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ABSTRACT Ribonuclease P (RNase P) is an ancient and essential endonucle-
ase that catalyses the cleavage of the 5′ leader sequence from precursor tRNAs
(pre-tRNAs). The enzyme is one of only two ribozymes which can be found in
all kingdoms of life (Bacteria, Archaea, and Eukarya). Most forms of RNase P are
ribonucleoproteins; the bacterial enzyme possesses a single catalytic RNA and
one small protein. However, in archaea and eukarya the enzyme has evolved
an increasingly more complex protein composition, whilst retaining a struc-
turally related RNA subunit. The reasons for this additional complexity are
not currently understood. Furthermore, the eukaryotic RNase P has evolved
into several different enzymes including a nuclear activity, organellar activities,
and the evolution of a distinct but closely related enzyme, RNase MRP, which
has different substrate specificities, primarily involved in ribosomal RNA bio-
genesis. Here we examine the relationship between the bacterial and archaeal
RNase P with the eukaryotic enzyme, and summarize recent progress in char-
acterizing the archaeal enzyme. We review current information regarding the
nuclear RNase P and RNase MRP enzymes in the eukaryotes, focusing on the
relationship between these enzymes by examining their composition, structure
and functions.

KEYWORDS RNase P, RNase MRP, tRNA processing, rRNA processing, holoenzyme,
nucleolus

1. INTRODUCTION
Ribonuclease (RNase) P is an essential endoribonuclease, conserved through-

out evolution, which is responsible for the maturation of the 5′ end of trans-
fer RNA (tRNA) (Frank and Pace, 1998). The bacterial enzyme is comprised
of a large RNA (typically 350–400 nt) and a single small protein (∼10% by
mass). Both the RNA and protein components are essential in vivo, however
the bacterial RNA has been shown to function independently in vitro and can
accurately and efficiently catalyze pre-tRNA cleavage under high salt conditions
(Guerrier-Takada and Altman, 1984). The bacterial RNA is therefore an RNA
based enzyme, or ribozyme. Only two ribozymes have been found to be present
in all kingdoms of life, the other being the ribosome.

The archaeal and eukaryal nuclear RNase P enzymes have considerably more
complex subunit compositions, retaining a structurally related RNA (typically
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300–350 nt), but with an increased number of protein
subunits compared to the bacterial enzymes (Xiao et al.,
2002). At least four proteins have been found in ar-
chaeal enzymes (∼45% by mass)1 with more found in
the eukaryotic enzymes, nine proteins in yeast and ten
proteins in human (∼70% by mass).1 There is no se-
quence homology between the bacterial protein and
archaeal/eukaryal proteins and so the evolutionary re-
lationship between these proteins is not currently clear.
The eukaryal RNase P however, shares a common ances-
tor with the archaeal enzyme as they have homologous
protein components, with the eukaryal enzyme having
acquired additional protein subunits (Hartmann and
Hartmann, 2003). This poses questions as to the spe-
cific reasons for the requirement for these additional
proteins in the eukaryal enzymes. They could have di-
rect roles in the spatial organization of RNase P within
the complex nuclear environment, could aid the recog-
nition of substrate tRNAs, and may also perform or
assist RNase P in other uncharacterized roles. The situ-
ation is further complicated by the emergence of RNase
MRP in eukaryotes; a likely paralogue of RNase P which
has a related RNA and a nearly identical protein con-
tent, but with specificity towards different substrates.

Here we summarize current progress in understand-
ing the nature of RNase P holoenzymes. We begin with
a brief summary of the bacterial system focusing on the
RNA component, which is directly related to the RNA
of the archaeal and eukaryal RNase P enzymes. Recent
progress in characterizing the archaeal RNase P system
is also discussed, with emphasis on how the biochemical
and structural analysis of the archaeal enzymes will pro-
vide insights into the more complex eukaryal enzymes.
Lastly, we will discuss the development of multiple en-
zymes in the eukaryote to carry out the functions of
RNase P in different subcellular compartments.

2. BACTERIAL RNase P
Substrates Recognized by Bacterial

RNase P
RNase P processes the 5′ end of pre-tRNAs, pre-

cisely removing the 5′ leader sequence, resulting in
a 5′ phosphate on the mature tRNA and a 3′ hy-
droxyl on the leader sequence (Figure 1). The activity

1Estimation of mass assumes a single RNA subunit and that each protein
is present only once in the holoenzyme.

FIGURE 1 RNase P cleaves the 5′ leader from precursor tRNAs
(pre-tRNAs). The site of cleavage by RNase P is represented with
an arrow. Structures required for substrate recognition and cleav-
age by RNase P, the acceptor stem and T-stem-loop, are indicated.

is dependent upon divalent cations, preferably mag-
nesium, which are likely to fulfill both structural and
functional roles (Smith and Pace, 1993; Yarus, 1993).
The bacterial ribozyme has been shown to recognize
common structural elements of pre-tRNA substrates
such as the coaxially stacked acceptor stem, T-stem
with the T�C-loop and also the 3′-CCA sequence
which is present in most bacterial pre-tRNA transcripts
(McClain et al., 1987; Kahle et al., 1990; Thurlow et al.,
1991; Kirsebom and Svard, 1994). The 5′ leader se-
quence of the pre-tRNA also participates, binding to
the protein moiety of the bacterial holoenzyme (Stams
et al., 1998). The bacterial RNase P has been demon-
strated to specifically cleave other non-tRNA substrates
including the precursors to 4.5S RNA (Peck-Miller and
Altman, 1991), viral mRNAs (pseudoknot structures)
(Mans et al., 1990), tmRNA (Komine et al., 1994), C4 an-
tisense RNA from bacteriophages P1 and P7 (Hartmann
et al., 1995), a polycistronic pre-mRNA (Alifano et al.,
1994), and some transient structures within riboswitches
(Altman et al., 2005). In some cases the structures of
the alternative substrates closely resemble pre-tRNAs,
but most of the structures are distinct, indicating that
the bacterial holoenzyme has flexibility in substrate
recognition.

The Bacterial RNA Subunit
A wealth of sequence and phylogenetic data has been

gathered for the bacterial RNase P RNAs (James et al.,
1988; Haas et al., 1991; Brown et al., 1993; Haas et al.,
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1994).2 The derived secondary structures of the bac-
terial RNAs have led to the definition of two major
subsets, the type A (Ancestral) and type B (Bacillus)
bacterial RNase P RNAs (Haas et al., 1996). These sub-
sets have been most frequently represented by the Es-
cherichia coli RNA (type A) and Bacillus subtilis RNA
(type B), shown in Figure 2. The bacterial RNase P
RNAs can be divided into two independently fold-
ing domains involved in both substrate cleavage, the
“catalytic domain” (C-domain), and substrate binding,
the “specificity domain” (S-domain), (Pan, 1995; Loria
and Pan, 1996). Sequence analysis has identified five
Conserved Regions within the structures (CR-I to CR-
V) that are found in all RNase P RNAs. The CR-I and
CR-V are paired in the P4 pseudoknot structure (with
a universally conserved, bulged uridine) and form part
of the catalytic domain along with CR-IV. The recent
crystal structure of the RNase P RNA from Bacillus
stearothermophilus shows a second universally conserved
nucleotide bulged from the P4 stem (Kazantsev et al.,
2005). The C-domain has been shown to be catalytically
active, processing pre-tRNAs in the presence of the bac-
terial protein (Loria and Pan, 1999). The S-domain hosts
CR-II and CR-III in an unpaired region between stems
P10/11 and P12, and appears to function in differen-
tiating RNase P substrates (Kufel and Kirsebom, 1996;
Loria and Pan, 1997). Comparative analysis and the un-
usually small RNA from Microplasma fermentas (276nt)
has also allowed the definition of a bacterial minimum
consensus structure (Figure 2) and the design of a mini-
mal RNA (mini P) which is catalytically active (Pace and
Brown, 1995; Siegel et al., 1996; Marquez et al., 2005).

The isolated S-domains from both type A and type
B bacterial RNAs have been structurally characterized
showing that the CR-II and CR-III regions form two
interacting T-loop structures which define the J11/12 −
J12/11 module (Krasilnikov and Mondragon, 2003)
[PDB ID. 1NBS] and (Krasilnikov et al., 2003) [PDB ID.
1U9S]. A number of nucleotides within the S-domain
have been implicated in substrate binding, as these are
protected from chemical modification in the presence
of the substrate (LaGrandeur et al., 1994; Odell et al.,
1998). These include a conserved CR-III nucleotide
and other conserved bulged nucleotides within the P7-
P10/11 region (four-way junction). These are presented

2Much of the sequence data for RNase P is held and maintained by
J. W. Brown at North Carolina State University. The RNase P Database.
http://jwbrown.mbio.ncsu.edu/RNaseP/home.html.

on the RNA surface in a similar geometry in exam-
ples of both type A and type B structures, despite the
differences in the secondary structures of these RNAs
(Krasilnikov et al., 2004). Other regions implicated in
substrate binding are the J15/16 loop region (type A)
or the L15 loop (type B) which interact with the 3′

CCA of the bacterial tRNAs (Chen et al., 1998; Chris-
tian et al., 2002). These regions are also potentially in-
volved in coordinate metal ion binding with the tRNA
substrate (Kufel and Kirsebom, 1998; Oh et al., 1998).
Structural characterization of the entire RNase P RNAs
from bacterial type A and type B structures have also
been reported and have begun to provide some insights
into the functions of CR-I, CR-IV and CR-V (Torres-
Larios et al., 2005) [PDB ID. 2A2E] and (Kazantsev
et al., 2005) [PDB ID. 2A64]. These structures repre-
sent significant progress and are able to accommodate
much of the vast wealth of biochemical data obtained
in solution (Harris and Pace, 1995; Pan, 1995; Loria and
Pan, 1996; Kazantsev and Pace, 1998; Kurz and Fierke,
2000; Christian et al., 2002). However, the resolution of
these structures does not allow fine detail and, in both
cases, crystallization appears to have had an influence
on the structure. The precise roles for the conserved
nucleotides surrounding CR-I, CR-V and also within
CR-IV are not entirely clear although these nucleotides
are found in close proximity to the P4 stem suggesting
key roles in defining the catalytic structure, in keeping
with their absolute conservation (Kazantsev et al., 2005;
Torres-Larios et al., 2005).

