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INTRODUCTION

R
ibonucleoprotein complexes (RNPs) are involved in

a plethora of essential processes in nature, including

protein translation,1,2 mRNA splicing,3,4 telomere

maintenance,5 rRNA maturation,6 and tRNA matu-

ration.7,8 A subset of these essential RNA-protein

complexes is ribozymes, molecules wherein an RNA catalyzes

the chemistry of the reaction. The ribosome and ribonuclease

P (RNase P) are among the most extensively studied and uni-

versally conserved ribozymes, and they are also the only nat-

urally occurring catalytic RNAs identified so far that are

capable of multiple turnover reactions.

RNase P is a ubiquitous ribonucleoprotein complex that

catalyzes the maturation of the 50 end of precursor tRNAs

(pre-tRNAs) by cleaving a specific phosphodiester bond to

yield a mature tRNAwith a 50 phosphate (Figure 1). Bacterial
RNase P recognizes and cleaves a variety of RNAs, not just

pre-tRNAs, that possess a motif in which a short 50 single
stranded RNA flanks a short duplex RNA stem.9 Examples of

in vivo substrates for RNase P include pre-4.5S RNA, pre-

tmRNA, a few mRNAs, and riboswitches.10–14 In addition to

tRNA maturation, RNase P might also be involved in degrad-

ing mRNA and regulating gene expression in vivo.10,15 There-

fore, there is active research aimed at using RNase P for

gene-therapy or antimicrobial targets.16,17

RNase P is comprised of a catalytic RNA and associated

protein(s), with both modules being required for the in vivo

function of this essential enzyme.18 Although RNase P has

been studied for over 20 years, the vital roles of the protein
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have been thoroughly investigated only recently. Recent

experiments on bacterial RNase P have revealed roles for

the protein and protein-RNA interactions as varied as stabili-

zation of the holoenzyme complex, alteration of the confor-

mation of P RNA, enhancement of pre-tRNA substrate rec-

ognition and affinity, and alteration of metal affinity and

location.19–23 Therefore, a synopsis of the published data is

warranted to shed some light on the intriguing role of the

P protein in RNA-protein interactions within bacterial RNase

P. These interactions will be the focus of this review.

The large RNA (P RNA) components of the RNase P ho-

loenzyme complexes from Escherichia coli and Bacillus subti-

lis were two of the first ribozymes discovered.24 Subsequently,

the catalytic activities of the P RNA subunit alone from

Archea and Eukaryotes have been demonstrated in vitro, fur-

thering the idea that RNase P is an ancient and conserved

RNA enzyme.25,26 P RNA is the component of the holo-

enzyme that directly catalyzes substrate cleavage in all three

domains of life; however, the P protein modestly enhances

the single turnover cleavage rate constant in bacteria at satu-

rating metals.20,27 The protein component has a larger effect

on the observed RNase P-catalyzed cleavage rate constant at

subsaturating substrate and metals. Like many ribozymes,

RNase P catalysis is both metal and pH dependent.19,28,29

However, unlike catalysis by small ribozymes that produce a

20,30-cyclic phosphate and a 50 hydroxyl group,30–32 RNase P
catalyzes the cleavage of a specific phosphodiester bond that

produces 50 phosphate and 30 hydroxyl end groups.33,34 These

observations suggest that different chemical mechanisms are

used by small ribozymes compared with RNase P.

The number of proteins associated with the catalytic P

RNA varies greatly between Bacteria, Archea, and Eukaryotes.

In vitro reconstitution of RNase P holoenzyme from Archea

requires at least four proteins while nine proteins are associ-

ated with the yeast nuclear enzyme.26,33,35–37 In contrast, bac-

terial RNase P has the simplest holoenzyme configuration,

consisting of one protein and a single P RNA, thereby pro-

viding a tractable system in which to investigate P RNA-pro-

tein interactions in this conserved RNP.38 Bacterial RNase P

protein (P protein) is essential in vivo, indicating that RNA-

protein interactions play a central role in the function of this

enzyme.18 The functional requirement of RNase Ps from all

three domains for a structurally similar P protein highlights

the importance of understanding the role of RNA-protein

interactions, and how they contribute to the overall RNase P

catalyzed reaction.

