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Abstract 

The ubiquitous occurrence of ribonuclease P (RNase P) as a ribonucleoprotein and the catalytic properties of 
bacterial RNase P RNAs indicate that RNA fulfills an ancient and important role in the function of this enzyme. 
This review focuses on efforts to determine the structure of the bacterial RNase P RNA ribozyme. Phylogenetic 
comparative analysis of a library of bacterial RNase P RNA sequences has resulted in a well-developed secondary 
structure model and allowed identification of some elements of tertiary structure. The native structure has been 
redesigned by circular permutation to facilitate intra- and inter-molecular crosslinking experiments in order to gain 
further structural information. The crosslinking constraints, together with the constraints provided by comparative 
analyses, have been incorporated into a first-order model of the structure of the ribozyme-substrate complex. The 
developing structural perspective allows the design of self-cleaving pre-tRNA-RNase P RNA conjugates which are 
useful tools for additional structure-probing experiments. 

Abbreviations: cpRNA - circularly permuted RNA. 

Introduction 

Ribonuclease P (RNase P) is a ubiquitous enzyme that 
catalyzes an essential step in tRNA maturation. In the 
presence of required divalent metal ion cofactors (opti- 
mally magnesium) RNase P catalyzes the hydrolysis of 
a specific phosphodiester bond in pre-tRNA to gener- 
ate the 5 ~ end of mature tRNA. Analysis of RNase 
P enzymes from representatives of all three phyloge- 
netic domains, Bacteria, Archaea, and Eucarya, has 
revealed that all contain an essential RNA component. 
In Bacteria the RNase P holoenzyme is composed of 
single protein (ca. 120 amino acids) and RNA (ca. 
400 nucleotides) components. Under in vitro reaction 
conditions of high ionic strength, bacterial RNase P 
RNAs retain the substrate-binding and catalytic prop- 
erties of the holoenzyme, and so are one class of large 

ribozymes [1,2]. The widespread occurrence of RNase 
P as a ribonucleoprotein and the catalytic nature of 
the bacterial RNase P RNAs suggests an ancient and 
important role for RNA in the function of this enzyme. 
A detailed understanding of the function of RNase 
P RNA requires perspective on its three-dimensional 
structure and the roles of specific functional groups in 
substrate binding and catalysis. 

A limited number of methods are available for 
determining the structures of large RNAs. Detailed 
structures of tRNAs [3,4] and most recently the ham- 
merhead ribozyme [5,6] have been determined by 
X- ray crystallography. Attempts to crystallize and 
solve the structures of large RNAs have proven largely 
unsuccessful, however. Recent developments in NMR 
spectroscopy have helped elucidate the structures of 
several small RNA motifs [e.g. 7,8], but the redun- 
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dancy of the nucleotide subunits limits the usefulness 
of NMR to analysis of RNAs of less than about fifty 
nucleotides. Phylogenetic comparative analyses have 
been used to derive the secondary structures of sever- 
al RNAs, and global tertiary structure models of 16S, 
5S and Group I intron RNAs based on phylogenet- 
ic and other experimental data, have been proposed 
[9-13]. Although limited in resolution, such models 
provide useful frameworks for further experimentation 
and interpretation of structural data. A detailed model 
of the secondary structure of bacterial RNase P RNA is 
now available. With that model as a base, experimen- 
tally derived structural constraints together with new 
structure modeling techniques are helping to refine our 
perspective on the structure of the bacterial RNase P 
ribozyme. 

The phylogenetic-comparative approach 

Phylogenetic-comparative sequence analysis is the 
most useful method for determining in vivo RNA sec- 
ondary structure and some elements of tertiary struc- 
ture [14]. In this method, RNA sequences of com- 
mon ancestry are compared and structure is inferred 
based on changes, or 'covariations', that occur in con- 
cert between sequences. For example, paired bases in 
helices covary to maintain complementarity. The sec- 
ondary structure of bacterial RNase P RNA is now well 
defined by comparison of over 80 different sequences 
(Figure 1) [15-17]. The nomenclature used in describ- 
ing the secondary structure is modeled after that of 
group I introns [18] as described [16]. Helices are 
numbered as they occur 5 ~ to Y, preceded by the des- 
ignation P (paired; e.g. P3 is the third helix from the 5 ~ 
end). The loops of individual helices are numbered as 
the helix with which they are associated, with the pre- 
fix L (loop; e.g. L3 is the loop on P3). Sequences that 
occur between helices are numbered with the helices 
they connect, with the prefix J (joining; J3/4 is the 
sequence linking P3 and P4). 