Roles of the Bacterial Protein
The bacterial RNase P contains a single small pro-

tein which is essential for in vivo function, but not for
binding and cleaving pre-tRNAs in vitro. The structures
of bacterial RNase P proteins have been solved from B.
subtilis (Stams et al., 1998) [PDB ID. 1A6F], Staphylococ-
cus aureus (Spitzfaden et al., 2000) [PDB ID. 1D6T] and
Thermotoga maritima (Kazantsev et al., 2003) [PDB ID.
1NZ0]. These analyses represent both solution and crys-
tal structures from different species, and each protein
shows a fold which is similar to the ribonucleoprotein
(RNP) domain (Avis et al., 1996) [PDB ID. 1FHT]. The
RNP domain is also known as RNA binding domain
(RBD) or the RNA recognition motif (RRM). The pro-
tein from B. subtilis binds both the full length RNA
and the C-domain with similar efficiency suggesting
that the protein solely binds to this region of the RNA
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FIGURE 2 Comparison of Type A and Type B bacterial RNase P
RNAs. The secondary structures of RNase P RNAs derived by phy-
logenetic comparative sequence analysis are shown (Haas and
Brown, 1998). (A). The secondary structure of the E. coli RNase
P RNA (Type A). (B). The secondary structure of the B. subtilis
RNase P RNA (Type B). Helices are numbered as paired regions
(e.g. P1), other helices are indicated by lines (e.g. P4 and P6).
Regions of the RNA implicated in substrate binding the “speci-
ficity domain” (S-domain) and catalytic activity the “catalytic do-
main” (C-domain) are separated by a line. A boxed region within
the loop of P15 indicates a binding site for the 3′CCA of the pre-
tRNA substrate, which is present in many bacterial RNase P RNAs.
Nucleotides conserved in all known RNase P RNAs are shown
in bold background. (C). Consensus structure showing elements
common to all known bacterial RNase P RNAs (figure adapted
from Marquez et al., 2005). The highlighted conserved adenine
has been shown to be extrahelical in the structure of the Bacil-
lus stearothermophilus RNase P RNA (Kazantsev et al., 2005). In
this structure, the adjacent conserved adenosine forms the cor-
responding base pair within the P4 helix.
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(Day-Storms et al., 2004). Additionally, the analysis of
the binding of three different bacterial proteins to ex-
amples of both type A and type B RNAs suggests a
common binding site which is near the catalytic domain
(P4 and the surrounding P2, P3 periphery). Binding of
the protein to the RNA appears to induce local con-
formational changes in similar regions of both the type
A RNA (P5-P8, L15/16) and type B RNA (P15.1-P5.1,
L15) (Buck et al., 2005).

There is debate regarding the precise roles of the bac-
terial protein with potential roles in stabilizing tertiary
architecture (Guerrier-Takada et al., 1983; Westhof et al.,
1996; Kim et al., 1997), dimer formation (Fang et al.,
2001), enhancing pre-tRNA specificity over that of ma-
tured tRNAs (Crary et al., 1998; Kurz et al., 1998; Ni-
ranjanakumari et al., 1998; Hsieh et al., 2004), and a
broadened substrate specificity (Gopalan et al., 1997).
Recent data suggest that the proteins will contribute to
each of these effects, and that inconsistent observations
may be explained by inherent differences in the type A
and type B RNAs. The E. coli protein (type A RNA) was
observed to stabilize the E. coli RNA structure (type A)
to a greater extent than the B. subtilis protein stabilized
the B. subtilis RNA structure (type B) (Buck et al., 2005).

3. ARCHAEAL RNase P
Increased Complexity in the

Archaeal Holoenzyme
Initial studies of the archaeal RNase P holoenzyme

from Haloferax volcanii (Lawrence et al., 1987) and Sul-
folobus acidocaldarius (Darr et al., 1990; LaGrandeur et al.,
1993) indicated that both enzymes possess RNA, how-
ever their protein composition was quite different, as
determined by their buoyant densities in CsCl. The H.
volcanii enzyme was mostly RNA, a composition sim-
ilar to bacteria, whereas the S. acidocaldarius enzyme
had far greater protein content, closer to the eukaryotic
enzymes. Current information suggests that most ar-
chaeal enzymes have increased protein compositions
when compared to the bacterial enzymes (Andrews
et al., 2001; Hartmann and Hartmann, 2003). Sequence
searches have identified four proteins that are homo-
logues of the yeast and human proteins, however these
do not show any sequence similarity to the bacterial pro-
tein (Hall and Brown, 2002; Hartmann and Hartmann,
2003). A variety of nomenclatures have been adopted
for the archaeal/eukaryal proteins. To aid a direct com-
parison with other sections of this review we have listed

the archaeal nomenclature and also, in parentheses, that
adopted in the Saccharomyces cerevisiae and Homo sapi-
ens systems respectively (Table 1). For example, pro-
teins identified in the genome of Methanothermobacter
thermoautotrophicus are Mth11 (Pop4/Rpp29), Mth687
(Pop5/hPop5), Mth688 (Rpp1/Rpp30) and Mth1618
(Rpr2/Rpp21). These proteins were confirmed as ar-
chaeal RNase P subunits, as they each immuno-
precipitate with RNase P activity (Hall and Brown,
2002).

Similarity and Variation in the
Archaeal RNA Structure

Unlike bacterial RNase P RNAs, the archaeal RNAs
are not generally catalytically active in vitro in the ab-
sence of proteins. However, a small number of archaeal
RNAs have displayed trace amounts of catalytic activ-
ity in vitro, under conditions of extreme ionic strength
(Pannucci et al., 1999). The ability of these RNAs to dis-
play even trace activity indicates that they possess all of
the structures necessary for substrate recognition and
catalysis. The secondary structures of archaeal RNAs
have been shown to conform into at least two classes,
those displaying similarity to the bacterial RNAs, type
A, and others with an apparently less complex structure,
type M (Figure 3) (Haas et al., 1996; Harris et al., 2001).
The archaeal type A RNAs lack the P13/14 stems and the
P18 stem found in the bacterial type A RNAs, and many
show extensions and additional complexity in their P12
stem. The type M archaeal RNAs appear to be more di-
verged from the bacterial RNAs, also lacking the P8
helix from the cruciform region and the extended P15
region, including the CCA recognition loop and the P6
pseudoknot. This structural divergence is also reflected
in the physical properties of these RNA subsets. Those
archaeal RNAs that have displayed trace activity in the
absence of protein are all found to possess an archaeal
type A structure. The catalytic fold of these RNAs seem
to be at least partially stabilized under the extreme ionic
conditions used. It is also noted that some archaeal type
A RNAs are able to utilize the bacterial protein in order
to form a functional chimeric holoenzyme, although
with reduced activity relative to that of the wild type
enzymes (Pannucci et al., 1999). The type M RNAs have
not shown the ability to be RNA-only ribozymes or the
ability to productively utilize the bacterial protein as a
cofactor (Pannucci et al., 1999). These archaeal RNAs
appear to have become more dependent on their own
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TABLE 1 Subunit composition of the archaeal RNase P and the eukaryal nuclear RNase P and RNase MRP

Yeast RNase P/RNase MRP Mammalian RNase P/RNase MRP Archaeal RNase P
(S. cerevisiae)1 (H. sapiens)2 (P. horokoshii)3

Properties Subunit Properties Subunit Properties

Gene Mr (pI) P MRP Gene M#
r (pI) P MRP

Subunit
P Mr (pI)

RNA RNA RNA
RPR1 120 (+) H1 112 (+) PH rnpB∗ 107
NME1 112 (+) 7–2 88 (+)

Protein Protein Protein
POP1 100.5 9.8 (+) (+) hPOP1 115 9.6 (+) (+)
POP3 22.6 9.6 (+) (+) RPP38 38 9.6 (+) (+)
POP4 32.9 9.3 (+) (+) RPP29 29 10.2 (+) (+) PH1771 15.1 11.2
POP5 19.6 7.8 (+) (+) hPOP5 19 7.9 (+) (+) PH1481 14.0 10.0
POP6 18.2 9.3 (+) (+)
POP7 15.8 9.3 (+) (+) RPP20 20 8.6 (+) (+)
POP8 15.5 4.6 (+) (+)
RPP1 32.2 9.8 (+) (+) RPP30 30 9.2 (+) (+) PH1877 24.7 9.6
RPR2 16.3 10.0 (+) RPP21 21 9.6 (+) PH1601 14.6 10.5
SNM1 22.5 9.8 (+)
RMP1 23.6 9.8 (+)

RPP40 40 5.2 (+)
RPP25 25 9.7 (+) (+)
RPP14 14 7.6 (+)

1Data from (Xiao et al., 2002).
2Data from (Jarrous, 2002).
3Data obtained from UniProtKB/Swiss-Prot (http://us.expasy.org/sprot/).
∗The P. horikoshii RNase P RNA gene has not been annotated.
#Molecular weights are based upon gel migrations in many cases the mass differs from that calculated from the sequence.

proteins to achieve a catalytic fold. There is potential
for the proteins to have evolved direct roles in catalysis,
however this seems unlikely given the similarity of the
RNA core structures and the demonstrated catalytic ac-
tivity of some archaeal RNAs.

