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TThheessiiss wwoorrkk

“I remember many fairytales, and I hope I will believe in them till the rest of my life. 
Though, I desist from blending them with the tangible world. When I graduated from Uni-
versity, I recall, I wrote:

"I would rather be ashes than dust! I would rather that my spark should burn out in a brilliant 
blaze than it should be stifled by dry rot. I would rather be a superb meteor, every atom of me 
in magnificent glow, than a sleepy and permanent planet. The proper function of man is to 
live, not to exist. I shall not waste my days in trying to prolong them. I shall use my time."   

Jack London.

There is really no pattern, no contiguity, no reason, there is only randomness of events. 
Yet, how virtual our comprehension truly is?!  What do we learn in the process of becom-
ing? Does our favourite character secure redemption, upon wading alone through the 
woods of shadows and horror? No, not really, she still gets to taste the poisoned apple. 

 I have learned that the people we love, never die…they live with us, as long as our 
memories of them are still vivid, as long as we never forget how to love them. ” 

I dedicate this work to my late Grand Parents:
Baba Anka, Dedo Kiro, Baba Lepa i Dedo Koco.   

So Ljubov, 
Vasa Emche. 
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A Adenine 
C Cytosine 
G Guanine 
U Uracil 
RNA Ribonucleic Acid 
tRNA transfer RNA 
tmRNA transfer messenger RNA 
rRNA ribosomal RNA 
DNA Deoxyribonucleic Acid 
ES Enzyme/Substrate 
Me-ions Metal ions  
RNase P Ribonuclease P 
M1 RNA Escherichia coli RNase P RNA 
H1 RNA Homo sapiens RNase P RNA 
G1 RNA Giardia lamblia  RNase P RNA 
Hyo P RNA Mycoplasma hyopneumoniae 
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Prologue

“Thus, I carry within a kind of inner statue, a statue sculpted since childhood,  
that gives my life a continuity and is the most intimate part of me, 

 the hardest kernel of my character.  
I have been shaping this statue all my life.  

I have been constantly retouching, polishing, refining it.
* * *

For every role in this repertory of the possible, 
 for all the activities that surround me and involve me directly,  

I thus hold actors ready to respond to cues in comedies and tragedies 
 inscribed in me long ago.  

Not a gesture, not a word, but has been imposed by the statue within.” 
François Jacob 

The Era of important scientific discoveries: XXth century 

As old the human kind is, the quest for understanding its own origin and 
the origin of life itself, dwells perpetually. Unlike in the old times, when dif-
ferent theories led to persecutions and witch-hunt, in the centuries that follow, 
somewhat advanced view on: what the world was and is, garners our scientific 
comprehension.  

In the 60’s of the last century, as meticulous and eclectic they appear to 
have been, Woese 1967, Crick 1968 and Orgel 1968, proposed evolution 
based on RNA replication. Thus, the hypothesis of RNA preceding a 
DNA/protein world was presented. The concept was supported by the discov-
ery of ribozymes, some 15 years later by Cech T, 1982 and Altman S, 1983. 
The discovery that RNA is the only biological molecule with potency to func-
tion as both a repository of information and a catalyst was immensely signifi-
cant. It led to the coining of the term: ‘the RNA World’ by Gilbert W, 1986. 
Thereafter, much of the contemporary scientific community regarded RNA as 
a ‘prelude to life’.   

My scientific contributions are in continuum to these findings. They reflect 
five years of work filled with dedication and respect towards RNA. My stud-
ies elucidate the catalytic role of RNA whose evolutionary remnants we are 
privileged to witness and finally the beauty of its simplicity.   
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Introduction

Discovery of the catalytic properties of RNA (Kruger et al, 1982 and 
Guerrier-Takada et al, 1983), provided a substantial shift in biology and pre-
sented the origins of catalysis in RNA-enzymes i.e. ribozymes. Furthermore, 
the RNA-genome tag hypothesis by Weiner and Meizels, 1987, proposed an 
RNA-eventful chronology towards protein synthesis. Versatile in its perform-
ance in the contemporary biology, RNA provides own fundamental role in 
highly conserved cellular processes. To exemplify, the ribosome being a ri-
bozyme revealed that the most important reaction in the cell- the condensation 
of amino acids into polypeptides – is catalyzed by RNA (Moore and Steitz, 
2002, Ban et al, 2000, Cech, T, 2000, Nissen et al, 2000, 2001, Steitz and 
Moore, 2003, Hansen et al, 2002, Schmeing et al, 2002). 

Although our current understanding for the antiquity of RNA is rather vir-
tual, the ribozymes present the history and are considered to be remnants of 
the early life on Earth. During the era of the ‘RNA World’, the genetic infor-
mation resided in the sequence of RNA molecules and the phenotype derived 
from the catalytic properties of RNA (reviewed by Joyce GF, 2002). 

The simplest naturally occurring ribozymes are the nucleolytic ribozymes, 
(also known as the Group of Small Ribozymes) required for site-specific 
cleavage and ligation of replication intermediates (Lilley DMJ, 2003, Butcher 
SE, 2001). Four distinct classes of nucleolytic ribozymes can be identified: 
hammerhead and hairpin ribozymes, the Varkud Satellite (VS) ribozyme and 
the Hepatitis Delta Virus (HDV) ribozyme. The chemical mechanism of the 
small ribozymes (Figure 1a) involves SN2 displacement reaction, initiated by 
the nucleophillic attack of the 2’hydroxyl group on the adjacent phosphorous. 
Departure of the 5’oxyanion leaves a cyclic 2’,3’phosphate as a hallmark of 
the Small Ribozymes-mediated catalysis (DeRose VJ, 2003, Cassano, et al, 
2004, Bevilacqua et al, 2004) 

Next class of naturally occurring ribozymes is the Group of Large Ri-
bozymes comprised of self-splicing RNAs : Group I Introns, Group II Introns 
and the endoribonuclease RNase P. There is a substantial difference in the 
reaction mechanism between the Group of Small and Large Ribozymes. Al-
though SN2 displacement reaction is observed for the Large Ribozymes as 
well, the nucleophillic attack is not initiated by an adjacent internal, but by an 
external or a far distant internal nucleophille (Figure 1b) (Cassano et al, 2004, 
Bevilacqua et al, 2004, Lehmann and Schmidt, 2003, Pichler et al, 2000, Jac-
quier and Chanfeau, 2000, Kurz and Fierke, 2000). Thus, the hallmark of this 
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class of ribozymes is the 5’end phosphate as end product. These reaction 
mechanisms and their chemical accuracy are essential for creating products 
with correct 3’ and 5’ends. In the majority of cases the substrates of naturally 
occurring ribozymes are RNA molecules as well (Doudna and Cech, 2002, 
Yang et al, 1996, Jacquier A, 1996, Jaeger L, 1997). 

Figure 1. Reactions catalyzed by ribozymes. (a) The reaction catalyzed by the ‘small’ ri-
bozymes (hammerhead, HDV, hairpin and Neurospora VS) (b) The reaction catalyzed by the 
group I intron ribozyme. The group II intron ribozyme catalyzes a similar reaction with a differ-
ent extrinsic nucleophile. The mechanisms imply general acid-base catalysis as one of the ri-
bozyme strategies; the reactions may require activation of the nucleophile (general base cataly-
sis by B:) and proton donation to the leaving group (general acid, A:H). Metal ions have been 
proposed to serve either role as metal–aqua or metal–hydroxy species, or to provide electro-
static stabilization of the substrate in the transition state, though only the Large Group Ri-
bozymes have been so far demonstrated as obligate metalloenzymes. 

With elucidation of atomic structures of the large ribosomal subunit in the 
beginning of the XXI century, it was confirmed that the peptidyl transferase 
center is indeed an RNA enzyme. This finding secured position of the ribo-
some in the list of naturally occurring ribozymes (Polacek and Mankin, 2005, 
Moore and Steitz, 2002, Ban et al, 2000, Cech, T, 2000, Nissen et al, 2000, 
2001, Steitz and Moore, 2003, Hansen et al, 2002, Schmeing et al, 2002). 

RNA enzymes can exhibit catalytic power comparable to protein enzymes 
(Emilsson et al, 2003). Yet, compared to protein enzymes, ribozymes are gen-
erally poor catalysts, due to the limited repertoire of RNA functional groups 
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which ionize at the neutral pH range. This feature was probably one of the 
driving forces in the transition from the hypothetical RNA world towards the 
contemporary cell, where the majority of chemical reactions are catalyzed by 
protein enzymes (Polacek and Mankin, 2005).  

The evolutionary remnants, epitomized by the naturally occurring ri-
bozymes, do not truly present the full catalytic repertoire of RNA. The artifi-
cial ribozymes, developed by in vitro selection and evolution methods (Lorsch 
and Szostak, 1994, 1996, Tsang and Joyce, 1996, Bartel and Szostak, 1993, 
Ekland et al, 1995a,b), outnumber the natural ribozymes. The feasibility in 
catalyzing reactions at phosphoryl centers: phosphorylation, ligation, polym-
erization, transesterification and cleavage reactions, explain the success of all 
natural ribozymes and most artificial ribozymes in their preference for these 
reactions. Though, the artificial ribozymes being capable of catalytic contribu-
tions other then those performed by the natural ribozymes, advocate RNA and 
its functions in the primordial life. Summary of the different reactions cata-
lyzed by ribozymes includes: nucleophillic attack at phosphoryl, carbonyl and 
alkyl halide centers, as well as metalation and isomerization reactions (re-
viewed by Jaeger L, 1997). The potency of RNA in rate enhancements of ver-
satile reactions in vitro, contributes to a better understanding of RNA catalysis 
and the evolution of catalytic function at a structural level. Though tantaliz-
ingly, increasing the pool of RNA-enzymes and their catalytic specialization 
brings the RNA World hypothesis to a more tangible level.  

*     * 
*

Intriguingly, RNA-mediated catalysis outlived the pre-biotic era and 
maintained its necessity in some of the key biochemical reactions in the cell. 
Hence, one might assume that the catalytic performance of RNA is not speed-
related event, but has other implications. One example is RNase P mediated 
catalysis where the enzyme is supposed to process many different substrates in 
the cell, so a catalytic flexibility rather then speed is a precedent in this case 
(Kufel and Kirsebom, 1996b, Pan and Jakacka, 1996, Kazantsev and Pace, 
2006).
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Principles of RNA-Mediated Catalysis 

Spontaneous RNA Breakdown 

The inherent chemical instability of RNA under physiological conditions is 
primarily due to the spontaneous cleavage of phosphodiester linkages via in-
tramolecular transesterification reactions. Although the protonation state of 
the nucleophillic 2’-hydroxyl group is a critical determinant of the rate of 
RNA cleavage, the precise geometry of the chemical groups that comprise 
each internucleotide linkage also has a significant impact on cleavage activity 
(Soukup and Breaker, 1999, Yingfu and Breaker, 1999).  

The backbone of RNA (Figure 1) is cleaved when a phosphoester bond is 
transferred to an adjacent 2’ oxygen to form a strained 2’,3’-cyclic phosphate 
compound and release a second product with a 5’-hydroxyl group (Figure 1a). 
This proceeds via an associative (SN2-like) mechanism, similarly to the trans-
esterification mechanism conducted by the Group of Small Ribozymes. 

Under reaction conditions similar to those found inside human cells, the 
spontaneous cleavage of RNA typically occurs with a rate constant of ~10 7

min 1 (Li and Breaker, 1999), which reflects a half-life of >1 year. The close 
proximity of the adjacent 2’-hydroxyl group to the phosphorous centre of each 
internucleotide linkage, permits facile transesterification to occur. In other 
words, the mechanism includes intramolecular attack, where the nucleophile is 
de facto the adjacent 2’-hydroxyl group (Cassano, et al, 2004). 

RNA transesterification occurs spontaneously in the absence of any added 
catalyst with a first-order rate constant that varies with changing pH (Järvinen 
et al, 1991). This process is accelerated many orders of magnitude at extreme 
pH conditions by specific acid (hydronium ion) catalysis or specific base (hy-
droxide ion) catalysis. The maximum values for rate constant (k) are ~0.01 
min 1 at either pH 0 or pH 14 (Li and Breaker, 1999). 

Spontaneous RNA cleavage is also affected by the position of the nucleo-
phile, electrophile center, and leaving group relative to one another. In an ‘in-
line configuration’, the nucleophilic 2’ oxygen and the departing 5’ oxygen 
are in-line with the phosphorous center and thus occupy the two apical posi-
tions in a trigonal bipyramidal geometry prior to backbone cleavage (Emillson 
et al, 2003).  
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Because the flexibility of an unconstrained RNA linkage is such that the 
appropriate in-line arrangement will occur only on occasion (Soukup and 
Breaker, 1999), many chemical effects could be exploited for rate enhance-
ment and promotion of proper orientation for in-line attack. Metal ions appear 
as such effectors and accelerate the rate of spontaneous RNA-decay, by coor-
dinating to the residues and the backbone of RNA. In such incidence, activa-
tion of the 2’OH as an inner nucleophile becomes more frequent leading to 
RNA depolymerization. 
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Metal Ions – the Crux of RNA Function 

The high negative charge of nucleic acids at physiological pH tends to 
make their structural transitions sensitive to ionic conditions. The unusual 
effectiveness of Mg2+ in stabilizing transfer RNA tertiary structure, discovered 
in the 1970s (Stein  and Crothers, 1976a,b), marked the influence of ions on 
RNA folding as a more challenging problem. In the past few decades, the dis-
covery of new functional roles for RNA and the appearance of a number of 
atomic resolution RNA structures have revived interest in the problem of ions 
and RNA folding. 

