................................................................................... 70 

Fig. 4.2.3: Ground state binding of 2’-ribose modified ptRNAs to E. coli P RNA.................................. 71 

Fig. 4.2.4: Cleavage analysis of ptRNA variants................................................................................... 75 

Fig. 4.2.5: Analysis of the P RNA cleavage site.................................................................................... 76 

Fig. 4.2.6: Cleavage experiments of ptRNA substrates catalysed by the E. coli (A and B) or B. subtilis 

(C and D) holoenzyme. .................................................................................................................. 81 

Fig. 4.2.7: High affinity binding of ptRNA substrates carrying LNA modifications to the B. subtilis 

RNase P holoenzyme .................................................................................................................... 82 

Fig. 4.2.8: Contacts between the ptRNA cleavage site and the C-domain of RNase P RNA............... 83 

Fig. 4.2.9: Model for formation of distinct enzyme-substrate complexes (E•S) under single turnover 

conditions involving two parallel pathways of RNase P cleavage ................................................. 85 

Fig. 4.2.10: Kinetic analyses of canonical and miscleavage of TLNA –1 variant .................................. 85 

Fig. 4.2.11: Mg2+ influence on the cleavage reaction of ptRNA substrate with an LNA modification at nt 

–1. .................................................................................................................................................. 87 

Fig. 4.2.12: pH dependence of cleavage site selection ........................................................................ 88 

Fig. 4.2.13: E. coli P RNA cleavage experiments at different Me2+ concentrations for the unmodified 

substrate [r(T –1, T –2)] and the LNA +1 substrate (GLNA +1). ..................................................... 90 

Fig. 4.2.14: Ca2+ dependence on ptRNA binding of the unmodified and LNA at nt +1 ptRNA ........... 91 

Fig. 4.3.1: Phosphorothioate as reporter for modification interference studies .................................... 93 

Fig. 4.3.2: E coli P RNA – tRNA conjugate ........................................................................................... 96 
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Fig. 4.3.3: Construction of the P RNA – tRNA 5' -half conjugate .......................................................... 96 

Fig. 4.3.4: Construction of the P RNA – tRNA conjugate ...................................................................... 97 

Fig. 4.3.6: cis-cleavage of the P RNA–tRNA conjugate equipped with a 53-nt long linker ................. 100 

Fig. 4.3.7: Detemination the saturation limit for tRNA 3' -half. ............................................................ 101 

Fig. 4.3.8: pH dependence of k1 and k2. ............................................................................................. 102 

Fig. 4.3.9: Influence of the linker length on the cleavage rate constant k1 ......................................... 102 

Fig. 4.3 10: Flow diagram for NAIM (NAIS) analysis of a cis-cleaving E coli RNase P RNA – tRNA 

conjugate. ..................................................................................................................................... 104 

Fig. 4.3.11: NAIM experiment to identify IMPαS modifications that interfere with cis-cleavage of an E. 

coli P RNA - tRNA conjugate........................................................................................................ 106 

Fig. 4.3.12: Quantification and statistical analysis of IMPαS modifications that interfere with cis-

cleavage of an E. coli P RNA - tRNA conjugate........................................................................... 107 

Fig. 4.3.13: Secondarry structure of E. coli P RNA. Positions where IMPαS interference effects were 
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