The Architecture of the Archaeal
RNase P Holoenzyme

Perhaps one of the best characterized archaeal sys-
tems is that of Pyrococcus horikoshii OT3 which has been
shown to have a single RNA (type A) and at least four
proteins: Ph1771 (Pop4/Rpp29), Ph1481 (Pop5/hPop5),
Ph1877 (Rpp1/Rpp30) and Ph1601 (Rpr2/Rpp21). It
has also been suggested that a fifth protein, Ph1496,
might be associated with the P. horikoshii RNase P
(Kifusa et al., 2005). Although Ph1496 has not been
identified in a purified archaeal enzyme, it has clear
sequence homology to the human Rpp38 protein and
predicted structural homology to the yeast Pop3 protein
(Srisawat et al., 2002; Dlakic, 2005). The interactions

among the protein subunits of the P. horikoshii have
been investigated using the yeast two hybrid (Y2H) sys-
tem (Kifusa et al., 2005). Ph1481p (Pop5/hPop5) was
implicated as a key protein showing reciprocal inter-
actions with two other proteins Ph1877 (Rpp1/Rpp30)
and Ph1601 (Rpr2/Rpp21), (Figure 4). These interac-
tions were also confirmed by in vitro pull down exper-
iments. It is noted that Ph1496 was not found to in-
teract with any of the four known RNase P proteins
in this study. A similar study has been performed on
the four protein subunits identified in the M. thermoau-
totrophicus system (Hall and Brown, 2004). In this study,
Mth11 (Pop4/Rpp29) was shown to be a key protein
involved in several protein-protein interactions, show-
ing reciprocal interactions with Mth1618 (Rpr2/Rpp21)
and Mth687 (Pop5/hPop5), (Figure 4). Interactions
common to both Y2H studies are the Pop5/hPop5
homologue interacting with the Rpp1/Rpp30 homo-
logue and also the Pop4/Rpp29 homologue form-
ing a strong interaction with the Rpr2/Rpp21 homo-
logue. The Pop4/Rpp29 homologue is also seen to self

82 S. C. Walker and D. R. Engelke

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FIGURE 3 Comparision of Type A and Type M archaeal RNase P RNAs. The secondary structures of RNase P RNAs derived by phy-
logenetic comparative sequence analysis are shown (Haas et al., 1996). (A). The secondary structure of the Pyrococcus horikoshii OT3
RNase P RNA (Type A). (B). The secondary structure of the Methanococcus jannaschii RNase P RNA (Type M). Structures are represented
in a similar manner to Figure 2. Nucleotides conserved in all known RNase P RNAs are shown in bold background.

associate in both studies. The reasons for the lack of con-
sistency in the other detected interactions (both strong
and weak) are not clear, and could potentially be due
to physical differences between the enzymes or due to
the limitations of the experimental methods.

The reconstitution of an active archaeal holoen-
zyme from its individual RNA and protein compo-
nents has been reported in both the P. horikoshii system
(Kouzuma et al., 2003), and the M. thermoautotrophi-
cus system (Boomershine et al., 2003). The P. horikoshii
enzyme required its RNA component and three pro-
teins, Ph1481 (Pop5/hPop5), Ph1601 (Rpr2/Rpp21),
Ph1771 (Pop4/Rpp29), to facilitate activity in a pre-
tRNA cleavage assay with the further addition of
Ph1877 (Rpp1/Rpp30) found to stimulate greater ac-
tivity (Kouzuma et al., 2003).

Structural Characterization
of the Archaeal Proteins

Structural characterization of the archaeal proteins,
including all four proteins from the P. horikoshii system,
has now been achieved (Boomershine et al., 2003; Sidote
and Hoffman, 2003; Numata et al., 2004; Sidote et al.,
2004; Takagi et al., 2004; Kakuta et al., 2005; Wilson,

et al. 2006; S. Kawano, et al., 2006). In many cases, the
structural characterization of the protein subunits has
been combined with mutational analysis and in vitro
reconstitution, allowing key functional regions of the
proteins to be identified.

The crystal structure of Ph1877 (Rpp1/Rpp30) indi-
cates that the protein has an overall similarity to the
TIM barrel structure adopting an α/β barrel structure
consisting of ten alpha-helices and seven beta-strands
(Takagi et al., 2004) [PDB ID. 1V77]. Surface analysis
of the Ph1877 (Rpp1/Rpp30) crystal structure indicates
five conserved, positively charged, amino acids. The in-
dividual mutation of each of these significantly affects
the activity of a reconstituted holoenzyme (Takagi et al.,
2004).

The crystal structure of Ph1601 (Rpr2/Rpp21) shows
a novel overall protein architecture consisting of two
structured domains linked by an unstructured region
(Kakuta et al., 2005) [PDB ID. 1X0T]. The N-terminal
domain has two long interacting α-helices linked to its
C-terminal domain by an unstructured central domain.
The structured C-terminal domain has homology to
the zinc ribbon domain, and shows a central zinc ion
coordinated by four conserved cysteine residues. Muta-
tional analysis suggests a predominant role for the zinc
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FIGURE 4 Summary of protein-protein interactions detected
in archaeal systems. Data from previously published yeast two-
hybrid studies are summarized. Tables are drawn such that ho-
mologous proteins are represented in similar positions in both
tables, starting from the top left corner. The interactions are in-
dicated as described in the original text. (A). Interactions demon-
strated in protein components of the Pyrococcus horikoshii OT3
RNase P (Kifusa et al., 2005). (B). Interactions demonstrated in pro-
tein components of the Methanothermobacter thermoautotrophi-
cus RNase P (Hall and Brown, 2004).

ion in defining the protein structure, although a po-
tential role in enzyme function cannot be excluded by
this analysis. Other mutations directly affect the activity
of a reconstituted holoenzyme, including the mutation
of conserved positions within the unstructured central
region.

Solution structures of archaeal homologues of
the Pop4/Rpp29 protein from M. thermoautotrophicus
(Boomershine et al., 2003) [PDB ID. 1OQK] and Ar-
chaeoglobus fulgidus (Sidote and Hoffman, 2003) [PDB
ID. 1PC0] were found to be similar. The structures in-
dicate that the proteins are members of the oligomer-
binding (OB) fold family, displaying a structured beta
barrel core but with highly flexible N-terminal and C-
terminal regions. However, subsequent crystal struc-
tures of homologues from P. horikoshii (Numata et al.,
2004) [PDB ID. 1V76] and A. fulgidus (Sidote et al.,
2004) [PDB ID. 1TS9 & 1TSF] showed the terminal
regions as ordered helices. The differences noted be-
tween the solution and crystal structures are particu-
larly interesting, since these regions contain several of
the most highly conserved residues in the protein. As
these residues do not contribute directly to the structure
of the protein, these could be involved in binding in-

teractions within the holoenzyme or to its substrates.
It is noted that the eukaryal Pop4/Rpp29 sequences
show large N-terminal sequence extensions which are
not found in the archaeal homologues of Pop4/Rpp29.
This extended region may serve a unique function in
the eukaryal enzymes.

Crystal structures have been published for two ar-
chaeal homologues of the Pop5/hPop5 protein from
Pyrococcus furiosus (Wilson, et al. 2006) [PDB ID. 2AV5]
and P. horikoshii (S. Karwano et al., 2006) [PDB ID.
2CZW]. The P. horikoshii structure was obtained in com-
plex with the Ph1877 (Rpp1/Rpp30) subunit. Both anal-
yses are consistent and show the archaeal Pop5/hPop5
structure as an α/β sandwich consisting of a central
five-stranded anti-parallel β-sheet surrounded by four
α-helices. The overall structural arrangement is similar
to the RNP domain found in the bacterial RNase P pro-
teins, however the topology of the archaeal Pop5/hPop5
is distinct to that of the bacterial proteins. Despite the
structural similarity, the data are consistent with previ-
ous sequence comparisons that do not suggest the di-
rect evolution of any archaeal/eukaryal protein from a
bacterial ancestor (Hall and Brown, 2002; Hartmann
and Hartmann, 2003). The relevance of this struc-
tural similarity, with respect to the evolution of the
archaeal/eukaryal proteins, is currently not clear.

Both archaeal Pop5/hPop5 structures show that the
subunit is able to dimerize at the α1/α2 junction. In
the case of Ph1481 (Pop5/hPop5) mutational analysis,
combined with gel filtration and reconstitution assays,
indicate that the dimer may represent a physiologically
relevant structure. The Ph1481 (Pop5/hPop5) structure
shows a central homodimer with each subunit forming
an interaction with a single Ph1877 (Rpp1/Rpp30)
subunit (S. Karwano et al., 2006). The site of interac-
tion between the Ph1481 (Pop5/hPop5) and Ph1877
(Rpp1/Rpp30) subunits shown in the crystal structure
appears to be consistent with preliminary NMR
analysis performed the in the P. furiosus system (Wilson
et al., 2006).

The combined structural and mutational analysis of
all four archaeal proteins (including a complete set
from the P. horikoshii system) has identified a num-
ber of conserved regions within the protein structures.
These regions have potential roles in RNA-protein,
protein-protein and perhaps protein-substrate interac-
tions. Since these proteins have eukaryal counterparts,
these studies will be relevant to the study of the eu-
karyal enzymes. Such data will enable the design of
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new experiments and lead to further insights into the
structural and functional roles of the proteins found in
the archaeal and eukaryal systems.

4. EUKARYAL RNase P
Multiple Enzymes Exist in Eukaryotes

In eukaryotes, RNase P appears to have split into
a number of distinct activities, including diverse pre-
tRNA cleavage activities found in eukaryotic organelles,
such as mitochondria and chloroplasts (Schon, 1999;
Xiao et al., 2002). The organellar activities will be dis-
cussed in later sections. Eukaryotes possess both a
nuclear RNase P, and another related essential endori-
bonuclease, RNase MRP, which is found only in eu-
karyotes and cleaves at least three distinct substrates.
The majority of RNase MRP is located in the nu-
cleus where it processes precursor ribosomal RNA (pre-
rRNA) (Schmitt et al., 1993), specifically cleaving the
A3 site and leading to the maturation of the 5′ end of
the 5.8S rRNA (Chu et al., 1994; Henry et al., 1994;
Lygerou et al., 1996). Other characterized functions
are the processing of mitochondrial RNAs (mtRNAs)
(Chang and Clayton, 1987; Lee and Clayton, 1998)
leading to the generation of primers for mitochondrial
DNA (mtDNA) replication (Chang and Clayton, 1987;
Lee and Clayton, 1998). RNase MRP also plays a role
in the degradation of the mRNA of a B-type cyclin,
an activity which appears to be important for cell cy-
cle progression (Cai et al., 2002; Gill et al., 2004). De-
spite possessing several common proteins the enzymes
are distinct and are not generally found to be physi-
cally associated, RNase MRP RNA is not detected in
purified nuclear RNase P from S. cerevisiae or H. sapi-
ens (Lygerou et al., 1996; Chamberlain et al., 1998; Sri-
sawat and Engelke, 2001; Li and Altman, 2002). In
humans, mutations within the promoter region and
mature MRP RNA have been linked to genetically in-
herited developmental disorders which result in short
stature amongst other symptoms; these are cartilage-
hair hypoplasia (CHH) and a more severe manifesta-
tion, Anauxetic dysplasia (Ridanpaa et al., 2001; Thiel
et al., 2005).