Sequence comparisons identify a subset of helices, 
termed core helices (PI-11 and P15), that are present 
in all bacterial RNase P RNAs (Figure 1B) and so are 
likely to be important in the function of the ribozyme. 
In addition, there are regions of the secondary struc- 
ture which in different organisms often contain non- 
conserved structural elements. Most of these variably 
present helices are subject to substantial variation in 
sequence-length, indicating that they are likely to be 
located on the periphery of the common core tertiary 

structure. Experimental deletion of variably present 
helices generally results in some destabilization of 
enzyme structure, but not misfolding of the residual 
RNAs since they retain significant enzymatic activ- 
ity. Examples of such dispensable elements include 
P16/P17/P6, P12, P13/P14 and P18, each of which is 
not present in some RNase P RNAs and which can 
be individually deleted from the Escherichia coli ver- 
sion of the RNA without significant effect on catalytic 
function [ 16,19]. Deletion of any one of these elements 
results, however, in an enzyme which is thermally less 
stable than the native RNA and requires increased lev- 
els of monovalent ion for optimal catalytic activity in 

vitro. The picture that is emerging from structural stud- 
ies (see below) is that these variably present elements 
act as stabilizing struts that are anchored at several sites 
and serve to reinforce the core structure of the RNA. 

Sequence comparisons also identify phyloge- 
netically conserved nucleotides, which presumably 
are particularly important for structure or function. 
Nucleotides that are invariant among all known bac- 
terial RNase P RNAs are distributed throughout the 
core of the secondary structure model (Figure 1B). A 
subset of these nucleotides can be found in homolo- 
gous positions in the archaeal type of the RNA [20]. 
A still- smaller subset of homologous nucleotides may 
occur in eucaryal RNAs as well, although it is not yet 
possible to rigorously align the eucaryal and bacterial 
RNase P RNA sequences [21]. It is imagined that the 
active site of the bacterial ribozyme is composed of 
several conserved functional groups located in sepa- 
rate regions of the RNA chain and brought together in 
the three-dimensional structure. Generally, deletion or 
mutation of many of the conserved nucleotides individ- 
ually has only marginal effects on the catalytic activity 
of the ribozyme [22-25]. As with deletions of vari- 
ably present helical elements, most effects of mutations 
in conserved sequences can be suppressed by elevat- 
ed concentrations of monovalent ions. In fact, every 
nucleotide in RNase P RNA can be deleted individu- 
ally without completely abolishing enzymatic activity 
[26]. In some portions of the molecule, however, for 
instance sequences in or adjacent to helix P4, deletions 
resulting in gapped molecules reduce enzyme activity 
by several orders of magnitude. Determining the iden- 
tity and arrangement of functional groups in the active 
site of the enzyme remain important goals. 

Interactions of tertiary structure are more difficult to 
identify by comparative analysis than base-pairs which 
comprise secondary structure. Bases involved in ter- 
tiary structure are generally more conserved and path- 
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Figure 1. Bacterial RNase P RNA secondary structure. (B) Secondary structure ofE. coli RNase P RNA determined by phylogenetic comparative 
analysis. The helix nomenclature is that developed for group I introns [18] as described for use with RNase P RNA [16]. Base pairings in P4 
and P6 are shown as brackets and lines. Nucteotides involved in base-triple interactions are circled and connected by lines. TWo base-triple 
interactions are indicated by circled nucleotides connected by lines. (B) Phylogenetic minimum bacterial consensus RNase P RNA. Base pairs 
in P4 are shown as brackets and lines. Only the structural elements present in all known bacterial RNase P RNAs are included. Universally 
conserved nucleotides are in upper case letters; those which are at least 80% conserved are shown in lowercase. Nucleotides not conserved 
in identity, but present in all bacterial RNase P RNAs are indicated by filled circles; those which are present in at least 80% of sequences are 
indicated by open circles. 