In vivo, the two most common intracellular inorganic cations are K+ and 
Mg2+. Other cations, as Ca2+ for instance, is abundant extracellularly, since 
increase in the cytosolic concentrations can initiate or alter cellular processes. 
Both K+ and Mg2+ ions have a closed shell electronic structure and they inter-
act with other atoms or molecules primarily through electrostatic forces. Tran-
sition metal ions, such as Mn2+, Cd2+, Pb2+, Eu3+, and Tl+, are commonly used 
in RNA studies because of convenient chemical or spectroscopic properties 
that allow their interactions with RNA to be monitored. All of them have 
empty d-orbitals and/or high polarizability that promote strong interactions, 
particularly with base nucleophiles (purine N7) (Draper DE, 2004, Draper et 
al, 2005). Spermine and spermidine are biologically relevant organic cations 
with higher net charge than group I or II metal ions, although the charges re-
side on amines separated by alkyl linkers. Only few RNA folding studies have 
compared the effects of these ions with those of metal ions (Heilman-Miller et 
al, 2001a,b).  

In solution, cations interact strongly with the partial negative charge of 
water oxygen atoms. Mg2+ is a small ion with an ionic radius of ~ 0.7 Å 
(Pauling, L 1960) and the electrostatic interaction between Mg2+ and water is 
strong. Detailed calculations have shown that the strength of the Mg2+ electro-
static interaction with water dipoles keeps six water molecules ordered in a 
characteristic octahedral arrangement (Markham et al. 2000). K+, with a larger 
radius (~1.3Å) interacts less strongly with water, eight or nine water mole-
cules pack around the ion in a less well-ordered manner. Probing for the actual 
involvement of the metal ions (especially in solution) in context of RNA 
molecules is rather difficult. The lack of convenient physical and spectro-
scopic properties to monitor the coordination environment of the alkali and 
alkaline earth metals has held back the detailed understanding of their bio-
chemistry. Co(NH3)6

3+ presents one of the transition metal complexes that are 
functional equivalent to these metal ions and can be used as a probe of struc-
ture and reactivity. The possibility of studying these types of interactions in 
solution using cobalt (III) hexammine as an analogue of fully hydrated mag-
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nesium (II) hexahydrate was suggested by Cowan, 1993, based on similar 
ionic radii and covalent geometries for the two metal ion complexes. Ion bind-
ing dissociation constants of approximately 0.6 mM and 5 mM (in 200 mM 
Na+ and a temperature of 15oC) were obtained for Co(NH3)6

3+ and Mg(H20)6
2+,

respectively, from the change in chemical shift as a function of metal ion con-
centration (Gonzales and Tinoco, 1999). Thus, even though similar electro-
static and hydrogen bonding interactions of Co(NH3)6

3+ and Mg(H20)6
2+ with

the RNA are expected, importantly, the stability of binding is different. 
The nucleic acids are highly negatively-charged polyelectrolytes, due to 

the negative charges associated with their phosphate groups. Spatial arrange-
ment maximizes favourable interactions between opposite charges while 
minimizing repulsion between like charges. The same general principles apply 
when ions interact with the negative charges of RNA and DNA, but with im-
portant notion that the distances between polynucleotide phosphates are fixed. 
This would imply that different metal ions would bind to RNA/DNA with 
different affinities and in different fashion.  

Thermodynamically, we distinguish three different kinds of ion environ-
ments, each of which is dominated by different energetic factors (Draper et al, 
2005): diffuse ions, water-positioned ions and chelated ions. Monovalent 
metal cations, such as Na+ and K+, are variously called ‘diffuse ions’ or the 
‘ion atmosphere’. The term defines a set of ions whose collective behaviour is 
overwhelmingly determined by their long-range electrostatic interactions with 
the RNA and with each-other (Draper, DE 2004). Because diffuse ions follow 
the electrostatic field of the RNA, their concentration in a particular region is 
proportional to the magnitude of the electrostatic potential there (Figure 2). 

Figure 2. Cross-section of ion distribution around an RNA helix. The gradient shading repre-
sents the electrostatic potential; the contour lines indicate the concentration of cations. The bulk 
monovalent salts are shown in yellow. The highest concentration of cations, (green) is found in 
the major groove, where the electrostatic potential is also highest. Adopted from Figure 6 of 
García-García and Draper (2003).
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U I F
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U I F
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The second class of metal ions comprises the water-positioned ions (outer-
sphere coordination). These ions maintain a single layer of water between 
themselves and the RNA surface, but they are in such close proximity to the 
RNA that steric packing and hydrogen bonding characteristics of the hydrating 
water influence the positioning of the ion. Finally, the chelated ions (inner-
sphere coordination) make at least two direct contacts with electronegative 
groups of the RNA. In this case, the free energy required to partially dehydrate 
the ion (and the corresponding RNA site) becomes a major energetic factor in 
addition to the electrostatic interaction between the ion and RNA. (Draper et 
al, 2005).  

Figure 3 shows a common representation of the RNA folding problem in 
terms of three distinct states. Two transitions are imagined: An unfolded RNA 
completely lacking base-base hydrogen bonding (U) first forms an intermedi-
ate state (I) with only secondary structure; additional tertiary interactions form 
the native folded RNA (F) in a second step.  

Figure 3. Ions vis-à-vis RNA folding. The dynamics of tRNA folding visualized as successive 
formation of 2o-secondary structure (intermediate, I) and 3o-tertiary structure (folded, F) from 
unfolded (U) RNA.  

Apart from the immense role of Me-ions in stabilizing and folding of RNA, 
they appear as major players in the RNA-mediated catalysis. There are several 
mechanisms by which metal ions can contribute to ribozyme catalysis. Diva-
lent metal ions could facilitate the transesterification reaction by direct coordi-
nation to functional groups participating in the reaction.  

In a mechanism involving displacement of a 5’-hydroxyl group, potential 
ligands for the catalytic metal ion include the 2’-oxygen nucleophile, either of 
the nonbridging phosphate oxygens, and the 5’-oxygen leaving group; reac-
tions typically found in the Group of Small Ribozymes. In these cases, direct 
metal coordination can contribute to chemical conversion by acting as (a) a 
Lewis acid to promote deprotonation of the 2’-hydroxyl group, (b) an electro-
philic catalyst to increase the nucleophilicity of the phosphorus center, (c) a 
charge neutralizer to stabilize the developing negative charge on the nonbridg-
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ing oxygen in the transition state, or (d) a Lewis acid to stabilize the negative 
charge on the 5’-oxyanion prior to protonation. In addition, a bound water 
molecule of a hydrated divalent cation could function as a general acid-base 
catalyst (Shih and Been, 2002). 

More than any other group of ribozymes, the Group of Large ribozymes 
are considered obligate metalloenzymes (Streicher, B et al, 1996, Pichler A et 
al, 2000, Jacquier A and Chanfeau G, 2000, Kurz and Fierke, 2000). Studies 
on the Tetrahymena ribozyme, which is derived from a group I intron, in re-
gard to metal ion requirements, resulted in the first application of the “metal 
ion rescue experiment”. The strategy was in replacing the backbone oxygen 
atoms with sulphur and using soft metal ions: Mn2+and Zn2+ that coordinate 
sulphur more strongly than Mg2+ does. The experiment showed that specific 
ribose and phosphoryl oxygen atoms were important ligands for direct diva-
lent metal ion coordination (Christian and Yarus, 1993, Piccirilli et al, 1993).
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Pb2+-Induced RNA Cleavage 

Historically, the first artificial ribozyme developed was yeast tRNAPhe

which in presence of lead ions, gives rise to two fragments of definite length 
(Werner et al, 1976). This finding became popular later on with the rise of the 
ribozymes, in hope for better understanding of the biological RNA catalysis.  

Pb2+ is de facto toxic metal ion that causes RNA degradation under physio-
logical conditions (Farkas WR, 1968, Dirheimer et al, 1972, Brown et al, 
1983, 1985). The coordination number of lead, varies between 6 and 12, 
whereas the pKa value is 7.7, unlike Mg2+, that has the pKa value of 11.4 (re-
viewed by Westhof and Hermann, 1999). Because of the different pKa values 
of the metal ions, their action in RNA catalysis is dependent on the pH of the 
solution. The Mg2+ ion is effective at high pH values, whereas the Pb2+ ion is 
more effective at physiological pH. These two metals coordinate hydroxide 
ions, which act as a base to deprotonate the 2’-OH at the cleavage site (David 
et al. 2001). The phosphodiester attack may occur anywhere, but as observed 
in RNA structures that contain ion-binding pockets, it appears as more spe-
cific. Early crystallographic and biochemical studies on yeast tRNAPhe- Pb2+

hydrolysis, (Brown et al, 1985) depicted that Pb2+ can play both structural role 
(by (in)direct coordination to the RNA residues) as well as promote cleavage 
(by deprotonation of the 2’OH at the cleavage site) as a proposed mechanism. 
The reaction showed to be highly dependent on the pH (Brown et al, 1983, 
1985).  

Pan and Uhlenbeck, 1992a,b (using in vitro selection system), isolated a 
small catalytic RNA that required lead ions for catalysis, thereafter called “the 
leadzyme”. The reported RNA motif, not only catalyzed the phosphodiester 
cleavage at a specific site, but also promoted hydrolysis of the 2’3’-cyclic 
phosphate to produce 3’phosphate as a final product. This mechanism has 
been observed for many protein ribonucleases, but was not previously identi-
fied for any known ribozyme (Pan and Uhlenbeck, 1992a,b). Few years later, 
solving the crystal structure of the leadzyme, suggested that a single Pb2+ ion, 
bound directly to the nucleophile (2’OH group), is sufficient for bond cleav-
age. Other ions, modulate the overall tertiary structure of the molecule (Wede-
kind and McKey, 1999, 2003).  

Pb2+ has been widely used for structural probing of RNA both in vitro as 
well as in vivo (Lindell et al, 2005). The overall cleavage pattern is specific at 
positions of tight metal ion binding sites, also single-stranded regions, loops, 
and bulges, i.e. flexible regions. Cleavages in double-stranded regions are less 
frequent or absent (Brown et al, 1985, Gornicki et al. 1989; Kirsebom and 
Ciesiolka 2005). 

In one of my recent studies, the advantage of Pb2+ as a chemical tool was 
used for probing the accessibility of specific site in an RNA hairpin substrate, 
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for Me2+-coordination. The RNA used, was one of the well defined hairpin 
model substrates, pATSer (Kikovska et al, 2005a, Paper II), traditionally used 
in Kirsebom’s group as a model for studying RNase P-mediated catalysis 
(Figure 6). Although the ionic radius of lead is larger then magnesium, (1.33 
Å vs 0.7 Å, respectively), they do bind to overlapping sites in RNA.  

The conducted Pb2+ cleavage analysis of the pATSer substrate alone, in-
volved introducing different mutations and internal modifications at the resi-
dues building the RNase P cleavage site. Pyrimidine at the position +1 (corre-
sponding to the first residue of the 5’ mature product upon RNase P cleavage, 
see Figure 6), resulted in significant Pb2+-induced cleavage, relative to the 
background cleavages (in the substrate stem). This pattern was observed irre-
spective of the identity of residue +72 (involved in base-pairing +1) (Figure 
6), and the +1/+72 base pair orientation. By contrast, a significant reduction of 
Pb2+-induced cleavage at this site was observed due to the presence of purine 
and purine derivatives.  The cleavage was observed to be independent of the 
identity of the residue one position upstream, i.e. position -1, being U or C for 
the variants tested. Furthermore, deleting the -CCA end of the substrate, in 
both G+1(C+72) and U+1(A+72) background, followed the same trend (Kikovska 
et al, 2005a, Paper II). 

Another important conclusion that arose from this work was the discovery 
that RNase P RNA has leadzyme-like properties. This finding presents the 
first case of Pb2+ being able to mediate/induce intermolecular nucleophillic 
attack, resulting in 5’phosphate as final product. Since the reactions were done 
in a background of Sr2+ (promoting RNA folding and binding but not cleav-
age) and Pb2+, it was unclear whether Pb2+ can indeed be engaged in generat-
ing the nucleophile in the RNase P RNA mediated cleavage. Co(NH3)6

3+ does 
not promote RNase P mediated cleavage. Hence, testing the reaction-
phenotype with Co(NH3)6

3+ and Pb2+ when combined, Pb2+-mediated specific-
site cleavage was observed (Figure 3E in Kikovska et al, 2005a (Paper II)). 