BACTERIAL RNASE P
Prior to discussing RNA-protein interactions in RNase P, a

brief introduction into the structure and mechanism of the

bacterial enzyme will be given. The composition of bacterial

RNase P, a single P protein associated with the P RNA, makes

it the most straightforward, and therefore comprehensively

studied RNase P to date. Bacterial RNase P enzymes are clas-

sified into two groups based on their P RNA secondary struc-

tures, typified by the organisms E. coli and B. subtilis, referred

to as A-type (Ancestral type) and B-type (Bacillus type)

RNase Ps.39 Interestingly, the P RNAs from these organisms

are similar enough that the B. subtilis P protein can promote

E. coli P RNA activity and vice versa in vitro.22,23,40 Recently,

type A and B RNase P RNAs were also shown to be inter-

changeable with each other in vivo, hinting that the P protein

recognizes a region of structure that is conserved between the

two classes of bacterial RNase Ps.41 Additionally, B. subtilis P

protein can modestly enhance the activity of some archael P

RNAs as well, suggesting both that the binding site for P protein

is conserved and that one or more of the functions of the P

protein is also conserved throughout all three domains of life.42

The structure of P RNA is central to its ability to catalyze

pre-tRNA cleavage. RNase P RNAs consist of two domains,

the substrate binding domain (S-domain) and the catalytic

domain (C-domain).39,43 These domains can fold independ-

ently and the catalytic domain alone retains RNase P activ-

ity.44–46 The S-domain has been shown to bind the T stem-

loop regions of pre-tRNA and increase substrate affinity and

specificity.45,47,48 High resolution X-ray crystal structures of

the S-domain from both type A and B P RNAs have been

solved.49,50 Although the S-domains of the two types of P

RNA differ in both secondary structure and overall fold, the

cores of the substrate domains are remarkably similar and

likely preserved for recognition of pre-tRNA.50 The crystal

structures of full-length type A (from T. maritima) and type

B (from B. stearothermophilus) P RNAs have been

solved.7,51,52 Although only about two-thirds of the P RNAs

are resolved in the structures, the data reveal similar features

in the catalytic cores of both P RNAs, including the coaxial

stacks in P1/P4/P5, P2/P3, and P8/P9 (Figure 2).

FIGURE 1 RNase P catalyzes the metal dependent cleavage of the

50 end of precursor tRNAs to form a mature tRNA (blue) and 50

leader (red).
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A conformational change in the P RNA has been proposed

to occur upon both P protein and substrate binding (Figure

3).22,53 The substrate-induced conformational change in the

holoenzyme is suggested in the kinetic mechanism of the

enzyme (Scheme 1).20,56,57 Given that the X-ray crystal struc-

tures of RNase P RNA or holoenzyme complexed with either

pre-tRNA or tRNA are not yet available, the conformation

observed in the published P RNA crystal structures might

not reflect the catalytically active form. As a result, multiple

models of the holoenzyme complex have been proposed58–60

and will be discussed in detail later.