Composition of the Nuclear RNase P
and RNase MRP Holoenzymes

The yeast nuclear RNase P has been biochemi-
cally purified, from S. cerevisiae, and shown to con-

tain an RNA (RPR1) and nine protein subunits: Pop1,
Pop3, Pop4, Pop5, Pop6, Pop7, Pop8, Rpr2 and Rpp1
(Chamberlain et al., 1998) (Table 1). Depletion of the
yeast RNase P RNA and protein subunits in vivo has
shown that all ten subunits are essential for function and
cell viability (Lee et al., 1991; Lygerou et al., 1994; Chu
et al., 1997; Dichtl and Tollervey, 1997; Stolc and Alt-
man, 1997; Chamberlain et al., 1998). In yeast, RNase
MRP has been biochemically purified and shown to
possess an RNA (NME1) and ten proteins, eight of
which are also components of the yeast nuclear RNase
P; Pop1, Pop3-8 and Rpp1 (Table 1). RNase MRP lacks
the Rpr2 subunit of RNase P .(Lygerou et al., 1994;
Dichtl and Tollervey, 1997; Stolc and Altman, 1997;
Chamberlain et al., 1998; Salinas et al., 2005), but con-
tains two proteins that are unique to RNase MRP,
Snm1 and Rmp1 (Table 1), (Schmitt and Clayton, 1994;
Salinas et al., 2005). The differences in substrate speci-
ficities between RNase P and RNase MRP could, in part,
be directed by these unique proteins, changes between
the RNA structures, or a combination of both. How-
ever, the Rpr2 protein subunit of RNase P does not
appear to be involved in pre-tRNA substrate recogni-
tion in vitro. A precursor form of RNase P lacking Rpr2
displays steady state kinetics for cleavage of pre-tRNAs
that are indistinguishable from the mature holoenzyme
(Srisawat et al., 2002).

The human nuclear RNase P has also been biochem-
ically purified by various methods and shown to com-
prise a single RNA subunit (H1) (Bartkiewicz et al., 1989)
and at least ten proteins Rpp14, 20, 21, 25, 29, 30, 38,
40, hPop5 and hPop1 (Table 1), (Eder et al., 1997; Jarrous
and Altman, 2001). Seven of these proteins are homo-
logues of the yeast proteins and many were initially
identified due to sequence homology (Lygerou et al.,
1996; Jarrous et al., 1999; van Eenennaam et al., 1999;
van Eenennaam et al., 2001). The human RNase MRP
RNA possesses a unique RNA (7 − 2) (Hashimoto and
Steitz, 1983), which either binds or co-precipitates with
at least seven of the ten proteins identified in the human
RNase P, suggesting that they are also components of
the human RNase MRP; Rpp20, 25, 29, 30, 38, hPop5
and hPop1 (Table 1), (Stolc and Altman, 1997; Pluk et al.,
1999; van Eenennaam et al., 1999; van Eenennaam et al.,
2001; Welting et al., 2004).

The composition and general physical characteristics
of the protein and RNA subunits of the yeast and hu-
man RNase P holoenzymes are summarized and com-
pared to the archaeal RNase P enzyme in Table 1. The
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proteins show large variations in size in both the yeast
(15.5 kDa to 100.5 kDa) and human (14 kDa to 115
kDa) holoenzymes. The majority of the proteins are
quite basic (pI >9) and both the yeast and human en-
zymes possess a single acidic protein, Pop8 (pI 4.6) and
Rpp40 (pI 5.2) respectively. The unique acidic nature
of these proteins may indicate that they serve simi-
lar functions in the holoenzyme, however current se-
quence comparisons do not predict that these proteins
are homologues. A lack of clear sequence homology
does not entirely rule out the potential for structural
or functional similarity. All of the archaeal RNase P
proteins are homologous to eukaryal RNase P proteins,
however the unique Rpr2 protein is notably absent in
RNase MRP. The recent structural characterization of
the archaeal Rpr2/Rpp21 homologue has demonstrated
a zinc binding domain in the structure (Kakuta et al.,
2005). A similar zinc binding domain has been pre-
dicted in the unique Snm1 subunit of the yeast RNase
MRP (Schmitt and Clayton, 1994), and it has been
suggested that the Rpr2 and Snm1 subunits might be
paralogues (Hartmann and Hartmann, 2003). The re-
lationships between Rpp14, Rpp25 and Rpp40 with
the yeast proteins are not clear and they show little
or no homology to any known proteins. The yeast
Pop7, the human Rpp20 and Rpp25 have predicted se-
quence similarity to the Alba superfamily of proteins,
related to an RNA binding family of proteins (Aravind
et al., 2003). There is also weak sequence homology be-
tween the human Rpp14 and hPop5, which has led
to the suggestion that Rpp14 may be a paralogue of
hPop5 (Koonin et al., 2001; Hartmann and Hartmann,
2003).

The Structure of the RNA
Components of Nuclear RNase P

and RNase MRP
Unlike the bacterial RNase P RNAs and a few of

the archaeal RNase P RNAs, the eukaryotic RNase P
RNAs are not able to cleave pre-tRNAs in the absence
of their proteins. The loss of ribozyme activity and
the increase in protein content of the eukaryotic en-
zymes appears to accompany an apparent reduction
in the complexity of the eukaryotic RNA structure.
Examples of the yeast (S. cerevisiae) and mammalian
(H. sapiens) RNase P RNAs are shown in Figure 5. Phy-
logentic studies of the RNase P RNA in eukaryotes

has revealed a conserved core, a simplified version of
the bacterial and archaeal RNAs which includes helices
P1, P2, P3, P4, P7, P8, P9, P10/11 and P12 (Altman
et al., 1993; Chen and Pace, 1997; Pitulle et al., 1998;
Frank et al., 2000; Marquez et al., 2005; Piccinelli et al.,
2005). Each of the conserved regions are present in
similar positions to the bacterial and archaeal RNAs;
CR-I and CR-V comprise stem P4; CR-II and CR-III
are within the loop region (21-24 nt) between stems
P10/11 and P12; CR-IV is found adjacent to the P2
stem. Despite the conservation of the four-way junction
(P7-P10/11), the highly conserved bulged nucleotides
found in this region of the bacterial consensus struc-
ture (Figure 2), are notably absent in eukaryal RNAs.
These nucleotides have characterized roles in substrate
binding and are also absent in type M archaeal RNAs
(Figure 3).

A subset of eukaryal structures (eP8,eP9,eP15,eP19)
are found in similar positions to those in bacteria,
but have been designated “eukaryal” as these may not
perform directly analogous functions to their bacterial
counterparts (Chen and Pace, 1997; Frank et al., 2000;
Marquez et al., 2005). This would seem to be particu-
larly true for the eP15 and eP19 stems which, unlike
the eP8 and eP9 stems, are not found in all eukaryal
RNAs (compare RNase P RNAs from H. sapiens and S.
cerevisiae, Figure 5). When present, the eP15 stems also
lack the key features of the P15 region from the bacte-
rial/archaeal type A RNAs (CCA binding loop, ability
to form a P6 structure) and are thus more similar to
the P15 stem found in the archaeal type M structures
(Figure 3).

Currently available sequence data, which spans many
eukaryotic phyla, show that an eP19 stem is present in
most eukaryotes, although not all, and that an eP15
stem appears to be present in most fungal lineages but
absent from many other eukaryotes. There is one par-
ticular region where the eukaryal RNA appears to have
evolved additional complexity that is not found in the
bacterial RNAs. In most eukaryotes, the P3 stem has a
large internal loop and there is limited sequence conser-
vation within one of the loop strands. The eukaryotic P3
stem is required for the correct assembly and function
of the holoenzyme (Lindahl et al., 2000; Ziehler et al.,
2001; Li and Altman, 2002) and appears to bind the
largest protein subunit Pop1 (Ziehler et al., 2001). The
P3 domain in the eukaryotic RNAs is thus distinct from
the bacterial P3 stem, which can be both truncated and
replaced with only modest effects on ribozyme cleavage
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FIGURE 5 Comparison of eukaryotic nuclear RNase P RNAs and RNase MRP RNAs. Structures are represented in a similar manner
to Figure 2. RNase P RNAs (A) and (B) and RNase MRP RNAs (C) and (D) are shown for Saccharomyces cerevisiae and Homo sapiens
respectively. RNase MRP structures are based on previous structural data and are updated according to (Piccinelli et al., 2005). Nucleotides
conserved in all known RNase P RNAs or RNase MRP RNAs are shown in bold background. Line boundaries do not precisely define
domains, but draw attention to regions of similarity. In both RNase P and RNase MRP RNAs domain 1 shows similarity to the bacterial
“catalytic domain” (C-domain). In the MRP RNAs the conserved region (CR-IV) has the general consensus (5′-ANAGNNA-3′) and the P8
loop has the general consensus (5’-GARAR-3’) [R = purine], these highly conserved nucleotides are circled. Mutations and insertions
within the mature RNase MRP RNA that are known to be involved in the human diseases cartilage-hair hypoplasia (CHH) and anauxetic
dysplasia (Ridanpaa et al., 2002; Thiel et al., 2005), are indicated with boxes in (D).
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(Tanaka et al., 2004). The eP15 stem structure and also
the sequence of the loop region of P3 appear to be co-
evolved between examples of RNase P and RNase MRP
RNAs within species.