*    * 
*

These findings indicate that Pb2+ can be involved in generating the nucleo-
phile at the RNase P cleavage site. Structural or chemical constraint at the 
cleavage-site-environment, imposed upon enzyme-substrate complex forma-
tion, prohibits activation of the neighbouring 2’OH to act as an inner nucleo-
phile. Up to date there is no clear evidence of such coordination, but the fact 
that correctly generated products (tRNA molecules for example) are necessary 
for the normal cell function, shows the delicacy and the evolutionary drive to 
carefully maintain this resonating site of accurate cleavage chemistry. 
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Lessons from the Small Ribozymes 

In comparison to the rate of non-catalyzed spontaneous cleavage of RNA, 
pancreatic ribonuclease A (RNase A) accelerates this phosphoester transfer 
reaction by >12 orders of magnitude (Raines, RT 1998, Emilsson et al, 2003), 
resulting in a half-life for an RNA linkage that is measured in microseconds. 
The Group of Small Ribozymes (as previously mentioned) are naturally found 
nucleic acid enzymes that can catalyze RNA cleavage using same internal 
phosphoester transfer mechanism. This class of ribozymes comprises of four 
self-cleaving catalytic RNAs: the hammerhead ribozyme, hairpin ribozymes, 
HDV and VS ribozymes (reviewed in Butcher SE, 2001). 

The hammerhead ribozyme is involved in processing the RNA genomes of 
certain plant viroids and virusoids. It is characterized by a core of 15 con-
served nucleotides from which three variable-length helices radiate. The 
hammerhead ribozyme was the first small ribozyme structure solved at atomic 
resolution (Wedekind and McKay 1998). The crystal structures captured be-
fore and after catalysis reveal dramatic conformational dynamics at the cleav-
age site. Me2+-recoordination is applied as a model of understanding the tran-
sition state, as well as transition to an enol-tautomeric form of a G residue at 
the cleavage site. Certain sites are still unexplained although pointed as being 
important for having functional role in for example metal-binding. The ham-
merhead catalytically enhances the rate of the specific phosphotransfer reac-
tion by at least 106-fold relative to the nonenzymatic reaction (reviewed by 
Blount and Uhlenbeck, 2005). 

HDV ribozyme is a small pathogenic RNA satellite virus of the hepatitis B 
virus (HBV). The ribozyme activity is required for replication of the viral 
RNA in cells (Shih and Been, 2002). The HDV ribozymes are examples of 
naturally occurring small ribozymes that catalyze cleavage of the RNA back-
bone with a rate enhancement of 106- to 107-fold over the uncatalyzed rate. To 
achieve this level of rate enhancement, the HDV ribozymes have been pro-
posed to employ several catalytic strategies that include the use of metal ions 
(activity has been observed in presence of 1M NaCl (Wadkins et al, 2001)), 
intrinsic binding energy, and a novel example of general acid-base catalysis 
with a cytosine side chain acting as a proton donor or acceptor (Ferre´-
D’Amare´ et al, 1998). 

The hairpin catalytic motif was first discovered in the negative strand of 
tobacco ringspot virus satellite RNA, the same RNA genome that harbors a 
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hammerhead ribozyme in its positive strand (Fedor M, 2000 and references 
therein). In the case of the hairpin ribozyme, no effect of phosphorothioate 
was observed at the cleavage site, which suggests that direct Me2+-ion coordi-
nation is not required. Indeed, the presence of Me2+-ions is essential for 
achieving the active conformation/fold of this ribozyme, but there are reports 
suggesting that the catalysis occurs in presence of high concentrations of 
monovalent metal ions (Murray et al, 1998). Furthermore, cleavage in pres-
ence of Co(NH3)6

3+ was observed as well (Hampel and Cowan, 1997). It is 
suggested that functional groups on the actual ribozyme catalyze the acid-base 
chemistry of the hairpin ribozyme (reviewed by Ferre´-D’Amare´ A, 2004). 

The Varkud satellite (VS) RNA is an abundant transcript from DNA found 
in the mitochondria of a number of natural isolates of Neurospora. Collins and 
coworkers found that the VS RNA contains an element capable of self-
cleavage (Saville and Collins, 1990, Lafontaine et al, 2002a,b), which is 
thought to act in the processing of replication intermediates (Kennell et al. 
1995). At ~150 nucleotides, the VS ribozyme is the largest of the nucleolytic 
ribozymes, and is now the only member of this group for which there is no 
crystal structure (Lilley, DM, 2004). It has been shown that the VS ribozymes 
exhibit good cleavage activity in high concentrations of monovalent ions 
(Murray JB et al, 1998), so site-specific binding is unlikely to be essential for 
all ribozyme activity. On the other hand, cleavage activity was not supported 
in hexammine cobalt (III) ions either in cis (Maguire and Collins, 2001) or
trans (Lafontaine et al, 1999), suggesting that water or hydration is important. 
Involvement of important residues at the cleavage site is a possibility, too. All 
of these effects contribute to at least 105 –fold acceleration of the transesterifi-
cation reaction mediated by this ribozyme (Lafontaine et al, 2002a,b). 

*    * 
*

The function of the small nucleolytic ribozymes is intimately connected to 
their structures, which undergo well-defined conformational transitions in 
order to achieve proper folding. Since the folding is induced by metal ions, 
and is prerequisite for activity, we come back to the necessity of metal ions as 
intricate parts of RNA. Although in the majority of cases for the Group of 
Small Ribozymes, there is no direct catalytic role of the metal ions, they are 
needed to provide proper conformation, creating local structure that facilitates 
the trajectory into the in-line transition state of the transesterification reaction. 
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Lessons from the Large Ribozymes 

The discovery of a self-splicing group I intron in the large subunit rRNA of 
Tetrahymena thermophila, perpetuated intense investigations into the mecha-
nism of RNA catalysis and the assembly of active sites from RNA. Together 
with the finding that the RNA subunit of Escherichia coli RNase P is respon-
sible for the catalytic performance, “The New Age” of comprehending our 
origins, has commenced (Kruger et al, 1982, Guerrier-Takada et al, 1983). 

The self-splicing intron ribozymes have been regarded as primitive forms 
of the splicing machinery for eukaryotic mRNAs. Group I and II introns, as 
previously mentioned, belong to the Group of Large Ribozymes, not only by 
the actual size of the molecule, but rather the shared chemical mechanism of 
RNA-mediated catalysis. The reactions catalyzed by the large ribozymes also 
occur via an in-line attack. However, the large ribozymes utilize an exogenous 
nucleophile (3’-OH, 2’-OH, or OH-) that attacks the phosphorus atom perpen-
dicularly to the inferior plane of the phosphate, unlike with the Small ri-
bozymes when the attack comes from the superior phosphate plane. Therefore 
different cleavage products are generated and in the case of all large ri-
bozymes they are 5’ terminal phosphate and 3’-hydroxyl leaving group. This 
cleavage reaction is more difficult than that yielding the 5’-hydroxyl group, 
and the uncatalyzed rate constant is estimated to be ~10-9 M-1 min-1 with water 
as the exogenous nucleophile. However, relative to the small ribozymes, the 
large ribozymes are much better catalysts with ~1011-fold rate enhancements 
observed with the Tetrahymena group I ribozyme and RNase P (Shih and 
Been, 2002). 

Group I Introns are found in the nucleus and organelles of eukaryotes, as 
well as some prokaryotes and bacteriophages. These introns are composed of a 
strictly conserved core region essential for catalysis and moderately conserved 
peripheral regions that enhance their catalytic activity (Michel and Westhof, 
1990, Golden et al, 1998, Ikawa et al, 2000, Cate et al, 1996). Although, natu-
rally occurring in cis, group I introns have been engineered for trans activa-
tion by their peripheral elements (van der Horst, G et al, 1991, Ikawa Y et al, 
1998), thus exerting their catalytic potential as genuine enzymes. The mecha-
nism involves excision from precursor RNAs through a two-step splicing reac-
tion. A prerequisite for splicing is the binding of an exogenous guanosine 
(exoG) cofactor to a pocket in the catalytic core of the intron, referred to as G-
binding site. During the first step of splicing, the cofactor attacks the 5’ splice 
site (SS) and attaches to the intron resulting in the release of the upstream 
exon. The exoG leaves the G-binding site and is replaced by the last nucleo-
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tide of the intron, which is always a G (denoted as G). The second step is 
initiated by an attack by the 3’ end of the released exon on the 3’ SS, which 
results in ligation of the exons and release of the intron RNA. Successful ca-
talysis is dependent on the correct folding of the intron (Pichler A et al, 2000, 
Szewczak et al, 2002, Stahley and Strobel, 2006). Group I intron splicing re-
quires divalent metal ions for proper folding and catalysis (Stahley and 
Strobel, 2006). Mg2+ coordination to substrate oxygen atoms activates the 
nucleophile, stabilizes the scissile phosphate and stabilizes the developing 
charge on the leaving group. The proton of the 2’OH at the cleavage site is 
shared between the 2’and 3’oxygens in the transition state (Yoshida et al, 
2000). A model of the transition state and the constellation of metal ions and 
the nucleophile are presented in figure 4: 

Figure 4. Two-dimensional scheme for the transition state of Group I introns. The incoming 
guanosine is in the process of displacing the 5’-portion of the substrate oligonucleotide. Partici-
pating metal ions are shown as purple spheres, and dashed lines show the network of interac-
tions that stabilize the nucleophile and leaving group. Evidence suggests the presence of three 
divalent metal ions (MA, MB, and MC) which interact with the substrate during cleavage, but the 
location of these metals within the ribozyme is a matter of investigation. (adopted from 
Szewczak et al, 2002) 

Group II Introns are found in low frequencies in the mitochondrial ge-
nomes of fungi, sporadically in the organellar genomes of algae, they are nu-
merous in the organellar genomes of higher plants, also surprisingly wide-
spread in the bacterial world (reviewed by Lehmann and Schmidt, 2003). One 
of the most interesting features of group II introns is their remarkable ability 
to catalyze transposition, and their own migration to specific sites in new ge-
nomes (Guo et al, 1997). These large ribozymes are organized into six do-
mains of highly conserved secondary structure, which folds into a tertiary 
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structure that recognizes 5’-exon (or oligonucleotide substrates) through two 
stretches of base pairing. Furthermore, it has been evidenced that there is a 
functional inter-exchangeability of analogous but non-identical domain 1 
RNA molecules of group II introns that result in trans-activation of intron 
transposition and RNA-based exon shuffling (Hiller et al, 2000). Group II 
introns are true metalloenzymes that require Mg2+ specifically for folding, 
substrate binding, and for direct coordination to the leaving group during 
chemical catalysis (Pyle AM, 2002). Many studies indicate that domain 5 (D5) 
forms the active-site centre of the enzyme, and that individual atoms on D5 
have specific mechanistic roles (Konforti et al, 1998a,b, Qin and Pyle, 1998, 
Pyle AM, 2002). A variety of biochemical and spectroscopic experiments 
have shown that a metal ion binding platform within D5 plays an instrumental 
role in catalysis. Available data suggest that a metal ion is directly coordinated 
to both the 3’oxygen and the 2’OH in the transition state (Gordon et al, 2000). 

*    * 
*

Delving into the immense amount of accumulated data over the past dec-
ades, in regard to catalytic strategies used by RNA, simple extrapolations can 
be maid. The structure (delicately influenced by metal ions) is prerequisite for 
catalysis, either employing functional groups from the RNA itself (mostly 
being the case with the group of Small ribozymes), and/or utilization of struc-
tural environments to strategically position (catalytic) metal ions (Large ri-
bozymes, especially group II introns). The sequence conservation, especially 
of the active site, assures folding consistency and catalytic accuracy within the 
individual groups, resulting in chemical correctness of the reaction products 
for the continuum of their subsequent involvement in vivo. Delineation of the 
catalytic strategies performed by Group I and II Introns, highlights part of the 
lessons to be taught by the Group of Large ribozymes. RNase P, being versa-
tile in its function and activity, confers its own niche, and to my belief, encir-
cles fundamentals for the catalysis in general. 
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Lessons from RNase P:
It Was Not About the Enzyme, It Was About RNA Being an 
Enzyme

RNase P has been isolated and defined as an endoribonuclease responsible 
for site specific cleavage of tRNA precursors at their 5’end, hence the name P, 
for ‘processing’ (Robertson and Altman, 1972).  But it was not until some ten 
years after, that much more important role has been attributed to the RNA 
moiety of the enzyme. Only one year after Cech´s report on the Tetrahymena
ribozyme (Kruger et al, 1982), Altman´s group published the discovery of 
RNA-mediated activity residing in RNase P (Guerrier-Takada et al, 1983).  

RNase P is conserved throughout the evolution; it is found in all cells and 
cellular compartments capable of tRNA biosynthesis (reviewed by Gopalan et 
al, 2002). Though, work from Hartmann’s lab has suggested  uniqueness of 
the bacterium Aquiflex aeolicus in this regard, by not possessing  RNase P-like 
genes (Willkomm D et al, 2002), at least yet unidentified. The genes encoding 
the RNase P subunits in Escherichia coli: rnpA and rnpB were identified by 
using mutant strains that carry changes in these genes. The rnpA gene encodes 
the protein subunit, C5 which is a basic protein with a molar mass of ap-
proximately 14 kDa (reviewed by Altman et al, 1993). While the RNA subunit 
M1 RNA, 377nt-s long is encoded by the rnpB gene. The in vivo isolated 
RNase P mutants were temperature sensitive for growth and the phenotype 
was associated with either a change in the RNA or in the protein (reviewed by 
Kirsebom and Svärd, 2000). Although most of what is currently known about 
RNase P processing in relation to substrate recognition, comes from in vitro
studies, the overall in vivo observations are in agreement. 