Although RNase P RNA can cleave substrate in the absence

of P protein in vitro under high salt concentrations, the P pro-

tein is necessary for RNase P cleavage in vivo, presumably

enhancing the catalytic activity at low metal ion concentra-

tions.18,21,61,62 P protein enhances kcat/KM values catalyzed by

the B. subtilis holoenzyme for cleavage of the pre-tRNAAsp by

2000-fold over that of P RNA alone under steady-state condi-

tions andmoderate concentrations of magnesium.19 However,

under single turnover conditions with saturating concentra-

tions of B. subtilis RNase P and metal ions, the cleavage rate

constant for pre-tRNAAsp is enhanced by\10-fold, suggesting

that the P protein does not directly stabilize the cleavage tran-

sition state relative to the ground state.27,47,63,64

While the P protein modestly effects the global folding of

P RNA, it also provides a number of other contributions in

addition to assisting folding.65,66 For instance, B. subtilis P

protein contacts the 50 leader sequence of pre-tRNA in the

RNase P�pre-tRNA complex to enhance the affinity of the

holoenzyme for pre-tRNAAsp substrate by 10,000 fold.27

Although the presence of the protein does not always have

the exact same effect for all pre-tRNA substrates, as demon-

strated for E. coli RNase P, it does consistently increase both

the affinity of the enzyme for substrate and enhance cleavage

rate constants.20 The fact that the impact of the protein can

be different for distinct substrates indicates that the role of

the protein may be more complicated than originally antici-

pated.20 Accordingly, the P protein is proposed to play a

FIGURE 2 Crystal structures of bacterial RNase P RNAs. (B) and (C) show two different views of

the B. stearothermophilus P RNA structure.51 (A) and (D) illustrate two views of the T. maritima

P RNA structure.52
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direct role in substrate recruitment.67–69 Additionally, the

concentration of magnesium ions required to activate cataly-

sis is also significantly reduced in the RNase P holoenzyme

compared with P RNA alone.21,62 Given the known and pro-

posed functions of the bacterial P protein, including assisting

in P RNA folding, and recruitment of substrates and metal

ions, understanding RNA-protein interactions is key to gain-

ing a comprehensive understanding of RNase P.

The structure of the B. subtilis RNase P protein was first

solved by X-ray crystallography to 2.8 Å resolution.70 This

protein adopts an a–b sandwich fold and is structurally

homologous to other RNA binding proteins, including the

C-terminal domain of ribosomal protein S5 and domain VI

of elongation factor G.70 The crystal structure of the B. subti-

lis P protein reveals three distinct regions that might be able

to interact with RNA: an unusual left-handed bab connec-

FIGURE 3 Interaction between B. subtilis RNase P RNA and P protein. (Left) Secondary struc-

ture of the catalytic domain of B. subtilis P RNA, based on topology from the X-ray structure of the

B. stearothermophilus PRNA indicating sites that are cleaved by copper-o-phenanthroline-labeled P

proteins in the following regions: green diamonds, N terminus; red arrows, RNR motif; and stars,

the metal binding loop (MBL).58 Additionally, highlighted nucleotides indicate sites where P pro-

tein binding reduces (red), enhances (blue) or has a variable effect (green) on cleavage during

in-gel Fe(II)-EDTA cleavage assays.23 (Right) Structure of B. subtilis P protein.70 Labels indicate the

location of the N-terminus (green), the RNR motif (red), metal binding loop (blue), and central

cleft (gray).

SCHEME 1 In this mechanism, RNase P holoenzyme (E) binds

pre-tRNA (S) to form an enzyme-substrate complex (ES). This

complex then undergoes a conformational change to form ES*. The

enzyme then catalyzes the 50 cleavage of pre-tRNA to form the

RNase P—mature tRNA—50 leader complex (EPL). The 50 leader
and mature tRNA then dissociate from the RNase P holo-

enzyme.53,63,95
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tion that contains the highly conserved RNR motif, a central

cleft formed by four anti-parallel b-strands and flanked by an

a-helix, and the ‘‘metal binding loop’’ which contains a clus-

ter of polar residues that bind two zinc ions in the crystal

structure (Figure 3).55,70–71 Despite the low sequence similar-

ity among the RNase P proteins, the three dimensional struc-

ture of the B. subtilis P protein is similar to that of the S. aureus

and T. maritima P proteins.72,73 Additionally, the structure of

a protein subunit from archeal RNase P, a homolog of the

eukaryotic RNase P protein Pop5p,54 is also similar to that of

the bacterial P protein, suggesting a similar functional role

across all three kingdoms of life.74

The RNR motif is the most conserved feature of bacterial

P proteins, and is proposed to stabilize binding interactions

between the P protein and P RNA in the holoenzyme.70,71

The metal binding loop in the B. subtilis protein is not a

well-conserved feature of P proteins, but these residues may

increase the affinity of the holoenzyme for metal ions.70

Cross-linking and affinity cleavage studies indicate that the

central cleft of the P protein is vital to the recognition of pre-

tRNA substrates by the RNase P complex.58 Specifically, the

central cleft is proposed to interact with the 50 leader of the
pre-tRNA substrates.68,69 RNase P protein forms multiple