The conservation of the bacterial catalytic core sug-
gests that the eukaryotic RNA is directly involved in
catalysis, in a similar way to the bacterial ribozyme.
Comparison of the cleavage activity of the bacterial
and eukaryal enzymes using pre-tRNAs with phospho-
thiorate substitutions at their cleavage sites, shows sim-
ilar inhibitory effects upon the cleavage activity of
both enzymes, suggesting a similar catalytic mechanism
(Pfeiffer et al., 2000; Thomas et al., 2000). The increase in
the protein composition of the eukaryal enzymes most
likely serves at least one purpose, to compensate for the
loss of RNA structures in the eukaryal RNA that other-
wise stabilize the tertiary structure of bacterial RNase P
RNAs.

RNase MRP RNA Structure
The bacterial, archaeal and eukaryal RNase P RNAs

possess many common structural features, and several
of these are also present in the RNase MRP RNA
(Forster and Altman, 1990; Schmitt et al., 1993; Paluh
and Clayton, 1995). The secondary structures of the
H. sapiens MRP RNA (7-2) and the S. cerevsiae MRP
RNA (NME1) are shown in Figure 5. The structural
homology is found within the proposed catalytic re-
gion of these RNAs (domain 1) and includes stems P1,
P2, P3, P4 and eP19 (also eP15 in some yeasts). The
MRP RNAs also display similar conserved sequence el-
ements, which have been numbered according to their
equivalent regions in the RNase P RNA; CR-I, CR-V
and a more weakly conserved CR-IV. Conservation of
these regions, which form the catalytic core of the bac-
terial RNase P, in eukaryal RNase P and RNase MRP
RNAs strongly suggests that the RNA remains the cat-
alytic moiety of these enzymes. Due to the similarity
of this region (domain 1) to the catalytic domain of
RNase P, it has been comparatively easy to define the
region in MRP RNAs. In contrast, the remaining re-
gion of the MRP RNA (domain 2) has been more dif-
ficult to define structurally, as the region appears to
differ between the few MRP sequences that were origi-
nally available, mainly yeasts (Ascomycetes) and verte-
brates (Schmitt et al., 1993; Li et al., 2002). Structures
from both analyses have been supported by chemical
and enzymatic probing of the yeast MRP RNA from

S. cerevisiae (Li et al., 2002; Walker and Avis, 2004) and
the vertebrate MRP RNAs from Mus musculus (Topper
and Clayton, 1990), and H. sapiens (Walker and Avis,
2005).

A more extensive phylogenetic analysis has estab-
lished a larger number of MRP RNA sequences from a
broad range of eukaryotes. This analysis has identified
a highly conserved sequence which has allowed the do-
main 2 structure to be more clearly defined in RNase
MRP RNAs (Piccinelli et al., 2005). The sequence is
conserved at the end of a stem structure (P8) in most
MRP RNAs and forms a pentaloop (5′-GARAR-3′) and
occasionally shows a single 3′ deletion to a tetraloop (5′-
GARA-3′) (Piccinelli et al., 2005). The conserved loop
is found in most MRP RNAs but has not been de-
tected in some yeast lineages (Basidomycota) (Piccinelli
et al., 2005). The stem structure had previously been
detected in vertebrate MRP RNAs (Figure 5, H. sapi-
ens MRP RNA, stem P8) (Schmitt et al., 1993), but
had not been well supported in yeasts due to both a
lack of covariance within the previously available se-
quences and the region not being well defined in struc-
ture probing experiments (Li et al., 2002; Walker and
Avis, 2004). The identification of this conserved ele-
ment represents the first, clearly demonstrated, MRP
specific region and increases the homology between
the known RNase MRP structures, redefining domain
2.

The arrangement of domain 2 does not appear to
be fixed, however the most typical arrangement is the
three stems; P8, P9 and P12 as shown in the H. sapiens
MRP RNA (Figure 5). The P8 stem in H. sapiens has a
clear equivalent in the S. cerevisiae structure although
it is not clear how the other stems (ymP5, ymP6 and
ymP7) relate, if at all, to the P9 and P12 stems (compare
S. cerevisiae with H. sapiens, Figure 5). In addition the
P12 stem is notably absent in Encephalitozoon cuniculi
(Piccinelli et al., 2005). The differences in the general
arrangement of domain 2 have been previously noted
and may indicate an adaptation towards a wider range of
substrates, perhaps with specialization within phyloge-
netic branches (Li et al., 2002; Walker and Avis, 2005).
In this respect it is interesting to note that in many
vertebrate species the P7 stem bears a K-turn (Klein
et al., 2001), a structure that frequently interacts with
proteins including the L7Ae protein (Rozhdestvensky
et al., 2003; Hamma and Ferre-D’Amare, 2004), a pre-
dicted sequence and structural homologue of the Pop3/
Rpp38 protein.
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The conserved P8 stem-loop is clearly an impor-
tant conserved structural feature of the MRP RNAs.
The yeast P8 stem bears the pentaloop sequence (5′-
GAAAA-3′) and this pentaloop sequence has been pre-
viously structurally characterized within the context
of the coliphage HK022 protein-lambda-phage boxB
RNA complex (Faber et al., 2001) [PDB ID. 1HJI].
The loop forms a variant of the GNRA tetraloop struc-
ture in which the fourth base is bulged out into so-
lution and does not participate in contacts with the
RNA or, in this particular complex, the protein. It is
noted that despite clear phylogenetic data, the short P8
stem has not been well defined in probing studies from
three MRP RNAs; two vertebrates and one yeast (Top-
per and Clayton, 1990; Walker and Avis, 2004; Walker
and Avis, 2005). In yeasts the conserved sequence, but
not the stem structure, has been previously character-
ized in isolated (in vitro transcribed) yeast MRP RNA
and found to participate in a long range interaction
(P7-like), similar to the P7 stem of the yeast RNase
P RNA (Walker and Avis, 2004). Mutational analysis
indicated that the interactions of the sequence were
complex but did not appear to support a function
for the P7-like stem in vivo, favouring the P8 stem in
the context of the holoenzyme. In yeasts, the region
perhaps requires the interaction with a protein in or-
der to form a stable P8 structure. It is noted that the
the potential for a P7-like structure is only found in
some yeast species. Although this highly conserved se-
quence motif will require further study, it represents the
first clearly demonstrated MRP-specific region and in-
creases the homology between RNase MRP RNA struc-
tures.

Other regions of the RNA have been analyzed in
the yeast system, including truncations of several stems
(Shadel et al., 2000; Li et al., 2004). The results show that
the ymP5, ymP6, ymP7 and eP19 stems can each be sub-
stantially truncated without significantly affecting the
enzyme, the additional truncation of eP15 resulted in
temperature sensitivity (Li et al., 2004). Truncation of the
stem regions has enabled a minimal RNase MRP RNA
(mini 2) to be designed in the yeast system that appears
fully functional in vivo (Li et al., 2004). The P8 stem had
not been identified and was not included in this study.
Additionally, the ymP5 stem shows some sequence
conservation in yeasts and a region of conserved bulged
nucleotides is sensitive to mutation suggesting a possi-
ble functional role in the yeast RNase MRP (Li et al.,
2004).

The Co-Evolution of Nuclear RNase P
and RNase MRP RNAs

Several themes between the structures of the RNase
P and RNase MRP RNAs are emerging, particularly that
both RNAs retain the predicted catalytic domain, and
regions that bind protein appear to be conserved. This
is most convincingly demonstrated by the sequence of
the P3a/P3b loop region of the P3 stem, which is more
conserved between RNase P and MRP RNAs within
species than across species (Lindahl et al., 2000; Pic-
cinelli et al., 2005). The P3 structure of RPR1 RNA has
been shown to bind the large, common protein subunit,
Pop1 (Ziehler et al., 2001). It has also been demonstrated
that the P3 stem can be swapped between RNase P and
MRP in S. cerevisiae with no detectable effect, whilst the
MRP-P3 stem from other species could not replace the
S. cerevisiae MRP-P3 stem (Lindahl et al., 2000). Another
structure that also appears to have co-evolved within
some yeasts is the eP15 stem of RNase P. This stem
appears to be present in the RNase P RNA of most
fungal lineages and absent from many other eukary-
otes; also mirrored by the MRP RNAs from the same
species (compare yeast and human RNAs, Figure 5),
(Frank et al., 2000; Piccinelli et al., 2005). Unlike the P3
stem, there is no sequence conservation within the eP15
stem and mutational analysis does not support a signifi-
cant role in the function of RNase MRP (Li et al., 2004).

The Role of RNase MRP RNA
in Human Disease

To date, RNase P has not been linked to any human
disease, however data implicating the related RNase
MRP in human disease has been established. A num-
ber of mutations within both the promoter and ma-
ture regions of the human RNase MRP RNA (RMRP)
gene have been linked to the developmental disorders
cartilage-hair hypoplasia (CHH) and anauxetic dyspla-
sia (Ridanpaa et al., 2002; Thiel et al., 2005). A num-
ber of the observed mutations within the mature RNA
fall within regions of the RNA that are likely of struc-
tural importance when compared to the recent crystal
structures of the bacterial RNAs (Figure 5), (Kazant-
sev et al., 2005; Torres-Larios et al., 2005). Mutations
that occur in the junction regions between P1 and P2
(+14G → A), and between P4 and P1 (+254C → G)
are related to anauxetic dysplasia (Thiel et al., 2005), and
are likely to affect the region surrounding the proposed
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catalytic core. Similarly, another mutation (+70A →
G) is dominant in patients with cartilage-hair hypopla-
sia (CHH) and occurs at an absolutely conserved po-
sition within CR-I (Ridanpaa et al., 2001). A mutation
occurring within the P8 stem (+90 91AG → GC) is
particularly interesting as this falls within domain 2
and directly links this, MRP RNA specific, structure to
anauxetic dysplasia (Thiel et al., 2005). A large insertion
mutation, which would disrupt the formation of stem
P12, is also evident in some patients with anauxetic dys-
plasia. Recent studies show that these mutations impare
the function of RNase MRP in human cells differently,
affecting both 5.8S rRNA processing and the process-
ing of cyclin B2 mRNA to varying degrees (Thiel et al.,
2005). The manesfestation of cartilage-hair hypoplasia
(CHH) and anauxetic dysplasia may be linked to the
observed differences in the ability of RNase MRP to
function in these processes, or perhaps a previously un-
characterized role for RNase MRP.