Amongst the few ribozymes found in the contemporary cell, RNase P (to-
gether with the ribosome) is the only trans-acting multiple-turnover enzyme, 
i.e. a ‘true’ biocatalyst (Robertson and Altman, 1972, Doudna and Cech, 2002, 
Altman and Kirsebom, 1999, Moore and Steitz, 2002). The most abundant 
RNase P substrates in the cell are the tRNA precursors, in amounts that are 
three orders of magnitude higher than RNase P (Rosset et al, 1966, Skjold et 
al, 1973, Tallsjö and Kirsebom, 1993).  

Bacterial RNase P has an ability to process a myriad of different substrates 
besides the tRNA precursors, such as: tmRNA, 4.5S rRNA, bacteriophage 

80-induced RNA, the 3’-terminal structure of the turnip yellow mosaic virus 
genomic RNA, mRNA from the polycistronic his operon, the pre-C4 repressor 
RNA from bacteriophages P1 and P7 and some transient structures adopted by 
riboswitches (reviewed by Kazantsev and Pace, 2006).  
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The evolutionary conservation of RNase P is mainly reflected in the RNA 
moiety, retaining the catalytic activity throughout species, as shown from in
vitro studies (Guerrier-Takada et al, 1983, Kikovska et al, 2007). For in vivo 
activity, both the RNA and the protein subunit(s) are essential (Waugh and 
Pace, 1990, Doersen et al, 1985, Jarrous N, 2002). The protein subunits vary-
ing in number, relative to the RNA appearing as a single subunit, are pre-
sented as many as one subunit in Bacteria, four to five in Archaea and eight to 
ten in Eukarya.  

There is an on-going debate over the actual role of the protein subunit(s) in 
RNase P (detailed approach in the subsequent chapters). Many reports on the 
bacterial protein counterpart indicate potential roles in stabilizing the tertiary 
architecture of the RNA (Westhof et al, 1996), enhancing the pre-tRNA speci-
ficity over the matured tRNA (facilitating the product release) (Kurz et al, 
1998, Kurz and Fierke, 2002, Niranjanakumari et al, 1998, Hsieh J et al, 2004) 
as well as broadened substrate specificity (Gopalan et al, 1997). But none of 
these reports suggests actual involvement of the protein(s) in the catalysis, i.e. 
RNase P RNA activity can be rescued in vitro by intorducing high concentra-
tions of mono- and divalent-metal ions (Guerrier-Takada et al, 1984).  

Intending to distill the understanding over the RNA-mediated aspect of the 
RNase P catalysis, I have neglected the protein subunit in my experimental 
approach. Recent studies on the eukaryotic RNase P RNA (Kikovska et al, 
2007), open possibilities for attributing new roles to the eukaryotic RNase P-
proteins (reviewed by Gopalan V, 2007).
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The Catalytic Performance of RNase P

RNase P catalyses the hydrolysis of phosphodiester bond, generating prod-
ucts with 5’end phosphate. One of the models describing our current under-
standing of the pre-tRNA processing by RNase P is shown in Figure 5. 

Figure 5. Two-dimensional scheme for one of the proposed mechanisms in the transition state 
of RNase P, based on biochemical studies. On the left is a putative structure of the transition 
state, where the electron flow is indicated by arrows. The metal ion rescue experiments have 
indicated direct coordination to the pro-Rp oxygen (Warnecke et al, 1996). The same type of 
experiment did not result in soft Me-ion rescue for the thio-substituted pro-Sp oxygen and the 
3’ bridging oxygen (Warnecke et al, 1999, 2000), hence inner-sphere Me2+-ion coordination is 
less probable (indicated with question-marks). The 2’OH has been indicated as a metal-ion 
ligand, though outer-sphere coordination is proposed (Smith and Pace, 1993, Persson et al, 
2003, Brannvall et al, 2004). The nucleophile (:Nu), sugested to be activated water molecule, is 
shown in red. The metal ions are shown as purple spheres. On the right, are the products of the 
reaction: the leaving group (N-1) and the mature tRNA (N+1). Adopted from Kazantsev and 
Pace, 2006. 

Depicting the actual mechanism of RNase P-mediated catalysis has 
dwelled in the scientific world since its very discovery. Much of the available 
data suggest two-metal-ion mechanism of catalysis (Steitz and Steitz, 1993). 
Though, many reports are alerting cautiousness in interpreting data in view of 
this mechanism. In order to generate the correctly cleaved products (5’end 
phosphate), the 2’OH group at the cleavage site has to be protected from in-
tramolecular attack on the scissile phosphate. This particular intervention by 
the Large group ribozymes is solved with different strategies (as mentioned 
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previously):  the 2’ OH proton is shared between the 2’ and 3’ oxygens in the 
transition state of Group I introns and is not involved in metal ion coordina-
tion (Yoshida et al, 2000). Direct metal ion coordination to the 2’ OH in the 
Group II introns is proposed by Gordon et al, 2000. In the case of RNase P, 
similar mechanism is suggested as for the Group II introns, though with an 
indirect metal ion coordination to the 2’ OH at the cleavage site (Brännvall et 
al, 2004, Perreault and Altman, 1992, 1993, Smith and Pace, 1993, Persson et 
al, 2003, Zahler et al, 2005). Moreover, the (pro)-Rp oxygen is ligand for an 
inner sphere Me2+ as seen from the metal ion rescue experiments (Warnecke et 
al, 1996, 1999, Chen et al, 1997). This would make the phosphorous more 
electrophillic and vulnerable for a nucleophillic attack.  

With minor oscillations, the concurrent models for the RNase P transition 
state, converge towards defining discrete interactions that become concordant 
in order to position the scissile bond for an in line attack. These different in-
teractions building the site of action will be subsequently discussed. 
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Model System for Studying the RNase P RNA Mediated Catalysis 

For the purposes of my studies, I have used in most of the cases RNase P 
RNA from Escherichia coli, referred to as M1 RNA. The model system com-
prised of using shortened tRNA precursors, as well as versions of the model 
hairpin substrate, the pATSer (Figure 6). Utilization of model substrate as an 
approach in my studies derives from the scientific questions asked, mainly in 
regard to the reaction mechanism, and presents a continuum from approaches 
in the past (McClain et al, 1987, Forster and Altman, 1990, Perreault and 
Altman, 1992, 1993). There are many advantages for using these substrates: 
the product release is not rate-determining (Brännvall M et al, 2002); the abil-
ity to chemically synthesize these substrates, more importantly introducing 
internal chemical modifications at positions of interest (Brännvall et al, 2004, 
Kikovska et al, 2006); chemical stability (Kikovska et al, 2007) and compara-
ble kinetic parameters to the whole length tRNA precursors (Brännvall M et 
al, 2002, Kikovska et al, 2005b, Kikovska et al, 2007). 

Figure 6. Predicted secondary structures of M1 RNA (according to Haas and Brown, 1996) (A), 
our model substrate, pATSer and its parent substrate, pSu1 (B). The blue-shaded segment 
shows the sequence corresponding to the model substrate, i.e. precursor Acceptor stem and T-
stem and loop. The red arrows indicate the RNase P cleavage site. The (UG) marking of our 
model substrate refers to the identity of the residues one position upstream of the cleavage site. 
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 “The Resonance Box”: RNase P- Cleavage Site 

One of the important findings in regard to enzyme-substrate interactions at 
the RNase P cleavage site, was discovering the ‘RCCA-RNase P RNA’ inter-
action, identified by Kirsebom LA and Svärd SG in 1994. The importance of 
the 3’-terminal -CCA of tRNA for binding RNase P RNA, has been indicated 
by kinetic analyses, (Guerrier-Takada and Altman, 1984; Green and Vold, 
1988; Oh and Pace, 1994), as well as biochemical studies mapping the en-
zyme-substrate interactions (LaGrandeur et al, 1994, Guerrier-Takada et al, 
1989, Knap et al, 1990). In the study by Kirsebom and Svärd, 1994 the CCA-
end of the tRNA precursors has been demonstrated to interact with residues at 
the P15 region in M1 RNA and a proper orientation has been assigned. The 
P15 loop is conserved amongst all bacterial and some archaeal RNase P RNA 
species (Marquez et al, 2005, Xiao et al, 2005, Haas et al, 1998). These obser-
vations led to designing a model of the enzyme-substrate interaction. De-
scending refinements of the model followed on, coping with the knowledge-
update on this particular interaction. This contiguity of conception, presented 
in Figure 7, reflects the contemporary understanding of the enzyme-substrate 
interaction at this site.

Figure 7. A model of the RCCA-RNase P RNA interaction adopted from Brännvall M et al, 
2003. The orange spheres a-c present divalent metal ions that have been identified in the P15-
loop of M1 RNA and in the substrate (Panel A). The model suggests metal ion re-coordination 
upon binding of the enzyme and the substrate and establishing the RCCA-RNase P RNA inter-
action (Panel B). The authors suggest that this metal ion re-coordination contributes to stabiliz-
ing the +73/294 interaction, that would subsequently facilitate the exposure of the cleavage site 
(indicated with red arrow) to RNase P RNA.
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Many different approaches in the past indicate interaction of the substrate’s 
cleavage site with the P5/15 region of RNase P RNA. Photo-crosslinking 
agents positioned on either side of the scissile phosphate crosslink to P5/15 
region, demonstrating its proximity to the cleavage site (Burgin and Pace 
1990; Kufel and Kirsebom 1996; Christian et al. 1998; Christian and Harris 
1999). In addition, nucleotide analogue interference mapping has shown that 
nucleotide base and backbone functional groups in P5/15 contribute to binding 
and catalysis (Hardt et al. 1996; Siew et al. 1999; Heide et al. 2001; Kaye et 
al. 2002). These observations, together with the high degree of nucleotide base 
conservation in P5/15 (Brown J, 1999), made this region an interesting target 
for further experiments designed to identify enzyme–substrate interactions.  

The first direct line of evidence for a specific interaction of the substrate 
cleavage site with the ribozyme was described by Zahler et al, 2003. In their 
report they identify the position A248 from E. coli RNase P RNA to be in-
volved in base pairing with the position -1 in the substrate. Their results show 
that mutations at A248 lead to defects in binding, catalysis, and cleavage site 
selection. Secondly, the binding and miscleavage defects of A248 mutants can 
be rescued by compensatory mutations at N(-1) in both the RNA-alone and 
holoenzyme reactions (Zahler et al, 2003). Detailed sequence analysis of the 
tRNA-5’ leader and RNase P RNA from Bacteria and Archaea, reveals con-
servation of the A248 and the U(-1) residues. These findings suggest an evolu-
tionary conservation of the 248/(-1) interaction amongst the RNase P en-
zymes.  

The interplay of interactions at the substrate cleavage site is highly dy-
namic process. In the world of tRNA, the conserved residues at the 5’ leader, 
3’ trailer sequences and the interacting enzyme residues, suggest interaction 
co-evolution, as a strategy for improving the catalytic potency. Such an ar-
rangement upon formation of the enzyme-substrate complex, leads to specific 
re-coordination of metal ions at the cleavage site in the transition state of the 
reaction. The ‘resonance’ of these events implies certain degree of rigidity and 
assures correctness in one of the essential reactions for the cell biology- the 
tRNA biosynthesis.  
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The Cross Talk 

Once these partite enzyme-substrate interactions were defined, one step 
forward was to question for a correlation or a cross talk between these events, 
most probably intertwined and mediated by a network of metal ions. The ap-
proach taken to address this was to substitute the 2’OH at position -1 in the 
substrate, with an amino group (2’N) (Brännvall et al, 2004, Paper I). The 2’H 
cannot be protonated and it is unlikely that the 2’OH is protonated in the pH 
range between 5 and 9 (feasible pH range of RNA stability). The pKa value of 
the 2’N of dinucleotides has been determined by NMR to be 6.0-6.2 (Miller et 
al, 1993, Aurup et al, 1994). Thus using 2’N modification, with change of the 
pH, one could influence the charge distribution at the cleavage site by control-
ling the protonation/deprotonation of the 2’N group. Moreover, Mn2+ is a bet-
ter ligand for the amino group, compared to Mg2+, so the metal ion switch 
strategy could be simultaneously used (see Chapter: ‘Metal ions- the Crux of 
RNA function’).  

Combination of these strategies, revealed that introducing the 2’N at the 
cleavage site, influenced the cleavage site recognition, and displayed different 
phenotypes in presence of different metal ions. In the assays of our model 
substrate, having U-1 and A+73 (pATSerUA), and the respective amino-
substituted variant, pATSerUamA as shown in Figure 8, the cleavage by M1 
RNA, generated different patterns as a function of introducing the 2’N. One of 
the observed phenotypes was cleavage at other positions in the substrate, be-
sides the correct cleavage, denoted as +1 (between residues -1 and +1 in the 
substrate, see Figure 6). Changing from Mg2+  Mn2+  Ca2+, we observe 
increasing miscleavage of the substrate occurring one position upstream (be-
tween residues -1 and -2), denoted as -1 (Brännvall et al, 2004, Paper I). 