ways leading to covariation are potentially more com- 
plex. Thus, accumulation of large sequence collections 
is required to identify elements of tertiary structure by 
comparative approaches. Recently, PCR amplification 
of DNAs from mixed, naturally occurring microbial 
populations, using oligonucleotide primers comple- 
mentary to highly conserved RNase P RNA sequences, 
was used to obtain 52 novel RNase P RNA genes 
[17]. Comparative analysis of the expanded sequence 
collection confirmed and refined the secondary struc- 
ture model based on sequences from cultivated organ- 

isms, and also provided evidence for some elements 
of tertiary structure. Two of the interactions involve 
the docking of GNRA tetraloops into helices by triple 
base pair interactions (Figure 1A). The purine and con- 
served adenosine in the GNRA tetra loops formed by 
L14 and L18 are proposed to interact with base pairs 
in P8. Although this kind of structural motif appears to 
be common in large RNA structure [12,27,28], RNase 
P RNA is so far unique in that it contains two such 
interactions occurring at adjacent base pairs in a helix. 
These long-range interactions provide important con- 
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straints for modeling of global structure, but even in 
light of the well-developed secondary structure model 
are insufficient to specify a general conformation for 
the ribozyme. 

Circularly permuted RNAs as photoaffinity probes 
of tertiary structure 

One method for obtaining additional information bear- 
ing on the tertiary structure of RNA chains is chem- 
ical crosslinking to establish proximal regions within 
or between molecules. The attachment of chemical 
reagents to functional groups on the interior of RNAs, 
although possible [29], is difficult to accomplish in an 
efficient and specific manner. On the other hand, the 
termini of RNAs are readily and specifically modified 
due to the presence of unique chemical groups. Circu- 
larly permuted RNAs (cpRNAs [30-32]) offer the abil- 
ity to attach specific chemical reagents to nucleotides 
that are normally on the interior of RNAs with the 
specificity and efficiency of end modification. We have 
used circularly permuted tRNAs and RNase P RNAs to 
attach photoactivatable crosslinking agents at a variety 
of strategic sites in the ribozyme-substrate complex in 
order to investigate its global architecture [32-35]. 

The library of distance constraints obtained by 
chemical crosslinking, along with the established sec- 
ondary structure, has been used to infer models of the 
ribozyme-substrate complex [34, 36]. The model by 
Westhof and Altman [36] treats the entire RNA. The 
model of Harris et al. [34], shown here (Figure 2A & 
B), is based on considerably more data than the oth- 
er model, but does not include nucleotides 127-243 
because the available data are insufficient to speci- 
fy the structure without undue speculation. There are 
substantive differences in the two models, but some 
of the core helices are positioned similarly. One key 
difference involves the acceptor stem of the pre-tRNA 
substrate which is modeled as unfolded in the Westhof 
and Altman structure but retains the native tRNA struc- 
ture in the model of Harris et al. [34]. Although the 
global model lacks atomic resolution, considerable of 
it can be extrapolated to the atomic level since helical 
elements are expected to adopt the A-form of helix. 
The global models position the core helices in specific 
ways relative to the substrate, pre-tRNA. Most notable 
in the model of Harris et al. [34] is the position of helix 
P4, which is conserved in both sequence and struc- 
ture, and is located near the substrate phosphate in pre- 
tRNA (Figure 2A). This draws many of the conserved 

nucleotides in RNase P RNA into the proximity of 
the acceptor stem of the tRNA (Figure 2B), consistent 
with the expectation that the conserved sequences are 
involved in forming the active site of the ribozyme. In 
the Westhof and Altman model the nucleotides which 
make up the acceptor stem are more distant from the 
highly conserved P4 helix. Crosslinking experiments 
with tRNA modified with a photoagent at the 5 ~ termi- 
nus directly identify conserved nucleotides in J5/15 and 
J18/4 as being in close proximity to the substrate phos- 
phate in the enzyme- substrate complex [33]. Inter- 
molecular crosslinking using tRNA modified at posi- 
tion 53, at the T~bC loop, indicates that conserved 
nucleotides in P9 are likely involved in making specif- 
ic contacts with tRNA, consistent with the protection of 
a nucleotide in P9 (A118) from chemical modification 
in the presence of substrate [32,37]. Likewise, inter- 
molecular crosslinking experiments with tRNA modi- 
fied at positions 64 and 69 suggest that the J3/4 region 
is also involved in contacting tRNA at the base of the 
acceptor stem. 