interactions with both of the RNAs in the RNase P system,

the pre-tRNA substrate and the P RNA enzyme. These inter-

actions as well as their implications on RNase P activity and

catalysis will be analyzed further in the discussion.

STRUCTURAL PERSPECTIVES ON
RNA-PROTEIN INTERACTIONS IN
THE RNASE P HOLOENZYME
Although crystal structures of each of the three components

of the bacterial RNase P system (P RNA, P protein, and pre-

tRNA) have been solved independently of one another, no

high-resolution structure of the RNase P holoenzyme, or the

holoenzyme�pre-tRNA complex have been solved thus far.

Therefore, our best understanding of the holoenzyme and

substrate-bound complexes are structural models of E. coli

(A type),47,59 B. stearothermophilus (B type),22 and B. subtilis

(B type) RNase P.58,59 Although these holoenzyme models

differ in detail from the recently published P RNA structures,

the overall topology of P RNA in each of these models and

the X-ray structures is similar.58 Therefore, we will focus on

the recent B. subtilis and B. stearothermophilus RNase P hol-

oenzyme�pre-tRNA and holoenzyme�tRNA complex models,

respectively (Figure 4).

For the development of the B. subtilis holoenzyme�pre-

tRNA model presented in Niranjanakumari et al. structural

calculations were performed starting from the X-ray crystal

structure of the P protein, and a model of the P RNA�pre-

tRNA complex (Figures 4B and 4D).58,70,75 Structural con-

straints were obtained from hydroxyl radical cleavage cata-

lyzed by copper-o-phenanthroline probes positioned at a

number of sites in the P protein via site-specific modification

of single cysteines.58 This probe requires direct contact with

the RNA for cleavage, therefore providing more constrained

distances between the cleavage site and P protein than other

cleavage reagents.58 In this model, key regions of the P pro-

tein are in close proximity (\15 Å) to functionally important

regions of P RNA and pre-tRNA (Figures 4B and 4D). For

example, the central cleft of the P protein is proximal to the

50 leader sequence of pre-tRNA, and the metal binding loop

and N-terminus of the P protein are near the P3 stem-loop

of P RNA. Additionally, the model places the conserved RNR

motif close to the P RNA helix P4 (Figure 4D). Further evi-

dence for the P protein contacting the catalytic portion of

the P RNA is provided by the demonstration that the affin-

ities of the P protein for the catalytic domain of P RNA and

full-length P RNA are nearly identical.40 The proximity of

the RNR motif in the P protein to the P RNA helix P4 may

be noteworthy because this is the most highly conserved

region of the P RNA, possessing 11 of the 21 unchanging nu-

cleotides in P RNA.76–79 Moreover, P4 is necessary for posi-

tioning divalent metal ions required for catalysis, and is the

putative active site of the holoenzyme.76–79

A model of the B. stearothermophilus RNase P holoenzy-

me�tRNA complex has been developed from in-gel probing

of iodine-induced cleavage of thiophosphate-labeled B. stear-

othermophilus and E. coli P RNAs.22 This model places the P

protein binding site in the same general location of P RNA as

the B. subtilis model. However, the two models differ in the

orientation of the P protein relative to P RNA and in the spe-

cific contacts between the P protein and P RNA, with the B.

stearothermophilus model predicting more extensive interac-

tions between tRNA and the RNR motif of P protein than

the B. subtilis model. Figures 4C and 4D highlight the posi-

tion of the conserved RNR motif in the two B type holo-

enzyme models.22,58 The structural resolution of both models

is only about 10 Å, and therefore specific contacts proposed

by these models will need further evaluation. In fact, given

that the models are based on two entirely different sets of

biochemical data and are still similar to each other within

their 10 Å resolution lends validity to both models.