Figure 8. Cleavage site selection in our model 
substrates pATSerUA and pATSerUamA as a function of 
different metal ions at pH 7.2. +1 and -1 correspond to 
the correct vs. miscleaved positons, respectively. As 
controls, Co-hexamine as well as Sr2+, were used 
(neither of these can promote cleavage alone). 

To study the phenotypic changes as a function of changing the charge dis-
tribution, the substrates were subjected to different pH conditions and the fre-
quencies of correct vs miscleaved substrate, were monitored. As mentioned 
previously, considering the pKa value of the amino-substituted substrates, we 
assume protonation at this site at lower pH values and vice versa. Presented in 
figure 2, Brännvall et al, 2004 (Paper I), lowering the pH, increases the posi-
tive charge at the cleavage site and results in increased incidence of mislceav-
age at position -1. This phenotype was rescued by introducing higher pH re-



40

0

10

20

30

40

50

60

70

80

90

100

5 6 7 8 9

pH

%
 m

is
cl

ea
va

ge
 a

t 
-1

Ca 2+

Mg 2+

Mn 2+ 

0

10

20

30

40

50

60

70

80

90

100

5 6 7 8 9

pH

%
 m

is
cl

ea
va

ge
 a

t 
-1

Ca 2+

Mg 2+

Mn 2+ 

sulting in deprotonation of the 2’N group and probably lowering the charge 
repulsion at the cleavage site. This finding corroborates the assumption of 
metal ions positioned at the cleavage site that are necessary for the catalysis 
and most probably use the 2’OH at position -1 as a ligand. Comparison of the 
substrate’s pH profiles for different metal ions is presented in the Figure 9: 

Figure 9. Frequency of cleavage at position -1 (miscleavage) as a function of increasing pH for 
the substrate pATSerUamG.  

Extrapolating the pH50 values (corresponding to the pH value where 50% 
of miscleasvage is observed), for pATSerUamG substrate (Figure 9), the fol-
lowing values were obtained: pH50 Mn: 5.8+0.03, pH50 Mg: 6.6+0.18 and pH50

Ca: 8.1+0.41. These differences correlate to the differences in the pKa values 
of the given metal ions: 10.6; 11.4 and 12.7 respectively. Assuming that the 
pH50 values reflect the pKa for protonation of the -1 2’N, our data suggest that 
metal ion substitution can perturb the pKa for the 2’N at this position (Bränn-
vall et al, 2004, Paper I). 

Another way of utilizing the presence of 2’N at the cleavage site was to 
investigate probable cross talk between the cleavage site and the +73/294 in-
teraction (see above). We took this approach to study whether the structural 
architecture of this interaction influences the charge distribution at the cleav-
age site. Using pATSerUamG as a substrate and M1wt RNA as well as the C294 
mutant M1C294 RNA, indicated that changing the nature of the +73/294 interac-
tion (by altering the base-pair-orientation between the enzyme and the sub-
strate at this particular site), affects the cleavage site selection and the rate of 
cleavage. Moreover, a dramatic alteration of the phenotype has been observed 
by changing the charge distribution at the cleavage site as a function of 
+73/294 interaction (figure 5 from Brännvall et al, 2004, Paper I).   

This study corroborated the importance of metal ions at the substrate’s 
cleavage site. The approach was instrumental in appointing the heterogenic 
structural/catalytic role of the metal ions. It is therefore proposed that metal 
ion(s) most probably indirectly coordinated to the 2’OH impose rather struc-
tural constraint and protect this group from acting as an inner nucleophile. It is 
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not excluded that the same metal ion(s) would be involved in generating the 
nucleophile as presented in Figure 5. The enzyme-substrate cross talk (as de-
fined in this study), demonstrated one more parameter in concert with the cata-
lytic event. In keeping with the model presented in Figure 7, the +73/294 in-
teraction via charge conductivity influences the cleavage site environment. 
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The Substrate Discrimination 

As already emphasized, RNase P is essential for all living cells, since it 
holds in hand crucial mass of RNA populating the cell - the tRNAs. The reac-
tion accuracy and correctness are prerequisite for the subsequent employment 
of the mature tRNA in the cell processes. Any kind of molecular mimicry in 
this sense, has not been observed (or maybe not been looked after) up to date.  

Aside from the apparent promiscuity of RNase P, it does recognize struc-
tural elements from its substrates. It has been suggested that the aminoacyl 
acceptor stem is a major determinant (Altman and Kirsebom, 1999, Kirsebom 
and Svärd, 2000). More specifically, many studies have pinpointed the impor-
tance of the residues at the cleavage site in the recognition process as well 
(Altman and Kirsebom, 1999, Kirsebom and Svärd, 2000, Kirsebom, LA, 
1995, Brännvall et al, 2002, 2003, Zahler et al, 2003, Loria and Pan, 1998, 
Loria et al, 1998). From an evolutionary perspective, the majority of tRNAs in 
bacteria and eukarya carry guanosine at the 5’end (Sprinzl et al, 1998). One of 
the exceptions is the tRNAGln having U at the first position, base-paired with 
an A at position +72.

As aforementioned, different Pb2+-cleavage phenotypes were explained as 
a function of changing the +1 residue of the substrate (Kikovska et al, 2005a, 
Paper II). The assays were done in absence of RNase P RNA, and suggested 
possible positioning of metal ion(s) at the cleavage site of the substrate, when 
alone. The study showed that having U at position +1 creates a strong Pb2+-
cleavage site, that is independent of the residue at -1, independent of the orien-
tation of the +1/+72 base pair (i.e. the number of H-bonds) and finally inde-
pendent of the substrate’s CCA-end (Kikovska et al, 2005a, Paper II). 

In one of my studies a question has been raised whether there is a sub-
strate discrimination in RNase P mediated catalysis that involves the identity 
of the residues at +1/+72 position (Kikovska et al, 2005b, Paper III). Using 
whole-length tRNA precursors pGln and pSu3, as well as our well defined 
model substrate pATSer, we have examined the consequences of replacing 
G+1C+72 with U+1A+72. For all of the substrates tested, replacing G+1C+72 with 
U+1A+72, resulted in decrease of the rate constants under single turnover condi-
tions, as well as reduction of the ground state binding efficiency in most of the 
cases (Kikovska et al, 2005b, Paper III). Together with these findings, we 
have compared the metal ion requirements of our substrates in RNase P RNA-
mediated catalysis and observed different pattern as a function of replacing 
G+1C+72 with U+1A+72. The general conclusion was that the identity of the base 
pair/residues at the cleavage site prominently affects the metal ion saturation 
profile for each of the substrates tested, in favour of the G+1C+72 (Kikovska et 
al, 2005b, Paper III). 

Superimposing the available crystal structures from the RNA leadzyme 
and SRP RNA (Kikovska et al, 2005a Paper II), enabled us to do comparisons 
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due to similarities with the cleavage site of our substrates. Although, no ap-
parent structural differences were observed, we have suggested that replacing 
G+1C+72 with U+1A+72, at the cleavage site results in a shift of the Mg2+-
positioning for > 7Å. These findings indicate the importance of +1/+72 posi-
tions proximal to the cleavage site, most probably via coordination of impor-
tant metal ions. The local architecture at the cleavage site, would therefore be 
affected (directly or indirectly) by changing residues, and might explain the 
evolutionary conservation of G+1 amongst all tRNA species. 

Having the advantage to use model substrates with internally modified 
residues, provided us a tool in scrutinizing every single functional group of the 
G+1 (Kikovska et al, 2006, Paper IV). All of the variants were tested for their 
catalytic performance, ground state binding and metal ion (Mg2+) profiles. The 
summary of these results pointed towards the importance of the exocyclic 
amine at position 2 on the G+1, influencing all of the criteria mentioned. The 
phenotype was improved by introducing higher Mg2+ concentrations, although 
not to a wild type-values. The substrates harbouring 2’OH modifications at 
position +1 showed intermediate phenotypes of apparent decrease in the cata-
lytic parameters, yet not being rescued by increasing the metal ion concentra-
tion. Deletion of the whole base G+1, rendered activity, though dramatically 
low and inaccurate (Kikovska et al, 2006, Paper IV). 

To corroborate the probable role of +1/+72 in metal ion coordination, we 
have assayed whether it has any influence on the charge distribution at the 
cleavage site. Therefore, we used substrates in a 2’amino (2’N) background at 
-1. As a ‘wild type’ substrate, we have referred to pATSer amUG-GC and the 
+1/+72 variants: amUG-2AP/U (2AP = 2-amino purine), amUG-DAP/U 
(DAP=2,6-diamino purine), amUG-InoC (Ino=Inosine) and amUG-AU. Com-
paring the pH profiles of these substrates in an M1 RNA catalyzed reaction 
(Figure 10), a prominent difference between the substrates with modification 
at position 6 (2AP/U and DAP/U), vs. the substrates lacking the exocyclic 
amine at position 2 (InoC and AU) was observed.  

Figure 10. Cleavage site selection of pATSerUG variants with 2’N at -1 and different +1/+72 
modifications.
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We have observed the involvement of Gunosine in the catalysis mediated 
by Group I introns as a nucleophile for the splicing reaction as well as Group 
II introns, in the conserved triad AGC and its direct contribution to the cataly-
sis (see Chapter Lessons from the Large Ribozymes). Our elaborate studies on 
functional characterization of the tRNA- G+1 residue, in the context of RNase 
P processing, corroborate the potency of this residue. The different ways of 
contributing to the catalysis, explain yet one aspect for the evolutionary con-
servation of this residue.  
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Thermodynamic Aspects of the ES Interaction 

Understanding the enzyme substrate interaction in RNase P mediated ca-
talysis, has high data input from the past. Phylogenetic comparative sequence 
analysis, modification interference, cross-linking and mutational studies are 
few of the strategies previously used to identify the nature of this interaction 
(Loria et al, 1997, Loria and Pan, 1998, Loria et al, 1998, Svärd and Kirse-
bom, 1993, Kahle et al, 1990, Reilly and RajBhandary, 1986). Previous data 
have also suggested that RNase P RNA, folds into independent domains: ‘S-
domain’and ‘C-domain’ (Shiraishi and Shimura, 1988, Pan and Jakacka, 1996, 
Loria and Pan, 1996), as shown in Figure 11: 

Figure 11. Predicted secondary structure of E. coli RNase P RNA (according to Haas and 
Brown, 1998), with the designated domains: the S- and the C- domain 

As shown in Figure 11, the S-domain (Substrate binding domain) contains 
the helices 7-14, and is responsible for interaction with the T-stem/loop of the 
ptRNA substrates, whereas, the C-domain (or the Catalytic domain), contain-
ing the helices 1-6 and 15-18, has been associated with recognition of the ac-
ceptor stem , the cleavage site and the 3’CCA end (Kirsebom and Svärd, 
1994; LaGrandeur et al, 1994; Oh and Pace, 1994, Loria and Pan, 1997, 
Zahler et al, 2003, Brannvall et al, 2002, Kirsebom and Svärd, 2000). 

Bacterial RNase P RNAs have been divided in two classes, on the basis of 
sequence characteristics: Type A (Ancestral: E. coli-like) and Type B (Bacil-
lus-like), (Brown et al, 1996, Haas et al, 1996, Massire et al, 1997, Haas and 
Brown, 1998). Recent papers on the crystal structures of the S-domain of Ba-
cillus subtilis RNase P RNA, (Krasilnikov A et al, 2003), and Thermus ther-
mophilus (Krasilnikov et al, 2004) revealed very interesting findings. Align-
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ment and comparison with sequences from both Type A and B RNase P 
RNAs, using the given crystal structures as a guiding template, suggested very 
similar folding of this region, irrespective of the apparent sequence differences 
between the two types. These data clearly indicated that many of the con-
served residues are involved in interactions that are crucial for the overall 
folding of the RNA. Furthermore, residues that have been previously identi-
fied to interact with the pre-tRNA substrate, belong to this region and position 
the T-loop of the substrate in a similar way, thus forming a conserved recogni-
tion site. Quite similar findings were brought to the scientific community upon 
publishing the crystal structures of two RNase P RNAs in 2005: Torres-Larios 
A et al, 2005 Thermotoga maritima and Kazantsev A et al, 2005  Bacillus 
stearothermophilus.

As for the S-domains, comparison of the full-length RNase P RNAs from 
both Type A and B, reveals that similar substrate recognition surfaces in the 
C-domain are supported by different structural scaffolds. Despite an overall 
different architecture, there are structurally conserved cores: the coaxial stacks 
P1/P4/P5, P2/P3, P8/P9 and P15; a non-canonical connector module located 
between stems P3 and P4; and the J11/12-J12/11 module (Torres-Larios A et 
al, 2005). The role of P4 has been extensively studied due to its sequence con-
servation, proximity to the catalytic site and its potential to bind the metal ions 
involved in catalysis. Yet, the structure suggests that its role is rather structural 
and its sequence conservation could be due to constraints imposed by its prox-
imity and interaction with the connectors in the C-domain (Torres-Larios A, 
2005). Furthermore, the solved structures and the information from several 
hundred sequences from many different organisms, suggest five conserved 
regions. Interestingly, the absence of easily identifiable secondary or tertiary 
structure suggests that sequence conservation may reflect structural con-
straints.