Architecture of Nuclear RNase P
and RNase MRP

Detailed Analysis of the Yeast RNase
P RNA In Vivo

More specific information regarding the structure
and functions of eukaryal RNase P RNA have emerged
from the genetic manipulation of the subunits in yeast.
The secondary structure of the mature RPR1 RNA from
S. cerevisiae has been experimentally verified by struc-
ture sensitive RNA footprinting (Tranguch et al., 1994).
Footprinting of the yeast holoenzyme, before and after
proteinase treatment, has demonstrated that the pro-
teins provide extensive protection of the RPR1 RNA,
including CR-I to CR-V, the P3 internal loop, the eP15
stem and the entire stem and loop structures of eP8
and eP9. The regions of the RNA which are inaccessi-
ble in the presence of protein may be directly involved
in RNA-protein interactions and most certainly form
the inner core of the enzyme structure. Other regions
of the RPR1 RNA were shown to be more peripheral
to the function of the enzyme; the ends of helices P3,
eP8′ and P12 protrude into solution. The successful in-
sertion of RNA affinity ligands (“aptamers”) into these
regions in the RPR1 RNA is also consistent with the
observation that these regions are solvent exposed in
the holoenzyme (Srisawat and Engelke, 2001; Srisawat
et al., 2002).

Genetic manipulation of the subunits in yeast has al-
lowed the study of their specific roles in vivo. In partic-
ular, the RNA subunit (RPR1) has been investigated in
some detail, including the randomization of conserved
regions (CR-I, CR-II, CR-IV and CR-V), (Pagan-Ramos
et al., 1996; Pagan-Ramos et al., 1996). A number of mu-
tants in these regions affect cell growth and RPR1 matu-
ration and many isolated mutants show reductions (up
to 10-fold) in the catalytic efficiency (kcat/Km) of the
holoenzyme, in a pre-tRNA cleavage assay in vitro. In
the majority of cases, mutations within the CR-I, CR-
IV and CR-V regions of the S. cerevisiae RNase P were
shown to have a greater influence on catalysis (kcat) than
substrate recognition (Km).

In yeast RNase P RNAs there is another conserved
region directly adjacent to the P4 stem that is not found
in bacterial RNAs; the sequence (5′-GAAC-3′) is found
between P4 and P7 (jP4/7). The mutation of these nu-
cleotides affects growth, holoenzyme assembly and lo-
calization with severe defects in pre-tRNA processing in
vivo and a ten fold reduction in the catalytic efficiency
(kcat/Km) in vitro (Xiao et al., 2005). The conserved eu-
karyal (jP4/7) nucleotides are in close proximity to the
P4 stem and may serve a function that is not seen in the
bacterial RNAs participating in RNA structure, binding
to one of the numerous proteins found in the eukaryal
system or perhaps the substrate.

The CR-II and CR-III sequences form part of the
J11/12 - J12/11 module, flanked by the P10/11 and P12
stems. Footprinting of this region of the RPR1 RNA
has shown that its accessibility to chemical and nucle-
ase probes appears to be dependent upon magnesium
(Ziehler et al., 1998). The conserved nucleotides within
the CR-II region have been randomized and screened
in vivo. Many of the isolated mutants also showed a de-
pendence on magnesium for growth and an increased
catalytic activity of the isolated mutant enzymes (Pagan-
Ramos et al., 1996). In solution, the bacterial (M1) RNA
undergoes lead-ion hydrolysis and Mg2+ cleavage at
high pH, at CR-II and CR-III positions, indicative of a
metal binding site (Kazakov and Altman, 1991). Metal
ions are seen to play clear roles in stabilizing the ter-
tiary interactions of the bacterial S-domain, however
these tertiary interactions would not be available in the
isolated eukaryal P10/11–P12 region of the S. cerevisiae
RNA. It is not clear whether the apparent dependence
upon magnesium for the folding of the P10/11 – P12
region in the S. cerevisiae RNA is due to a specific metal
ion binding site or due to structural sensitivity of the
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isolated RNA domain and a general stabilization by di-
valent cations.

Other studies upon the RNA have targeted areas
whose sequence conservation appears to be specific
amongst some eukaryotes, specifically the internal loop
of stem P3 and the loops of stems eP8 and eP9 (Ziehler
et al., 2001; Xiao et al., 2005). In the yeast RNase P there
is a high degree of sequence conservation in the loop
regions of the eP8 and eP9 structures; the eP8 loop con-
tains an NUGA sequence element and the eP9 loop
contains a GNAA tetraloop sequence. Mutation of the
conserved nucleotides in yeast affects growth, pre-tRNA
processing (in vivo) and holoenzyme assembly; the eP9
mutations are more severe and also affect enzyme local-
ization. Kinetic studies of the purified mutant enzymes
show a four fold reduction in the catalytic efficiency
(kcat/Km) of the eP9 mutant and an unexpected three
fold increase in catalytic efficiency of the eP8 mutant.
The increase in catalytic efficiency of the eP8 mutant ap-
pears to be due to a loss of specific substrate selectivity.
The eP8 mutant enzyme is more efficiently inhibited by
total yeast RNA that the wild type enzyme, this also ex-
plains the observed defects in vivo. The results indicate
the conserved nucleotides, within loops eP8 and eP9,
play key roles in the maturation and function of the
holoenzyme. Sequence conservation suggests that the
loops may be involved in RNA-RNA or RNA-protein
interactions and it is important to note that the entire
eP8 and eP9 stem and loop structures are protected from
nuclease attack in the S. cerevisiae holoenzyme. The re-
lationship between these structures and the conserved
P8 stem from RNase MRP is not currently clear.

RNA-Protein Interactions
Randomization of key nucleotides within the

P3a/P3b loop of the RPR1 RNA has resulted in the
isolation of several temperature sensitive mutants that
accumulate pre-RPR1 at the non-permissive tempera-
ture; indicative of an assembly defect (Ziehler et al.,
2001). Further characterization in yeast has shown that
both the full length RPR1 RNA and the isolated P3 do-
main will specifically bind the Pop1 protein in a yeast
three-hybrid assay. The previously identified mutations
within the P3 region eliminated the interaction with the
P3 RNA domain (Ziehler et al., 2001). The yeast Pop1
protein binds to the P3 stem through conserved nu-
cleotides within the P3 helix-bulge-helix domain. The
binding of the Pop4 protein to the RPR1 RNA has also

been demonstrated in the yeast three-hybrid analysis, al-
though the site of binding was not investigated (Houser-
Scott et al., 2002). The demonstrated functional equiva-
lence of the P3 stem between RNase P and RNase MRP
within S. cerevisiae (Lindahl et al., 2000), also indicates
that Pop1 will most likely bind the NME1 RNA at the
P3 stem.

Studies of the RNA-protein interactions within the
human enzyme have also been carried out. Yeast three-
hybrid and UV crosslinking analysis has demonstrated
the binding of Rpp21, Rpp29, Rpp30 and Rpp38 to the
H1 RNA (Jiang et al., 2001). Rpp21 was also shown to
bind the isolated P3 domain by UV crosslinking (Jiang
et al., 2001). The deletion of the P3 region from the
human RNase P RNA has been shown to result in the
mislocalization of the RNA when micro-injected into
human cells (Jacobson et al., 1997). In addition, the
purification of a human RNase P with a deleted P3 stem
does not result in the recovery of an active enzyme (Li
and Altman, 2002). These results are consistent with the
P3 domain also being required for correct assembly of
the yeast holoenzyme.

RNA-protein interactions in the human RNase MRP
system have also been investigated by UV crosslink-
ing and affinity pull downs in vitro, showing interac-
tions between the 7-2 RNA and hPop1, Rpp20, Rpp25,
Rpp29, Rpp38 (Pluk et al., 1999; Welting et al., 2004).
The Rpp38 protein appears to bind the 7-2 RNA within
the P12 region of the RNA, which bears a K-turn mo-
tif. The result is consistent with the prediction that
Rpp38 is a homologue of the archaeal L7Ae protein
which is known to bind to the K-turn motif of archaeal
snoRNAs (Rozhdestvensky et al., 2003; Hamma and
Ferre-D’Amare, 2004).

The human Rpp29 and yeast Pop4 proteins have each
been implicated as key core proteins in the yeast and
human holoenzymes and are shown to bind their re-
spective RNase P RNAs, the human Rpp29 also shown
to bind the RNase MRP RNA (Jiang et al., 2001; Houser-
Scott et al., 2002; Welting et al., 2004).

Protein-Protein Interactions
In addition to RNA-protein interactions, protein-

protein interactions have also been investigated in both
the yeast and human systems. The binary interactions
between the protein subunits have been investigated us-
ing the Y2H system, (Jiang and Altman, 2001; Houser-
Scott et al., 2002) the human system has also been
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FIGURE 6 Summary of protein-protein interactions detected in eukaryotic systems. Data from previously published yeast two-hybrid
(Y2H) and glutathione-S-transferase (GST) pull down studies are summarized. Tables are drawn such that homologous proteins are
represented in similar positions in both tables, starting from the top left corner, and are arranged to allow a direct comparison with Figure
4. Proteins that have no identified homologue between yeast and humans are indicated with an asterisk. (A). Interactions demonstrated
in the yeast system (Saccharomyces cerevisiae). Y2H interactions are shown as described in the original text (Houser-Scott et al., 2002).
(B). Interactions demonstrated in the vertebrate system (Homo sapiens) interactions are shown as described in the original text (Jiang
and Altman, 2001; Welting et al., 2004).

further probed using a glutathione S-transferase (GST)
based in vitro affinity pull down assay (Welting et al.,
2004). In an effort to clarify consistent interactions and
aid in comparison, the data from these studies have
been transferred into two tables representing the S. cere-
visiae and H. sapiens systems (Figure 6). In the human
system the GST pull down study did not include GST-
Rpp30 and GST-Rpp40, whereas the Y2H study lacked
the hPop5 and Rpp25 subunits. The GST pull down
data for the human system are largely supported by the
Y2H data, and few of the observed interactions are not
also seen in the Y2H data (Welting et al., 2004). How-
ever, there are numerous weak interactions observed in
the Y2H study that were not detected in the GST pull
down experiments and these could potentially be arti-
factual signals (Jiang and Altman, 2001).