A number of biochemical and biophysical studies have

been undertaken to probe the effect of interactions between

the P RNA and the P protein on the structural fold and sta-

bility of the holoenzyme. These studies support the idea that

P protein binds a conserved area of the P RNA, stabilizing

the local P RNA structure, as well as stabilizing the P RNA
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contacts with the pre-tRNA substrates.22,23,80 The proposed

structural roles of the P protein in E. coli (A type), and B.

subtilis (B type) RNase P holoenzymes have recently been

investigated further with melting studies that provide evi-

dence that there is a link between protein binding and the

conformation of the P RNA structure.23

Moreover, binding to P RNA also stabilizes the bacterial P

protein structure. Folding studies have demonstrated that the

B. subtilis P protein is predominately in an unfolded state in so-

lution or is ‘‘natively unfolded’’ in the absence of anions; the

folded state of P protein observed in the crystal structure is sta-

bilized by bound anions.81,82 Consistent with this, Harris and

coworkers employed thermal melting studies, intrinsic fluores-

cence, and CD spectral experiments to confirm that both the P

RNA and P protein from E. coli undergo conformational

changes upon holoenzyme formation, and that P RNA stabil-

izes the folding of the E. coli P protein.80 These data therefore

indicate that there is a link between the folding of P protein and

P RNA and the holoenzyme formation. By determining the

salt-dependence of P RNA-P protein affinity, Day-Storms et al.

established that there are three to four ions that dissociate upon

formation of B. subtilisRNase P holoenzyme.40

The RNase P holoenzyme from both E. coli and B. subtilis

can dimerize or aggregate under a variety of conditions as

demonstrated by small angle X-ray scattering (SAXS), native

gel, and light scattering analyses.22,23,83,84 The dimerization is

inhibited by the presence of the substrate, and proposed to

be primarily due to contacts between the P RNA and P pro-

tein subunits.22,23,83,84 The in vivo relevance of the dimer is

still unclear and is one aspect of RNase P structure that needs

further investigation.

Overall, RNA-protein interactions in the RNase P holo-

enzyme contribute significantly to the function of this mole-

cule. P RNA and P protein stabilize each other’s structures,

FIGURE 4 Structural models of RNase P holoenzyme with substrate bound from (A) B. stearo-

thermophilus (B) B. subtilis.22,58 P RNA is shown in blue, P protein shown in red, and yeast tRNA-

Phe (A) and B. Subtilis pre-tRNAAsp (B) in brown. The P protein is positioned to interact with

both P RNA and the 50 end of substrates in both models. A closer look at the position of the most

highly conserved region of the P protein, the RNR motif, is shown for the B. stearothermophilus (C)

and the B. subtilis (D) RNase P models. Both models place this region of the protein at the interface

of the tRNA, P protein, and P RNA. Helix P4 is colored green and J19/4 is highlighted in yellow in

the P RNAs of (C) and (D).
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and the proximity of P protein to pre-tRNA and the P RNA

active site in the holoenzyme models suggests that RNA-pro-

tein interactions may be key for forming the proper active

site conformation in low salt and metal conditions. Addi-

tionally, RNA-protein interactions may contribute to other

less well-characterized structural aspects of the holoenzyme,

including dimerization.84

PRE-tRNA SUBSTRATE RECOGNITION
The contact between pre-tRNA and P protein during RNase