Differences between Type A and Type B RNase P RNA, especially in the 
catalytic domain, reflect in different catalytic performances. Although the 
overall structure fold and the substrate binding modes appear similar, parallel 
surveys of representatives from each of the types, show differences in the ki-
netic parameters and the cleavage site selection, i.e. the accuracy of cleavage 
(Svärd et al, 1994, 1996, Brännvall et al, 1998). The difference in the P15 loop 
of both types, as unambiguously shown to prominently affect the catalysis/ 
substrate binding/ metal ion coordination, appears as important determinant in 
this regard. 

Although, there is no crystal structure of the enzyme-substrate complex 
yet, there are models of superimposed substrate-structure onto the crystal 
structures of the enzyme. These models are in keeping with many biochemical 
observations up to date (reviewed in Christian et al, 2002). Hence, the evi-
dence for the pre-tRNA T-loop interaction with the S-domain residues has 
been shown in many ways. Some years ago, Pan T et al, have studied the T-
loop interaction in the case of B Type RNase P RNA from Bacillus subtilis
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(Loria and Pan, 1997). They concluded that the interaction between the ri-
bozyme and the T-stem/loop of the substrate are major determinants for spe-
cific binding of the pre-tRNA but do not affect the reaction catalysis. Inter-
preting the perplex nature of the ES-interaction leading to catalysis, cannot be 
solely explained by crystal structures even of the ES-complex, especially not 
the events at the transition state. Therefore, we decided to revisit the TBS-T-
stem/loop interaction, from a perspective of its possible influence on the ca-
talysis, and question for any remote/distal effect on the cleavage site. Our 
latest results, using many different RNase P-substrates (unlike Loria and Pan, 
1997) and using A Type RNase P RNA from E. coli show substantial differ-
ences to their findings (see below). 

Figure 12. Predicted secondary structures of M1 RNA (according to Haas and Brown, 1996) 
showing the sites of introduced mutations (a) and the substrates used in this study (b). The red 
arrows indicate the RNase P cleavage site and the denoted positions indicate the -1 substitution. 
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Our experimental setup includes M1wt RNA and introduced mutants in the 
TBS region at positions 125 and 235. These variants include: M1G125 RNA 
(wild type), M1C125 RNA, M1G235 RNA and the double mutant M1C125/G235
RNA. Four different classes of substrates were examined: whole-length tRNA 
precursor pTS-L, the well defined model hairpin substrate pATSer containing 
the acceptor stem and ‘intact’ T-stem/loop (see Figure 6), variants of this 
model substrate, containing four instead of seven nucleotides in the T-loop 
pATSerGAAA and finally variants of the latter type containing only three base-
pairs in the stem region, referred to as pMini3bp (Figure 12). All of these sub-
strates were generated as C-1 or U-1, indicating the identity of the base at posi-
tion -1.  

Probing the local structural environment of the TBS region in M1 RNA, 
upon the mutations introduced (Paper VI), it was evident that perturbation of 
the metal ion binding occurs, especially at the sites Ia and IIb as previously 
identified (Kazakov and Altman, 1991, Brännvall et al, 2001). This phenotype 
is rather prominent for the G235 mutant. Changing the base-pair-orientation in 
the case of the double mutant does not rescue these effects, particularly at the 
Ia site, indicating that the identity of the residue at position 235 is important. 

The next approach was assaying the catalytic performance of these enzyme 
variants in relation to the aforementioned substrate variants. The assays in-
cluded ground state binding (appKd), single turnover kinetics (kobs and 
kobs/Ksto, where kobs/Ksto under single turnover conditions = kcat/Km under mul-
tiple turnover conditions), determining the cleavage site recognition under 
different conditions as well as the Mg-titration profile (Rate of cleavage vs. 
increasing Mg2+-concentration).  

To distillate the results from the conducted assays, a simplified conclusion 
can be maid: reducing the substrate complexity affects all the parameters of 
catalysis. In the case of the substrates with intact T-stem/loop region (pTS-L 
and pATSer), the kinetic parameters were comparable and same phenotypic 
profiles were observed in regard to the TBS mutants, where the G235 appeared 
as the most unfavourable mutant. In the case of the pATSerGAAA and pMini3b 
that either lack the proper T-loop structure and/or proper T-stem length, no 
difference in the kinetic/ground state binding parameters was observed, in 
regard to introduced changes at the TBS region. But, data on the pATSerGAAA
variants, especially the pATSer(C-1)GAAA indicated that there might be conduc-
tivity of the effect of TBS/T-loop interaction on the cleavage site of the sub-
strate, even when most probably this interaction is not efficient. This is con-
cluded from the cleavage site selection profile of the M1wt RNA vs. the TBS 
mutants used (Figure 13). These data are corroborated with the fact that in the 
case of the pATSer(C-1) variant, the Mn2+-induced miscleavage (cleavage at 
one position upstream in the substrate) was suppressed by the M1G235 RNA 
mutant (Figure 13).  
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Figure 13. Cleavage products of pATSer(C-1) and 
pATSer(C-1)GAAA variants showing differences in 
the cleavage site selection as a result of changing 
the orientation of the T-loop/TBS interaction. The 
arrows indicate the correct cleavage products (+1) 
and the miscleavage products (denoted as -1). In 
the case of the pATSer(C-1), the miscleavage was 
observed in presence of 10 mM Mn2+ and 30 mM 
Mg2+ for both the M1wt RNA and the M1G235 RNA 
mutant. The miscleavage of pATSer(C-1)GAAA, was 
observed in presence of Mg2+-only (in this case 
160 mM). 

Each substrate generated as C-1 or U-1 enabled analysis of the coupling ef-
fect: T-stem/loop interaction vis-à-vis the cleavage site. From many reports in 
the past, replacing C-1 with U-1 in the substrate, improves all aspects of the 
catalysis, binding, metal ion requirements (Brännvall et al, 2003, Zahler et al, 
2003, Kikovska et al, 2006). Comparing the change in the Gibbs free energy 
due to replacing C-1 with U-1, followed through the substrate-complexity de-
crease, an ‘energy-cost’-profile was generated (Figure 14).

By normalizing the G values, relative to the whole-length precursors, 
for each of the respective -1 variants, it is apparent that going from pTS-L (C-

1) to pMini3bp(C-1), approximately six fold change in the G is observed, 
whereas, for the U-1 variants in the same line of substrate-complexity-
decrease, only two to three fold increase is observed.  

Herein presented data are instrumental in identifying the nature of the en-
zyme-substrate interaction and its convergence, i.e. once the interaction points 
become fewer and depend solely of the cleavage site, the magnitude of the 
energy-cost associated with introducing changes at this site, becomes much 
more prominent. Furthermore, our results indicate on coupling of the distal 
enzyme/substrate interactions in RNase P. Bridged by the substrate, probable 
conformational change of the enzyme occurs, leading to an induced fit as a 
reaction mechanism.  
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Figure 14. Calculating the change in the free Gibbs energy ( G = -RT ln K where K is the 
specificity constant kobs/Ksto). The measurements were done at 160 mM Mg2+, with all the en-
zyme and substrate variants. The values for G are normalized relative to the whole-length 
tRNA precursors, pTS-L, separately for the C-1 and the U-1 variant.
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Preservation of the RNA Catalytic Competence 
throughout Evolution 

In the contemporary cell, there is vast number of functional ribonucleo-
protein (RNP) complexes, yet only a few of them appear as ribozymes. Al-
though protein enzymes greatly outnumber the ribozymes, processes catalyzed 
by RNA-protein complexes remain at the core of the living cell. The question 
arises as to which of the RNA-requiring reactions in the cell use RNA as a 
catalyst and even more, what does the proteins’ function in these RNP-
complexes, precipitate into. 

Studies on the protein subunit of bacterial RNase P reveal several implica-
tions. Many lines of evidence suggest that the bacterial RNase P protein has 
only minor effects on the overall structure of the RNA subunit (Loria et al, 
1998, Westhof et al, 1996). Moreover, using Pb2+cleavage analysis for probing 
M1 RNA structure in vivo as well as in vitro gave similar cleavage patterns, 
which furthermore suggests that the intracellular environment does not greatly 
alter the overall conformation of M1 RNA within the holoenzyme complex 
(Lindell et al, 2005). It has been implied that the bacterial protein component 
does not change the number or apparent affinity of magnesium ions that asso-
ciate with the RNA moiety, or are required for binding of mature tRNAs. The 
protein subunit does not alter the pH dependence of the examined pre-tRNA 
cleavage catalyzed by RNase P. This clearly indicates that the protein compo-
nent does not directly stabilize the catalytic transition state and it increases the 
affinities of at least four magnesium sites that stabilize pre-tRNA binding 
(Kurz et al, 1998, Kurz and Fierke, 2002). This stabilizing effect is coupled to 
the direct contact between the protein and the 5’leader in the holoenzyme-pre-
tRNA complex (Kurz and Fierke, 2002). In keeping with this, photo-
crosslinking data provide evidence that in the case of Bacillus subtilis RNase 
P, the central cleft of the protein directly interacts with the single-stranded 
5’leader of the pre-tRNA, 4-8 nucleotides from the cleavage site (Niranjana-
kumari et al, 1998). Some years later, similar results were obtained for E. coli
C5 protein (Sharkady and Nolan, 2001).  

Recent study by Gopalan´s lab reported successful reconstitution of ar-
chaeal RNase P from Pyrococcus furiosus (Tsai et al, 2006). Measuring the 
effect of the holoenzyme assembly (including the four proteins) compared to 
the RNA-only mediated catalysis in Pyrococcus furiosus, showed similar pat-
tern as in the case of the bacterial RNase P. In presence of all four protein 
subunits vs. the RNA-only catalyzed reaction, generates rate enhancement 
shown by 25-fold improvement of the kcat. As in the case of bacterial protein, 
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much better rescue was observed for the Km value, resulting in 170-fold im-
provement in presence of the four Rpps (RNase P proteins). In their study, 
Gopalan´s team has shown that the catalytic domain of the Pyrococcus furi-
osus RNase P RNA, although supplemented with the protein subunits, still 
retains the activity. These data implicate similar catalytic performance of the 
archaeal RNase P, relative to bacteria.  

There are ten protein subunits in the human RNase P, identified so far (re-
viewed by Jarrous, N 2002). Interestingly, a rapid mobility of the protein sub-
units in vivo is observed (Chen and Huang, 2001), indicating that these sub-
units associate and dissociate from the RNase P in a continuous manner 
(Lewis and Tollervey, 2000). Moreover, some of the protein subunits are 
shared with other RNAs in the cell  (for example RNase MRP RNA) and are 
evolutionary conserved (Boomershine et al, 2003, van Eenennaam et al, 1999, 
Jarrous N, 2002, Stolc and Altman, 1997, Jarrous et al, 1999, Mamula et al 
1989) indicating broad binding specificity. Recent study on the reconstitution 
of human RNase P (Mann et al, 2003), revealed that only two (Rpp21 and 
Rpp29) out of the ten human RNase P proteins were sufficient for proper 
5’end processing under the conditions used. These two proteins were previ-
ously indicated to directly interact with the human RNase P RNA (H1 RNA) 
(Jiang et al, 2001a,b). In the study made by Jarrous lab, 2003 they have shown 
that Rpp29 binds to M1 RNA and improves the catalytic performance of this 
ribozyme, as well. Furthermore, in regard to the enzyme specificity, H1 RNA 
and M1 RNA display similar binding affinities of native tRNA precursor as 
shown by the same group (Mann et al, 2003), with very important notion: of 
H1 RNA being highly selective in the process. As shown in the aforemen-
tioned paper, H1 RNA was capable of recognizing only pSupS1 (in a similar 
manner as M1 RNA), but no binding was observed using ptRNATyr. Yet, when 
H1 RNA supplemented with Rpp21 and Rpp29 was used, both of the sub-
strates were bound and processed. This suggests that the given proteins facili-
tate or stabilize recognition of different substrates by human RNase P (Mann 
et al, 2003). This phenomenon is not exclusive for the human (eukaryotic) 
RNase P: studies on the substrate diapason of E. coli RNase P, indicate that 
presence of the protein increases the pool of processed substrates by the 
holoenzyme, and improves the cleavage site accuracy, unlike the M1 RNA 
reaction alone (Liu F and Altman, 1994). Another parallel with the bacterial 
systems is lowering the metal ion requirements when partially reconstituted 
human RNase P was used (Mann et al, 2003). Whether this finding implies 
similar mechanisms like in the bacterial RNase P (Kurz and Fierke, 2002), i.e. 
the presence of protein subunit(s) increases the metal ion affinity for the H1 
RNA, remains to be examined. In regard to further analogies in the substrate 
recognition by human and bacterial RNase P, study by Altman´s lab in 1995 
(Yuan and Altman, 1995), provided evidence that important recognition pa-
rameters are (together with the presence of 5’leader) the acceptor stem and T 
stem/loop of tRNA precursors. In the same study, they infer greater rigidity in 
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the enzyme-substrate interaction mediated by the human RNase P, relative to 
the bacterial analogue. 