There are seven homologous proteins between the
yeast and human systems and four of these are also
present in the archaeal systems. Comparison of the
seven eukaryal proteins across the yeast and human sys-
tems shows that there are a large number of observed
interactions however only a fraction of these are con-
sistent between the two studies (Figure 6). The lack of
an overall consistency could be due to a number of
reasons, one of which is that the data may reflect real

differences between these systems. However, given the
high degree of non-specific RNA binding observed in
the isolated protein subunits (F. Houser-Scott, C.E. Mil-
likin & D.R.Engelke, unpublished observations), and
the possibility of misfolded fusion proteins, there is a
strong potential for false positives and false negatives in
both the GST and Y2H methods. Thus, the interactions
observed in multiple systems and verified by multiple
experimental methods should be given the most weight
in considering the protein-protein interactions within
the eukaryal enzymes.

Assuming that the four archaeal proteins have con-
served functions and will form the core of the eukaryal
enzyme, it is possible to draw themes from the avail-
able data. Comparison of the eukaryotic data with that
from the four archaeal core proteins shows that the
Pop4/Rpp29 interaction with Rpr2/Rpp30 is the only
interaction detected in every system tested. In addi-
tion, the yeast system shows Pop5 (hPop5) interacting
with Rpp1 (Rpp30). Although this interaction is not
detected in the human system, the hPop5 and Rpp30
proteins are not well represented in the human GST
and Y2H studies, due to technical difficulties in prepar-
ing the fusion proteins. Furthermore, the interaction
between the archaeal Pop5/hPop5 and Rpp1/Rpp30
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homologues has now been well established via crystal-
lography and NMR (S. Karwano et al., 2006; Wilson,
et al. 2006). Both eukaryal studies provide convincing
evidence for an interaction between Pop4/Rpp29 and
Rpp1/Rpp30. Although this is interaction is not sup-
ported by the archaeal data, the N-terminal sequence
of eukaryal Pop4/Rpp29 is longer than the correspond-
ing region in arcaheal homologues which might account
for this additional interaction. The large, eukaryote spe-
cific, subunit Pop1/hPop1 is observed to form a strong
and reciprocal interaction with the Pop4/Rpp29 sub-
unit, an interaction observed in both the yeast and hu-
man systems. Given that Pop1/hPop1 and Pop4/Rpp29
are clearly demonstrated to interact with each other and
that both have been shown to interact with the RPR1
RNA, the largest eukaryal protein Pop1/hPop1 would
appear to be a core eukaryal protein in both the yeast
and human systems.

Previously, working models of the protein-protein
interactions and protein-RNA interactions have been
drawn from the individual data (Jiang and Altman,
2001; Houser-Scott et al., 2002; Welting et al., 2004).
However, inconsistencies between the data, the ability
of many protein subunits to self associate and the sheer
complexity of these ribonucleoprotein systems mean
that a comprehensive knowledge of the architecture of
these holoenzymes will require further studies. It is also
noted that only binary interactions have been tested,
clearly these systems are highly complex and combi-
nations of subunits may be intimately linked with the
specific recognition of RNA or protein. A preliminary
stoichiometric analysis of RNase MRP from S. cerevisiae
suggests that the subunit composition of the eukary-
otic enzymes might be quite complex (Salinas et al.,
2005). Furthermore, the demonstrated potential for the
archaeal Pop5/hPop5 to exist as a dimer also suggests
complexity in the stoichiometry of the archaeal and eu-
karyal holoenzymes. As our knowledge of the archaeal
system progresses it is likely that more sophisticated
models regarding the architecture of the eukaryal en-
zymes will be required. The available Y2H and GST
data from the archaeal and eukaryal systems will provide
a solid framework upon which to base future studies.

The Reconstitution of Activity
from Human RNase P Components
Although the protein content of the eukaryal holoen-

zyme is considerably more complex than that of the

bacterial and archaeal enzymes, it does not appear that
all of this is required to achieve pre-tRNA cleavage.
Trace activity of the human RNase P has been success-
fully reconstituted in vitro from the H1 RNA and two of
the ten tightly associated proteins identified in the hu-
man holoenzyme (Mann et al., 2003). These proteins,
Rpp29 (Pop4) and Rpp21 (Rpr2), are homologues of
conserved archaeal proteins, indicating conserved func-
tions for these subunits. Interestingly, a third protein is
required to reconstitute trace activity in the archaeal
P. horikoshii enzyme; a homologue of Rpp30 (Rpp1)
(Kouzuma et al., 2003). The reconstituted human RNase
P (mini-RNase P) is able to accurately process trace
amounts of pre-tRNA substrates in vitro, and is depen-
dent upon magnesium for activity. In the human mini-
RNase P, the Rpp21 and Rpp29 proteins are probably
involved in further stabilizing the RNA into a catalyt-
ically proficient conformation. They may also partici-
pate in substrate binding. Whether the binding of the
proteins to the RNA is serving as a chaperone-like facil-
itation of RNA folding, or contributing directly to sub-
strate acquisition and cleavage is not clear at this time.

Nuclear RNase P–Assembly
of the Holoenzyme In Vivo

The maturation and assembly of nuclear RNase P
has been best characterized in the yeast system, and
provides insights into the assembly of a minimal ac-
tive holoenzyme. It should be noted, however, that al-
though both the yeast and vertebrate RNase P RNAs
are transcribed by RNA polymerase III, the precursor
RNA found in S. cerevisiae has not been detected in the
H. sapiens system and the described maturation pathway
may be specific to Saccharomycetes.

In S. cerevisiae, the RPR1 RNA is transcribed by RNA
polymerase III as a 486-nt primary transcript (pre-RPR1
RNA), and undergoes a single 5′ cleavage event and
multiple 3′ cleavages to yield the mature 369-nt RPR1
RNA (Lee et al., 1991; Lee et al., 1991). Both the precur-
sor and mature RPR1 RNAs are detectible under nor-
mal growth conditions, with the mature species being
roughly tenfold more abundant. Prior to processing, the
precursor RNA is assembled into a ribonucleoprotein
complex. The pre-RNase P complex has been specifi-
cally purified through the insertion of an RNA affinity
tag into the 5′ leader sequence of the pre-RPR1 RNA
(Srisawat et al., 2002). The composition of the affinity
purified pre-RNase P complex was found to be largely
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similar to the mature holoenzyme, lacking only the
Pop3 and Rpr2 subunits. The purified precursor com-
plex was shown to be functional in the processing of
pre-tRNAs in vitro.

The absence of the Rpr2 subunit in the pre-RNase
P is intriguing, as its homologues are required for the
reconstitution of the archaeal and human enzymatic ac-
tivities. The Rpr2 subunit is also unique to RNase P and
not present in RNase MRP. The different substrate se-
lectivity of RNase P and RNase MRP must be conferred
by differences in the protein composition, RNA struc-
ture or a combination of these. The absence of Pop3
and Rpr2 in the pre-RNase P holoenzyme suggests a role
that is late in holoenzyme assembly. This would be con-
sistent with the observation that Pop3 depletion does
not affect the ratio of precursor to mature RPR1 RNA
(Dichtl and Tollervey, 1997). Significant changes in the
ratio of pre-RPR1 to RPR1 are usually attributed to in-
complete or defective holoenzyme assembly, resulting
in the failure of the pre-RPR1 RNA to be cleaved or a
loss of RNA stability. Notably, depletion of any protein
subunit associated with the pre-RPR1 complex has this
phenotype. Although little is known about the mecha-
nism of RPR1 maturation the pre-RPR1 RNA (but not
the mature RPR1 RNA) seems to be associated with a
complex of Sm-like proteins (Lsm 2-8), probably due to
interaction with the U-rich 3′ tail and similar to the case
for U6 snRNA (Salgado-Garrido et al., 1999; Pannone
et al., 2001; Kufel et al., 2002). Archaeal homologues of
the Sm proteins have also been shown to interact with
their corresponding RNase P RNA (Toro et al., 2001).
Comparatively little is known about the assembly of
the human RNase P, although both Rpp29 and Rpp38
have been shown to possess nuclear localization signals
(Jarrous et al., 1999) and the Rpp14 and hPop5 subunits
appear to enter the nucleus via a piggyback mechanism
(Jarrous et al., 1999; van Eenennaam et al., 2001).

Potential Implications of a Distinct
RNase MRP Activity

Eukaryotes are defined by their nuclear structures
within which a dense subnuclear region, the nucleo-
lus, is the main site of ribosome biogenesis. In yeast,
specific cleavage within the internal transcribed spacer
(ITS) of the 35S pre-rRNA transcript by RNase MRP
occurs in the nucleolus and is reminiscent of a similar
activity performed by the bacterial and archaeal RNase
P enzymes. Specifically, in bacteria RNase P processes

tRNAs which exist within the ITS regions of bacterial
pre-rRNA transcripts (Morrissey and Tollervey, 1995).
Thus, in bacteria the processing of some pre-tRNAs is
co-ordinated with pre-rRNA processing. In eukaryotes,
tRNAs are not encoded within the pre-rRNA transcript.
The eukaryotic specific RNase MRP may have evolved
as a form of the bacterial activity that has become highly
specialized in the nuclear environment to cope with a
different substrate (5.8S rRNA) within the ITS region of
the eukaryotic pre-rRNA. In this respect it is intriguing
that the yeast RNase P is also found to be predominantly
nucleolar, and that pre-tRNA processing appears to oc-
cur at this location (Bertrand et al., 1998). It has also
been shown that the tRNA genes themselves have a nu-
cleolar arrangement, suggesting that the spatial ordering
of the pre-tRNA processing pathway begins with tran-
scription (Thompson et al., 2003). It should be stressed
that smaller quantities of RNase P or RNase MRP might
exist elsewhere in the cell. The S. cerevisiae RPR1 RNA
has been shown to be predominantly nucleolar but with
some nucleoplasmic foci (Bertrand et al., 1998; Kendall
et al., 2000; Lewis and Tollervey, 2000). The reported
processing of mitochondrial RNAs and the recently
demonstrated processing of the CLB2 mRNA by yeast
RNase MRP are also interesting (Gill et al., 2004). It is
not entirely clear at this time whether the enzyme asso-
ciated with these activities has the same subunit compo-
sition as the nucleolar enzyme used for pre-rRNA pro-
cessing, or an overlapping subset including the RNA
subunit.