P substrate recognition is the best-studied aspect of RNA-

protein interactions in this RNP. RNase P cleaves the 50 leader
of all pre-tRNAs, and therefore must be able to recognize a

wide variety of substrates.9,11,85 In addition, the protein com-

ponent significantly enhances the ability of the E. coli RNase

P to catalyze pre-4.5S rRNA cleavage in vitro, likely by

enhancing the affinity of the holoenzyme for this sub-

strate.11,24,64 Biochemical data suggest that there are extensive

interactions between the P RNA and the pre-tRNA substrate

near the cleavage site, D-loop, T-stem loop and acceptor

stem, as well as an extensively characterized base pairing

interaction with the 30 CCA.45,46,81,86–91 The 30 CCA contact

has been shown to be necessary in vivo for efficient pre-tRNA

processing.41 The P RNA C-domain is proposed to recognize

the pre-tRNA acceptor stem, cleavage site, and the conserved

CCA sequence on the 30 end of the pre-tRNA.56,87,88,91–93 In

contrast, Pan and coworkers demonstrated that the S-domain

of P RNA interacts with the T-stem loop of pre-tRNA.45,94,95

Notably, there may be differences in how A type and B type

RNase P enzymes discriminate between their substrates; the

B. subtilis P protein causes a much larger enhancement of the

affinity of the holoenzyme for pre-tRNA compared with

mature tRNA than the E. coli P protein.23 This is possibly in-

herent to the P RNAs, because the loss of substrate/product

discrimination is still seen in chimera RNase P holoenzymes

formed with E. coli P protein and B. subtilis P RNA and visa

versa.23 However, even given the differences, the P protein

enhances substrate discrimination in both classes of RNase P.

Furthermore, the importance of the P protein�pre-tRNA

leader interaction may vary with the structure of the pre-

tRNA and the concentrations of metals and salts.20 Thus far,

no sequence specific substrate contacts between the substrate

and the P protein have been reported.

RNase P recognizes a variety of atypical substrates, includ-

ing pre-tRNAs that lack some of the canonical recognition

elements. To better understand these interactions, Fierke and

coworkers analyzed the effect of the P protein on the kinetic

scheme for cleavage of a pre-tRNA that contains all of the ca-

nonical recognition elements (pre-tRNAAsp from B. subtilis).

They demonstrated that P RNA binds mature tRNA with an

affinity slightly higher than pre-tRNA, while the B. subtilis

holoenzyme has a significantly higher affinity for pre-tRNA

than for tRNA.27,67 The holoenzyme preference for binding

pre-tRNA over mature tRNA by B. subtilis RNase P holo-

enzyme suggests the formation of a direct contact between

the pre-tRNA 50 leader and P protein in the holoenzyme.

This interaction is confirmed by photo-crosslinking and af-

finity cleavage studies demonstrating that the 50 leader of

pre-tRNA is in close proximity to the central cleft, but not to

the RNR motif or metal binding loop of the P protein.58,68

Furthermore, time-resolved fluorescence resonance energy

transfer studies further show that the fourth to seventh nu-

cleotides of the 50 leader contact the P protein in B. subtilis

RNase P.69 Harris and coworkers recently demonstrated that

E. coli RNase P holoenzyme has similar affinity for all of the

E. coli pre-tRNAs, regardless of sequence variation, while the

affinity of P RNA for this same group of pre-tRNA substrates

had significant variation.20 Therefore, interactions between

the P protein and pre-tRNAs contribute to the uniformity of

the binding affinity for RNase P for pre-tRNAs. Specifically,

uniform binding is the result of variations in the energetic

contributions between the 50 leader and P protein, which

serves to compensate for weaker interactions between P RNA

and pre-tRNA. Similarly, the observed uniformity in cleavage

rates can also be attributed to P protein contributions for

some pre-tRNAs that lack conserved sequence elements, such

as the 30 CCA.20 This is consistent with a mechanism in

which the effects of the P protein on the affinity of RNase P

for pre-tRNA are related to a conformational change that

accompanies substrate binding.20,56,87,95 This is very similar

to what has also been seen for the recognition of amino-acy-

lated tRNAs by EF-Tu; here variations in the tRNA sequences

lead to alterations in the affinity for EF-Tu compensating for

the different thermodynamic contributions of the esterified

amino acid to yield uniform affinity for the amino-acylated

tRNAs.96,97 These data clearly demonstrate that the P protein

plays an important role in substrate recognition in RNase P,

allowing the enzyme to bind and cleave a wide array of sub-

strates with comparable efficiency.