Although, the role of the protein subunits in the eukaryal RNase P is un-
ambiguously crucial from many aspects, yet, there is no evidence for actual 
involvement in the chemistry of the catalysis. Moreover, there are reports sug-
gesting necessity of the RNA-subunit for the catalysis (Thomas et al, 2000, 
Krupp et al.1986; Jayanthi and Van Tuyle, 1992). Evolving the RNase P RNA 
structure from Bacteria till Eukarya, would be a quest after common con-
served core in the scale of RNase P RNA sequences. In this line, loss of many 
important structural elements is observed (Marquez et al, 2005, Xiao et al, 
2005), one of them being the P15 loop present in all bacterial and some ar-
chaeal species. As previously suggested, this region is important in many in-
stances of the catalysis. Thus, deleting this region from bacterial RNase P 
RNA, would create a similar structure found in the eukaryotic RNase P. 
Therefore, we created a deletion mutant of M1 RNA, lacking the P15-17 re-
gion: M1 P15-17 RNA, that was tested for activity together with RNase P RNA 
from the low eukaryote- Giardia lamblia (G1 RNA) and the human RNase P 
RNA, i.e. H1 RNA (Kikovska et al, 2007, Paper V). 

With evolving the bacterial structure to approach the eukaryotic ana-
logues, we have in parallel, optimized the reaction conditions in order to ob-
serve an evidence of catalysis. Using our model substrate, pATSer(U-1) as well 
as its parent substrate, pSu1 (Figure 6), under the reaction conditions defined 
(Kikovska et al, 2007, Paper V) the ribozyme candidates aforementioned dis-
played catalytic activity. Subsequently, by performing TLC analysis it was 
confirmed that the chemical identity of the 5’end cleaved products is 
5’phosphate (hallmark of RNase P-mediated catalysis). Based on the structural 
importance of P4 region in bacterial RNase P RNA, we have investigated 
whether changes in this region in H1 RNA and G1 RNA would influence the 
catalysis. Thus, we constructed deletion mutants in these ribozymes: H1 80–82
RNA and G1 J5/7 RNA and observed loss of the catalytic function. These ob-
servations corroborate the findings from the crystal structures of Type A and 
B bacterial RNase P RNAs suggesting that the conserved residues through all 
kingdoms of life have implications in posing a structural constraint to achieve 
active conformation of the RNA moiety in RNase P. Furthermore, this implies 
similarity in the folding of all RNase P RNAs hence, possibly shared catalytic 
mechanism and finally support that the observed catalytic activity is mediated 
by H1 RNA and G1 RNA, respectively. 

*      * 
*

Conserved structural elements in RNase P RNAs from all kingdoms of 
life, have been identified by phylogenetic analysis (Haas et al, 1998, Harris et 
al, 2001, Marquez et al, 2005, Xiao et al, 2005). Resolving the crystal struc-
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ture of two bacterial RNase P RNAs (Torres-Larios A et al, 2005, Kazantsev 
A et al, 2005) as already mentioned, identified the evolutionary conserved 
residues to be strategically positioned for providing structural constraint on the 
overall fold. My recent study, showing the preservation of the catalytic com-
petence within the RNA-moiety of RNase P indicates an evolutionary contin-
uum and shared catalytic core of the RNA-driven catalysis (Kikovska et al, 
2007, Paper V). Conceivably, from this perspective the roles of the protein 
subunits in the eukaryotic RNase P, change. They most probably attribute the 
RNA moiety in a more versatile way, improving the catalytic potential of their 
RNA counterpart.



55

The Smallest Large Ribozymes 

In attempt to improve the H1 RNA and G1 RNA activities, we took the 
reverse approach and inserted the P15-17 region from M1 RNA as a represen-
tative of the type A and the P15-15.1 region from HyoP RNA (Mycoplasma 
hyopnemumoniae RNase P RNA), from type B bacterial RNase P RNA. The 
logic behind this was the history of data on the actual importance of P15-loop 
in all bacterial RNase P RNAs, partly discussed above. Interestingly, none of 
the variants showed cleavage activity (Kikovska E, unpublished data).  

Many lines of evidence suggest that the P15-loop can be regarded as 
autonomous domain inheriting the properties as when found within the intact-
enzyme context (see below). In E. coli RNase P RNA, the P15-17 region em-
beds three out of the five strong metal ion binding sites, (Kazakov and 
Altman, 1991, LaGrandeur, 1994, Kuffel and Kirsebom, 1998, Glemarec et al, 
1996). Study by Kuffel and Kirsebom, 1998, characterized P15-loop analogue 
from M1 RNA, containing the P15 and part of the P16 region, closed up with 
a stabilizing tetraloop. This short RNA molecule referred to as ‘the 31-mer’ 
presents an autonomous divalent metal ion binding domain, similarly to when 
part of the intact ribozyme. Structure analysis of the 31-mer showed similar 
folding pattern as within the M1 RNA, when intact (Kuffel and Kirsebom, 
1998). The performed enzymatic analysis using different RNases, gave sup-
port to the evidence for the two helical stem regions and a more flexible inter-
nal loop. Provided biochemical data fitted nicely with previously reported 
NMR structure of the 31-mer (Glemarec et al, 1996).  

The P15 region in the bacterial RNase P RNAs has been demonstrated to 
directly interact with the 3’end of the pre-tRNA substrates (Kuffel and Kirse-
bom, 1996, 1998, Kirsebom and Svärd, 1994, Svärd et al, 1996, Tallsjö et al, 
1996, LaGrandeur et al, 1994, Brännvall et al, 2003, 2005) and the proposed 
model for the interaction is given in Figure 7 (see above). This is valid for 
both the Type A and Type B RNase P RNAs (Svärd et al, 1996, LaGrandeur 
et al, 1994). The study by Kufel and Kirsebom, 1998, also revealed contacts of 
the 5’ flanking end of the precursor substrate used, with the positions 248-256 
(the upper part of the P15-loop, Figure 15).  

These findings suggested that the P15-loop embeds residues and metal ions 
actively involved in interacting with both ends of the precursor substrate. Big 
loss of the catalytic activity (about three orders of magnitude) was observed 
upon deleting the P15-17 region from M1 RNA, i.e. the M1 P15-17 RNA (Kik-
ovska et al, 2007, Paper V). Therefore, I have decided to investigate for even-
tual catalytic potential of the Type A and Type B P15-loop when present 
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P15P15--1717
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alone. Three short RNAs were generated: P15-17 from M1 RNA (Type A), 
the aforementioned 31mer (derivative of the P15-17) and the P15-15.1, de-
rived from HyoP RNA (Type B) (Figure 15). 

Figure 15. Predicted secondary structures of the P15 loop-analogues designed. In the case of 
31-mer, the grey letters demonstrate the deleted residues, originating from P15-17. 

Utilizing an experimental setup that provides detection of low-rate catalytic 
events (Kikovska et al, 2007, Paper V), site-specific cleavage of pATSerUG 
and pSu1 substrates (Figure 6), mediated by the P15 loop analogues, was ob-
served (Paper VII). The cleaved products corresponded to the size of the prod-
ucts generated by M1wt RNA. Two-dimensional TLC analysis of the cleavage 
products generated by the P15 loop analogues revealed the formation of 5’ 
phosphate, the hallmark of all Large Group ribozymes (Paper VII).  

Dividing the M1 P15-17 RNA variant into the two functional domains: the S-
domain (nucleotides 87-243) and the C- domain (nucleotides 1-75 & 299-
377), together with the P15-17 domain, dissects the M1 RNA into three sepa-
rate domains, similarly to the approach used in the study by Guerrier-Takada 
C and Altman S, 1992). Some differences are observed, most probably by 
using different reaction conditions and creating the constructs in a different 
way. In our experimental setup, trans-activation by mixing the three domains, 
(S-, C- and P15-17) did not rescue the cleavage activity, which derived from 
the P15-17 solely. This finding brings interesting implications in defining the 
actual “active site” of RNase P (see below), especially since having the S- and 
C- domains condensed into one structure without the P15-17 region - the 
M1 P15-17 RNA variant, catalytic activity is observed. This finding speaks of 
the immense importance of creating an active conformation for processing the 
RNase P substrates. Extending these investigations, we have designed the SP- 
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and CP- constructs, each comprised of the previously mentioned S/C-domain 
plus the P15-17 region, i.e. the SP-construct (nucleotides 74-299) and the CP-
construct (nucleotides 1-87 & 242-377). And the results are summarized in 
Figure 16. 

Figure 16. Cleavage products of pATSer(U-1) and pSu1 showing (no)trans-activation under 
certain combinations of different domains of M1 RNA. The abbreviations present the following 
constructs: S (Specificity), C (Catalytic), P (P15-17), CP (C-dom + P15-17), SP (S-dom.+ P15-
17). The exact nucleotide numbers of the constructs are given in the main text. The upper ar-
rows indicate the +1 (correct) cleaved products for pATSer(U-1), whereas the lower arrow indi-
cated the +1 product for pSu1. The incubation time for all of the variants was 20h.  

As shown in Figure 16b, the only event of trans-activation was observed 
when the CP-construct was supplemented with the S-domain. Similarly with 
the case of H1P15-17 RNA and G1P15-17 RNA, addition of the P15-17 to the S-
domain in cis (SP-construct), did not result in active ribozyme (Fig.16b). 

These data raise interesting implications in our further understanding of the 
structure/activity relationships for the catalysis mediated by RNA generally. 
The first example of an RNA molecule that can adopt two different conforma-
tions, each associated with a distinct catalytic activity, was reported by 
Schultes and Bartel, 2000. Not to a complete surprise, in general, different 
conformations of a macromolecule may be associated with different bio-
chemical properties, one example being the soluble and insoluble forms of the 
prion protein (Pan K et al, 1993). Yet, unlike the proteins, RNA molecules are 
more adaptable to alternative conformations, simply because of the spectrum 
of their subunits, that are highly interchangeable, their water solubility, the 
potential of coordinating metal ions (in a context-dependent manner) etc. The 
catalytic activities of the selected ribozymes by Schultes and Bartel, 2000, 
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have no evolutionary relationship (one is cleavage reaction by the HDV ri-
bozyme, the other is ligation reaction by class III ligase ribozyme- artificially 
constructed). These systems demonstrate that evolving a certain RNA se-
quence in a stepwise manner, can lead to optimization of a desired catalytic 
activity (as previously discussed in the Chapter Principles of RNA Mediated 
Catalysis).  

*    * 
*

In conclusion, we have designed the smallest large-group ribozymes, de-
fined up to date. These P15-loop analogues demonstrate an example of small 
ribozymes catalyzing reactions with 5’ phosphate and 3’ OH as final products.  
Our findings challenge the contemporary classification of Small and Large 
ribozymes and a nomenclature inferring: size vis-á-vis catalysis mechanism.  
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Discussion:

The Common Denominator 

As a catalytic macromolecule, RNA has rather obscure and simple re-
sources available, as simple as: four nucleobases, metal ions and water mole-
cules. Under certain conditions, the particular arrangement of these players, 
results in qualitative changes and reactivity, leading to catalysis. According to 
the transition-state theory, the catalysis can be simply defined as stabilization 
of the reaction’s transition state without equivalent stabilization of the ground 
state (Lienhard, GE, 1973, Wolfenden R, 1972). In addition, changing func-
tional groups of the substrate, even those remote from the site of the chemical 
transformation, leads in many cases to changes in the kcat of the reaction (re-
flecting the reaction chemistry), rather then the binding affinity (Jencks, 
1975). These observations led to the concept of intrinsic binding energy, i.e. 
the energy from binding interactions that influences the transition state, rather 
then the ground state binding (reviewed by Narlikar and Herschlag, 1997). 
The strategy of converting binding energy into catalysis is broadly used both 
by protein and RNA enzymes, yet in the case of RNA enzymes it might be-
come a crucial tool, simply because of the limited resources. 

In most of the cases, for RNA-mediated catalysis, the energy barriers in the 
transition state result from the cost of positioning the substrate within the ac-
tive site of the enzyme and electrostatically destabilizing the substrate. It has 
been suggested that in the case of the protein enzymes, perturbations of the 
active-site environment relative to aqueous solution are used to increase the 
energetic contribution to catalysis from hydrogen bonds between the substrate 
and the active site (Narlikar and Herslag, 1997). It has been shown that the H-
bond strength substantially increases in nonaqueous media as the charge den-
sity on the donor or acceptor atom increases. This implies that the binding 
energy of an enzyme is used to fix the substrate in the low-dielectric active 
site, where the strengthening of the hydrogen bond in the course of a reaction 
is increased (Shan and Herschlag, 1996, Shan et al, 1996). The hydrophobic 
side chains and hydrophobic core of the proteins contribute to creation of low 
dielectric environment, attributed with the restricted motions that lead to pre-
cise packing in three-dimensional structure (Gilson and Honig, 1987). RNA 
lacks side chains that are purely hydrophobic, and they are with severely lim-
ited diversity; furthermore, the RNA backbone is charged and it has greater 
number of degrees of freedom. Taken all these considerations together, there 
are difficulties for RNA to create an extensive hydrophobic pockets of low 
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dielectric, to create structurally constrained active site (the absence of tight 
packing would allow access of water molecules that further increase the local 
dielectric), so that efficient catalysis is performed.  