Crosslinking and chemical protection studies both 
identify the internal bulge between P15 and P16 as 
the binding site for the conserved tRNA 3 ~ terminal 
CCA sequence [35,37]. 3 ~ photoagent-modified tRNA 
crosslinks to this region and residues in the P15-P16 
internal bulge are protected by the 3 ~ CCA sequence on 
the bound tRNA. Results with tRNAs lacking individ- 
ual nucleotides of the 3 ~ CCA orient the interaction on 
the internal loop in RNase P RNA; the CCA sequence 
is parallel to nucleotides 254-259 and anti-parallel to 
nucleotides 290-295. Chemical and enzymatic sus- 
ceptiblilty of residues in this internal bulge indicate 
that it may form an irregular helix. One or more of 
the terminal C residues likely interacts, perhaps by 
direct Watson-Crick base pairing [38], with exposed 
functional groups in one groove of the irregular helix 
formed by the P 15-P 16 internal bulge [Easterwood and 
Harvey pers. comm.]. 

Crosslinking analysis continues to provide impor- 
tant constraints on the position and orientation of the 
core helices and substantially refines the structural per- 
spective [Harris, ME & Pace, NR, unpub.]. Howev- 
er, a more detailed picture of the architecture of the 
ribozyme requires information bearing on roles of spe- 
cific functional groups in structure and catalysis. 
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Figure 2. Three-dimensional model ofE. coli RNase P RNA with bound pre-tRNA substrate from Harris et al., 1994 [34]. Sequences including 
P12 to 14 and PI8 (Figure 1) were omitted from the model. (A) Helices which are invariant in length are shown as red cylinders. Helices 
which vary significantly in length are in green. The tRNA chain is in blue, with the substrate bond indicated in yellow. (B) The path of the 
phosphodiester chain in the model is shown. Nucleotide positions are indicated corresponding to Figure 1. Nucleotide bases that are invariant 
in identity are shown as red spheres. Nucleotides in regions which vary significantly in length are in green. 

Design and use of self-cleaving ribozyme-substrate 
tethers 

The intermolecular nature of the RNase P RNA cleav- 
age reaction presents difficulties in the design of exper- 
iments to probe structure and catalytic function. RNase 
P RNA is the only naturally occurring RNA enzyme 
in the sense that it is not consumed or modified during 
catalysis. Kinetic and mutational analysis of RNase 

P RNA-mediated catalysis is made difficult due to the 

fact that multiple-turnover reaction rates are dominated 
by substrate binding and product release, rather than 

by the chemical step [39,40]. Also, powerful exper- 
imental strategies such as in vitro selection are not 
straightforwardly applicable as they require separation 
of active and inactive molecules from randomly mod- 
ified or mutated RNA populations [41 ]. 
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Figure 3. (A) Phosphate oxygens important for catalysis identified by modification-interference using a self-cleaving ribozyme-substrate 
conjugate. (a) Secondary structure of PT332 RNA. Native RNase P RNA sequences are shown in bold, tRNA and linker sequences are italicized. 
RNase P RNA sequences are numbered according to the native E. coli RNase P RNA sequence. Sites of phosphorothioate- sensitivity are shown 
by large arrowheads. A less sensitive, but significant, interference effect at U69 is indicated by an open arrowhead. The pre-tRNA cleavage 
site is indicated by a smaller arrow. (B) Position of phosphorothioate-sensitive sites in RNase P RNA relative to the tRNA substrate phosphate 
in a model of the ribozyme substrate complex. A portion of a low-resolution model of the RNase P RNA-pre-tRNA complex [34] is shown in 
crosseye stereo. The region of RNase P RNA included is shown on the secondary structure diagram at left. Only the tRNA acceptor stem is 
shown, for clarity. The position of the substrate phosphate in pre-tRNA is shown as a filled sphere. The positions of phosphates sensitive to 
phosphorothioate-substitntion in RNase P RNA are shown as gray spheres. RNase P sequence is numbered according to Figure 1A, 