RNA-PROTEIN INTERACTIONS AND METAL
DEPENDENT CATALYSIS
Many RNAs require magnesium ions for their catalytic

action including RNase P.98,99 RNase P needs divalent metal

ions for a number of functions including folding, substrate

binding and catalysis.21,29,100,101 The binding sites of magne-

sium ions essential for catalysis have not yet been clearly

delineated, although several sites, including positions in helix
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P4, have been implicated in metal binding.102,103 RNase P

holoenzyme reaches optimal catalytic activity at lower mag-

nesium ion concentrations than the P RNA ribozyme

alone.21,104,105 Since current holoenzyme models place the P

protein in close proximity to the P RNA P4 helix (see above),

the P protein is ideally positioned to influence these critical

metal binding sites, either by interacting with P RNA to indi-

rectly alter metal binding, or by directly interacting with

essential magnesium ions.

However, the precise mechanism through which the P

protein enhances metal affinity of the holoenzyme is not yet

entirely understood. Thus far, it has been impossible to dis-

tinguish metal ions that stabilize P RNA structure important

for catalysis from metal ions that directly stabilize the reac-

tion transition state. To further complicate analysis of the

effects of metal ions in the RNase P holoenzyme, a large

number of magnesium ions interact non-specifically with the

backbones of P RNA and pre-tRNA, through Coulombic

interactions to neutralize the net negative charge of the poly-

anion and thereby stabilize a folded structure.106 Nonspecifi-

cally bound magnesium ions may also stabilize the formation

of negative charge in a cleavage reaction.107

Several lines of observation suggest that a magnesium ion

specifically binds to a site in helix P4, the same area of the P

RNA that cross-links to the P protein, and where the putative

catalytic site of the enzyme is located. First, deletion of the

P4 helix dramatically reduces RNase P activity.77,108 Second,

sulfur substitution at the nonbridging oxygens at the phos-

phodiester bonds on nucleotides A49 and A50 in B. subtilis

(A67 and A68 in E. coli) in helix P4 decreases the cleavage

rate constant enormously without affecting the affinity of

pre-tRNA, and some of these reductions in activity can be

recovered by adding manganese ions.77,79,102 Harris and cow-

orkers provide evidence that the formation of the P1–P4

multi-helix junction is dependent on a cluster of metal ions

and that this structure contributes to catalysis.109 Further

corroboration for metal binding in P4 comes from NMR

studies that demonstrate specific magnesium binding sites in

a stem-loop that serves as a model for the P4 helix.103,110 Fur-

thermore the P protein is proposed to stabilize the local P

RNA structure near P4.23,58 These data, together with struc-

tural holoenzyme models placing the P protein near P RNA

helix P4, suggest that the P protein could stabilize the P RNA

structure to enhance the affinity of one or more metal ions

bound to helix P4 and to facilitate catalysis.77

CONCLUSIONS
RNase P catalyzes the maturation of the 50 end of pre-tRNAs

in a metal dependent manner. The bacterial P protein sub-

unit interacts with both the P RNA subunit and with the sub-

strate, pre-tRNA. RNA-protein interactions play a variety of

crucial roles in the essential ribonucleoprotein RNase P. The

preponderance of evidence indicates that P RNA-protein

interactions do not play a direct role in stabilizing the transi-

tion state of the reaction catalyzed by RNase P. However, pro-

tein-RNA interactions make several significant and essential

contributions to catalysis by (a) stabilizing the structure of P

RNA, (b) interacting with the pre-tRNA substrate to enhance

affinity, and (c) reducing the dependence on magnesium

ions. Despite the fact that RNase P has generally been

regarded as noteworthy in the literature because it is large

catalytic RNA, it is imperative to not underestimate the im-

portance of the synergy between the RNA and protein com-

ponents in this enzyme. Although several roles for the RNA-

protein interactions have been clearly delineated, there are

still more proposed functions that need further investigation.
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