The strategies used by RNA to overcome these barriers, as mentioned pre-
viously, derive in great deal from utilization of the intrinsic binding energy to 
correctly position the substrates at the site of the chemical transformation and 
to facilitate the ground-state destabilization. Attaining correct substrate dock-
ing onto the enzyme can be achieved by the rigidity of the enzyme-substrate 
complex being formed, i.e. tertiary binding energy, rigidity from helix/helix 
interactions (interactions alongside RNA helices) and finally rigidity from 
metal ion coordination. The role of the metal ions appears as quite versatile, 
for they electrostatically destabilize the substrate in the ground state as well as 
further stabilize the free-energy profile of the transition state (Piccirilli et al, 
1993, Steitz and Steitz, 1993, Fedor M, 2002, Streicher et al, 1996, Narlikar et 
al, 1995, Narlikar and Hercshlag, 1997). The enzyme rigidity is a good pre-
requisite for its activity, especially in regard to the substrate specificity that in 
turn would maximize the catalysis. In this context, RNA enzymes require 
more structural elements and a larger overall structure to achieve this rigidity 
(this is where one of the possible roles for the protein subunits of RNase P 
comes into consideration (Tsai et al, 2006, Kurz and Fierke 2002, Jarrous N, 
2002).  

There is correlation between the rate enhancement and the size of the inter-
acting RNAs (both enzyme and substrate), evident from many studies. Even 
though with different mechanisms, the small ribozymes enhance the reaction 
rate ~106 fold (Blount and Uhlenbeck, 2005), compared to the large ribozymes 
where the rate enhancement is ~1011-fold, relative to the uncatalyzed reactions 
(Shih and Been, 2002). In similar fashion, reducing the substrate or enzyme 
size in RNase P-mediated catalysis, results in a significant decrease of the 
reaction rate (Papers V, VI and VII). The comparison of RNA with protein 
enzymes, suggests that protein enzymes catalyzing reactions with the same 
mechanism, achieve rate enhancements three orders of magnitude higher then 
the fastest ribozymes (Narlikar and Hercshlag, 1997). Yet, we witness evolu-
tionary preservation of RNA-mediated catalysis (Kikovska et al, 2007, Paper 
V). There might be many reasons for this, and turning the argument around, 
the role of an RNA catalyst might not necessarily be speed-related, i.e. there is 
probably evolutionary advantage for maintenance of ribozymes and as men-
tioned in the very beginning, their involvement in some of the key biochemi-
cal reactions in the cell (see Introduction). Seen from the perspective of RNase 
P -mediated catalysis, one of the major roles is recognition of wide array of 
different substrates in the cell. Hence, a rigid active site comprised of 
structurally constrained environment, would disable the broad potential of this 
enzyme in recognizing different substrates. Thereafter a lingering question is 
the justification of quest after “the RNase P active site”.  
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Previous reports have emphisized that the role of J3/4-P4-J2/4 domain, be-
ing evolutionary conserved, would probably form a portion of the ribozyme’s 
active site (Frank and Pace, 1997). These predictions were abandoned with 
further biochemical analysis (Christian E at al, 2006) as well as solving the 
crystal structures of two RNase P RNAs (Kazantsev et al. 2005; Torres-Larios
et al. 2005).  

Another interesting notion is that the cleavage site selection within the sub-
strate is rather context-dependent and can be affected by altering local struc-
tural environments, created by interplay between the substrate, the enzyme 
and metal ions. This is supported by crosslinking analysis showing that there 
are different binding modes in the enzyme and the substrate interaction, de-
pendent on alterations of certain positions in the substrate (Kufel and Kirse-
bom, 1996).  

In regard to the enzyme’s polymorphism, my recent studies add few more 
ribozyme-candidates to the list (Figure 17). Looking after a consensus se-
quence or common structural motifs within these RNAs, leads to a dead end.  

Figure 17. Predicted secondary structures of different RNase P RNAs and their derivatives 

All of these RNA molecules mediate catalysis of both precursor tRNAs as 
well as model substrates, generating the same cleavage products: 5’end pho-
spate, as the rest of the Group of Large Ribozymes. And most probably all of 
these molecules use different strategies in rate enhancement at the step of site-
specific chemical transformation. Thus the concept of an actual “active site” 
defined in conventional ways, cannot be applied.  

*    * 
*

There is a threshold point where the spontaneous background degradation 
of RNA gets rate enhancement at a specific site by a given catalyst. This 
threshold is set by boundaries within the RNA-substrate, and it is different for 
every particular substrate. Thus, one could speculate that the choice of ‘cleav-
age site’ becomes simply : ‘the active site’. 
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Epilogue

The Circle is Not Round 

“You teach that there is a great year of becoming, a colossus of a year: 
this year must, like an hour-glass, turn itself over again and again, 

so that it may run down and run out anew: 
so that all these years resemble one another, 

in the greatest things and in the smallest, 
so that we ourselves resemble ourselves in each great year, 

in the greatest things and in the smallest.” 

Friedrich Nietzsche 

My studies in the field of RNA, exemplified by analysis of RNase P as a 
catalyst, created an encircled journey.  

The journey commenced with a model of the enzyme-substrate interaction 
in RNase P. The autonomous metal ion binding domain of RNase P RNA, 
referred to as the P15-loop, interacts with the –CCA end of the ptRNA result-
ing in anchoring of the substrate, metal ion re-coordination and finally expo-
sure of the cleavage site for a correct in line nucleophilic attack. 

The beginning: studies on partite interactions and individual functional groups 
of importance for the bacterial RNase P RNA- mediated catalysis: 

* Pb2+-induced cleavage mediated by RNase P RNA, attributed 
‘leadzyme-like’ properties to this ribozyme. Pb2+ is involved in generating 
the nucleophile and formation of correct cleavage products. 

* The cross-talk between the cleavage site of RNase P and the 
+73/294 interaction is probably mediated by metal ion(s), concurrently co-
ordinating to the 2’ OH at the cleavage site. 

* The substrate discrimination reveals preference for G+1C+72
vs. U+1A+72 amongst the RNase P substrates. The evolutionary conservation 
of G+1, supported by its probable involvement in metal ion coordination at 
the cleavage site, is mediated by the exocyclic amine. 
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Coupling these partite interactions, led to studying the: 

* Thermodynamic aspects of the ES interaction and the en-
ergy-cost for reducing the number of these interactions. Structural confor-
mation of RNase P RNA upon substrate binding leads to an induced fit, as 
proposed reaction mechanism. 

The energy-cost from reducing the number of ES interactions and its rele-
vance in biology:  

* Preservation of the RNA catalytic competence throughout 
evolution. Eukaryotic RNase P RNA performs catalysis in vitro in absence 
of proteins.

Closing the circle - partite interactions sufficient for catalysis:  

* The Smallest Large Ribozymes are P15-loop derivatives. The 
ES interactions converged towards the cleavage site, prove sufficient to 
carry out catalysis and generate correctly cleaved products with 5’ phos-
phates. The reductionism approach gave support for the postulated model.  

In the Simplicity of the RNA mediated catalysis, 

resides the Antiquity of an RNA based evolution.
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Summary in Swedish 

RNA är den enda biologiska molekyl som kan fungera både katalytiskt och 
som informationsbärare. Upptäckten att RNA dessutom har förmågan att re-
plikera sig själv har gett RNA epitetet ”livets molekyl”. 

De katalytiska egenskaperna hos RNA är mångsidiga, vilket återspeglas i 
både naturligt förekommande och artificiella RNA-enzym, så kallade ribozy-
mer. Förmågan att katalysera reaktioner i fosfatcentra förklarar framgången 
hos alla naturligt förekommande och de flesta artificiella ribozymer och deras 
preferens för dessa reaktioner. Ribozymer använder olika strategier för att öka 
reaktionshastigheten vid en bestämd position i deras substrat. En av dessa 
strategier är att koordinera metalljoner vid dessa positioner. Metalljonernas 
vanliga funktion är att stabiliera en aktiv konformation hos RNA-molekyler. I 
vissa fall är metalljoner viktiga för själva katalysen; ribozymer som kräver 
detta är obligata metalloenzymer. 

RNase P är ett av de naturligt förkommande ribozymer som fungerar som 
ett metalloenzym. Det består av en RNA-molekyl och proteiner vars antal 
varierar hos olika organismer. RNase P är det enda enzym som processar 
tRNA-prekursorer. Man brukar kalla RNase P en ”äkta” biokatalysator efter-
som ribozymet kan genomföra multipla reaktioner i trans. Till för inte så 
länge sedan trodde man att det bara är i bakterier som RNA-delen av RNase P 
är ansvarig för själva katalysen. Den senaste artikeln jag har publicerat visar 
att även RNA-delen av RNase P från människa och flagellaten Giardia lamb-
lia är katalytiskt kompetenta in vitro, i frånvaro av proteiner. Denna upptäckt 
tyder på att den RNA-förmedlade katalysen är evolutionärt bevarad. 

Eftersom jag var intresserad av den katalytiska förmågan hos RNase P har 
jag undersökt interaktionerna mellan ribozymet och dess olika substrat. Fram-
förallt har jag intresserat mig för omgivningen runt omkring klyvningsstället i 
substratet. Ett av mina bidrag till detta forskningsfält är upptäckten att bakteri-
ellt RNase P kan använda metalljonen Pb2+ för att genomföra katalysen. Reak-
tionen liknar den med Mg2+, som RNase P föredrar som kofaktor. Generellt 
sett är Pb2+ toxisk för RNA eftersom det orsakar nedbrytning av RNA vid 
fysiologiskt pH. Pb2+ kan därför användas för att undersöka RNA-strukturer 
och möjliga positioner i dessa där andra metalljoner kan binda (och blyjonerna 
kan tävla ut dem). Med denna metod påvisade jag i samma arbete att bly gav 
olika klyvningsmönster med kortare derivat av fullängds-tRNA, så kallade 
stamöglesubstrat. Efter att mutationer introducerats i den position där RNase P 
klyver (position +1), erhölls blyklyvningsmönster som tydde på att metalljo-
nerna befann sig i klyvningsstället. Evolutionärt sett är positionen +1 bevarad i 
de flesta naturliga tRNA-molekyler, där den är ett G. Mitt arbete har påvisat 
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att ett G i denna position (+1) ger en generell fördel till katalysreaktionen, 
eftersom ett G här basparar med C i positon +72 i de flesta naturligt förekom-
mande tRNA-molekyler. Alternativt förekommer U i +1-positionen och A i 
+72-positionen, men detta substrat klyvs inte lika effektivt. Angående betydel-
sen av G+1, har jag visat i detalj att dess exocykliska amin är den funktionellt 
viktiga gruppen, eftersom den bidrar till både katalys och koordinering av 
metalljonen. Sammantaget belyser dessa upptäckter fördelarna av att bevara 
av denna nukleotid genom evolutionen. 

Genom att fortsatta analysen av interaktionen mellan RNase P och dess 
substrat, tRNA-prekursorer, har mitt arbete gett ytterligare information om T-
stamöglan i pre-tRNA och det ställe i RNase P RNA där den interagerar, den 
så kallade TBS-regionen. Även om denna interaktion inte är helt nödvändig är 
den viktig för bindning mellan substratet och ribozymet, för den lokala koor-
dineringen av metalljoner och för positionering av klyvningsstället. Om anta-
let interaktionsställen mellan enzymet och substratet minskades genom att 
substratets storlek reducerades påverkades alla aspekter av katalysen kraftigt. 
Mutationer i klyvningsstället hos substrat som bara kunde interagera med ri-
bozymet på detta ställe påverkade katalysen mycket mer drastiskt än samma 
mutationer i den kompletta tRNA-prekursorn.  

Med ett omvänt angreppssätt har jag också undersökt effekten av att redu-
cera ribozymets storlek i förhållande till sitt substrat, och letat efter den minsta 
möjliga katalytiskt kompetenta domänen. Mina resultat visade att domänen 
P15-17 (50 nukleotider) liksom ett 31 nukleotider lång del av denna domän, är 
de minsta enheterna från E. coli RNase P RNA som är katalytiskt aktiv. Också 
domänen P15-15.1 från bakterien Mycoplasma hyopneumoniae, som är 56 
nukleotider lång, är katalytiskt aktiv. Dessa små RNA-molekyler kan klyva 
kompletta tRNA-prekursorer så väl som de kortare stamöglesubstraten, men 
mycket långsammare. Klyvningsprodukterna är desamma som de som erhålls 
med fullängds-RNase P RNA.  

*     * 
*

Mitt arbete har belyst några av de viktiga aspekterna av RNA-förmedlade 
katalytiska reaktioner, exemplifierade av RNase P RNA. Det har behandlat 
frågor om evolutionärt bevarande av vissa regioner och strukturer, metalljo-
ners roller, och slutligen hur små RNA-molekyler med avsevärt reducerad 
komplexitet kan fungera som substrat liksom som enzymer.  
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