Redesign of the RNA to generate a self-cleaving 
RNA containing both enzyme and substrate sequences 
circumvents these constraints. In order to accomplish 
this, we tethered tRNA sequences to cpRNase P RNAs 
at nucleotides implicated in substrate binding. In one 

configuration, pre-tRNA sequences were appended via 
the 5 t leader sequences to an RNase P RNA circular- 
ly permuted in J18/2. The resulting molecule, PT332 
RNA, is shown in Figure 3A. In a second orientation, 
the tRNA 3' terminal CCA sequence was attached 
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to a cpRNase P whose novel termini were located 
in the internal bulge between P15 and P16. In both 
cases the sites of attachment were chosen based on 
complementary crosslinking and chemical protection 
data, which unambiguously identify the J18/2 region as 
being in proximity to the pre-tRNA 5 ~ leader sequence 
[33,34,37], and the PI5-P16 internal bulge as the bind- 
ing site for tRNA 3 t CCA [35,37]. 

These 'active site-tethered' pre-tRNA-RNase P 
RNA conjugates undergo rapid, accurate and efficient 
self-cleavage in vitro [42]. In fact, the first-order reac- 
tion rates for self-cleavage of both conjugates were 
equivalent to the rate of the chemical step of the 
native intermolecular RNase P RNA cleavage reac- 
tion. The insensitivity of the reaction rate to dilu- 
tion and competition by mature tRNA, added in trans, 
demonstrates the intramolecular nature of the cleavage 
reaction. In contrast to the 'active site-tethers', inter- 
molecular cleavage predominates when pre-tRNA is 
linked to either the 5 ~ or 3 r terminus of native RNase P 
RNA [30,42,43]. Undoubtedly this is due to steric con- 

straints, since the native 5 ~ and 3 ~ termini axe relatively 
distant from the active site of the enzyme [34]. 

One application of these self-cleaving conjugates 
is in modification-interference experiments. In this 
approach, functional groups important for catal- 
ysis are identified by comparing the patterns of 
chemically modified residues in active and inactive 
molecules drawn from a randomly modified population 
[e.g. 44,45]. The tethered enzyme-substrate complex- 
es proved ideal for such experiments since identifica- 
tion of active RNase P RNAs is readily accomplished 
via the self-cleavage reaction. Experiments involv- 
ing phosphorothioate- substituted tRNAs have been 
used to identify phosphate oxygens in tRNA important 
for recognition by RNase P RNA [46]. In addition, 
a gel-mobility shift assay has been used to identify 
nucleotides in RNase P RNA where substitution of 
phosphate oxygens by sulfur disrupts substrate bind- 
ing [47]. Substitution by sulfur at these sites is thought 
to inhibit binding of magnesium ions without signifi- 



122 

cantly altering secondary structure, but also potentially 
could perturb tertiary contacts [48]. 

By using the tethered RNase P RNA-tRNA conju- 
gates for phosphorothioate modification-interference, 
we identified only four phosphate oxygens where sub- 
stitution by sulfur dramatically reduced the catalytic 
rate (50-200 fold) [49]. All of the sites identified (A67, 
G68, U69 and A352) are in or adjacent to helix P4. In 
each case the phosphates identified as important for 
catalysis are between nucleotides that are universal- 
ly conserved. The location of these phosphates in the 
current tertiary structure model is shown in Figure 3B. 
Although the resolution of the model is low (approx- 
imately 5-101~ [34]), all of the sites are immediately 
adjacent to the cleavage site in pre-tRNA (Figure 3B). 
The large effect of substitution on cleavage rate, the 
location of sensitive positions in conserved sequence 
and structure, and the proximity to the substrate phos- 
phate in the structure model are all consistent with 
a direct role of the implicated phosphates in RNase P 
RNA-mediated catalysis. Interference at one site (A67) 
was rescued in the presence of manganese suggesting a 
direct role for that phosphate in binding divalent metal 
ion required for catalysis. Defining the binding sites 
for divalent ions in RNase P RNA is crucial given the 
central role such ions play in RNA-mediated catalysis 
[50]. 

In order to infer a plausible, high-resolution struc- 
ture for the ribozyme additional information bearing 
on the roles of specific nucleotides in structure and 
function is required. Given the importance of base- 
backbone interactions in tRNA and the hammerhead 
ribozyme structure, it is likely that some conserved 
nucleotides in RNase P RNA are involved in these 
kinds of interactions. The highly refined secondary 
structure and the developing, low-resolution struc- 
tural perspective gained by crosslinking will help focus 
experimental approaches aimed at defining further spe- 
cific elements of structure. 
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