In mammalian cells RNase MRP is nucleolar (Reimer
et al., 1988), but the localization of RNase P is less clear.
Since it is not known whether the early tRNA process-
ing pathway in vertebrates is associated with nucleoli,
as it is in yeast, it would not be surprising if RNase P lo-
calization was different from the yeast case. The various
RNA and protein components of the human holoen-
zyme have been found in distinct locations (Jarrous,
2002). The H1 RNase P RNA subunit appears to tran-
siently enter the nucleolus before diffusing into the nu-
cleoplasm, and has also been detected in the cytoplasm,
nucleoli, and the perinuclear compartment (Jacobson
et al., 1994; Wolin and Matera, 1999). In addition to
the movement of the H1 RNA, the individual protein
components have also been found in various compart-
ments. Although the existence of the protein subunits
in both RNase P and RNase MRP makes such local-
ization data difficult to interpret in most cases. Rpp14,
Rpp29, Rpp38, hPop1, and hPop5, have all been shown
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to be predominantly nucleolar, with Rpp29 and Rpp38
also detected in Cajal bodies (Lygerou et al., 1996; Jar-
rous et al., 1999; Savino et al., 1999; van Eenennaam
et al., 2001). The Rpp21 protein exists in two forms
with a distinct variant, Rpp21i, arising from alternative
splicing of the encoding mRNA. The variant Rpp21i is
not associated with the human RNase P and is mainly
localized in the nucleolus; the protein may somehow
function in the regulation of RNase P activity (Jarrous
et al., 2001). Other mechanisms for regulating the ac-
tivity of the human RNase P have also been suggested.
The La protein binds to pre-tRNAs and blocks RNase
P function (Fan et al., 1998), however the phosphory-
lation of La has been shown to relieve the blocking of
pre-tRNA processing and also serves to inhibit RNA
polymerase III (Maraia and Intine, 2002).

Individual Properties of the Eukaryal
Protein Components

A number of the yeast and human proteins have
been shown to have their own distinct activities that
may, or may not, be directly linked to the functions of
RNase P. The human Rpp21, Rpp29 and Rpp14 protein
subunits have each been observed to bind pre-tRNAs in
gel shift assays (Jarrous et al., 2001; Sharin et al., 2005).
The binding of the yeast Pop3 protein to pre-tRNAs
and also to single stranded RNAs has also been reported
(Brusca et al., 2001). Since the subunit has been shown
to be absent in the pre-RNase P this suggests that the
observed binding of pre-tRNAs to the Pop3 subunit
is not essential for the cleavage of pre-tRNAs in vitro
(Srisawat et al., 2002), and that this might represent a
non-specific RNA binding activity.

The Pop4 (Rpp29) protein is highly conserved in
archaea and eukaryotes and appears to be one of the
most ancient archaeal/eukaryal proteins (Hartmann
and Hartmann, 2003). In this respect, it is particularly
interesting that the human Rpp29 protein has been
shown to act as a cofactor for the bacterial M1 RNA
and is able to partially replace the bacterial C5 pro-
tein and form a stable active complex; despite having
no structural homology to the bacteria protein (Mann
et al., 2003; Sharin et al., 2005).

The recombinant human Rpp20 (Pop7) subunit has
been shown to possess an ATPase activity that is also
found in purified human RNase P, presumably due to
the presence of the Rpp20 subunit (Li and Altman,
2001). The function for this ATPase activity is not clear,

since known RNase P substrate cleavage activities do
not require ATP hydrolysis the activity could play a role
in holoenzyme function or assembly. Another human
protein subunit, Rpp14, has been shown to have 3′ to
5′ exoribonuclease activity in combination with its in-
teracting protein OIP2. The activity has been shown in
complexes of recombinant Rpp14 with OIP2 and also
in immunoprecipitated human RNase P but is absent
in holoenzyme fractions which have been further puri-
fied; indicating that OIP2 is not tightly associated with
the human RNase P holoenzyme. The heat shock pro-
tein Hsp29 has been found to specifically associate with
the Rpp20 subunit of the human holoenzyme, and the
protein is also seen to stimulate the activity of highly
purified RNase P. The specific roles for these interac-
tions are not entirely clear.

6. ORGANELLE RNase P
It is likely that the organelles found in eukaryotic

cells, mitochondria and chloroplasts, began as bacte-
rial or cyanobacterial endosymbionts each with their
own genome (Gray, 1993). The genomes of these or-
ganelles have been greatly reduced throughout evolu-
tion through the loss of non-essential genes and the
transfer of genetic information to the eukaryotic nu-
cleus; requiring these gene products to be produced
and imported into the organelle. A number of distinct,
organelle-specific RNase P activities have been detected
in both mitochondria and chloroplasts. The extent to
which these RNase P activities can be related to those
of the cellular enzymes is varied.

The Mitochondrial RNase P
A mitochondrial RNase P activity has been isolated

biochemically from vertebrates, fungi, plants and par-
asitic protozoa (Marchfelder, 1995; Rossmanith et al.,
1995; Lee et al., 1996; Salavati et al., 2001). In most
cases the activities have only been partially character-
ized. The most detailed information on the biochemi-
cal and genetic properties of a mitochondrial RNase P
has been derived from the S. cerevisiae enzyme, which is
composed of a mitochondrially encoded essential RNA
subunit, Rpm1 (423 nucleotides) and a single nuclear
encoded protein subunit, Rpm2 (105 kDa) (Miller and
Martin, 1983; Underbrink-Lyon et al., 1983; Morales
et al., 1992; Dang and Martin, 1993). Both the protein
and RNA subunits have been shown to be necessary
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for the cleavage of pre-tRNAs, by genetic analysis and
ribonuclease sensitivity (Hollingsworth and Martin,
1986; Morales et al., 1989; Morales et al., 1992). In S. cere-
visiae the Rpm2 protein has two domains, one required
for pre-tRNA cleavage, and another for the maturation
of the mitochondrial RNase P RNA subunit (mtP-RNA)
(Stribinskis et al., 1996; Stribinskis et al., 2001). In ad-
dition to dual roles in RNase P function and matura-
tion, the protein subunit has been shown to have other
roles essential for mitochondrial function (Kassenbrock
et al., 1995; Stribinskis et al., 2001). Recently, Rpm2 was
shown to act in the nucleus as a transcriptional regula-
tor, affecting the steady-state levels of the mRNAs for
a number of nucleus-encoded mitochondrial compo-
nents (Stribinskis et al., 2005). The Rpm2 protein does
not show any significant sequence similarity to any of
the known RNase P proteins from bacteria, archaea and
eukaryotes. Thus, the activity appears to be significantly
diverged from that of bacteria, this is also reflected in
the RNA component of this Ascomycete. A number of
mtP-RNAs have been predicted from the Ascomycete
fungal lineage and these have demonstrated large vari-
ations in mtP-RNA size and secondary structure (Wise
and Martin, 1991), when compared to the bacterial
RNAs (Seif et al., 2003). The smallest mtP-RNA identi-
fied in this lineage is that of the yeast Saccharomycopsis
fibuligera, (140nt), which displays just two of the five bac-
terial critical regions, CR-I and CR-V. Despite the avail-
ability of both nuclear and mitochondrial genomes for
many yeast species, the identification of mtP-RNAs has
only been achieved in the Zygomycota and Ascomy-
cota, and mtP-RNAs are conspicuously absent from
the Basidomycota and Chytridomycota. Although this
may, in part, be due to the inability to detect these
species by sequence comparative methods, it also raises
the possibility of the import of nuclear enzymes into the
mitochondria or the existence of protein only RNase P
activities.

There have been conflicting reports regarding the na-
ture of mtRNase P in H. sapiens (HeLa cells). An RNase P
activity that appears to be composed entirely of protein
has been isolated from a HeLa cell mitochondrial frac-
tion and shown to have specificity for mitochondrial
tRNA substrates (Rossmanith et al., 1995; Rossmanith
and Karwan, 1998; Rossmanith and Karwan, 1998). It
is interesting that the report of an RNA-free RNase
P was greeted with considerable skepticism, as was a
similar earlier report of an RNA-free chloroplast en-
zyme (see below). Twenty-five years ago the thought

of an enzyme composed entirely of RNA would have
been greeted with even greater skepticism. Adding to
the skepticism concerning the protein-only enzyme is
another report suggesting that an RNase P activity that
was partially purified from an enriched, human cell mi-
tochondrial fractionation utilizes the same RNA as the
H. sapiens nuclear RNase P (H1 RNA) (Puranam and
Attardi, 2001). This RNA-containing enzyme was not
shown to be specific for mitochondrial pre-tRNAs, and
the protein content of this ribonucleoprotein enzyme
was not determined. It is not clear at this time whether
it is the same as the nuclear enzyme (possibly a contam-
inant from the much larger nuclear pool of enzyme in
the cell lysates) or a variation that uses the nuclear RNA,
but a different protein complement. It seems unlikely,
though not impossible, that the full 11 subunit holoen-
zyme would be imported into the mitochondrion.

Preliminary characterization of the mitochondrial
RNase P from Trypanosoma brucei suggests that a rel-
atively small species (∼70 kDa) is responsible for ac-
tivity (Salavati et al., 2001). The activity was shown
to be insensitive to micrococcal nuclease (MN) how-
ever it was not been possible to rule out the pres-
ence of an RNA component associated with this
activity.

The Chloroplast RNase P
Biochemical characterization of RNase P from the

photosynthetic organelle (cyanelle) of Cyanophora para-
doxa shows that the enzyme is a ribonucleoprotein with
a large protein content (∼80%), similar to that of the
archaeal/eukaryotic nuclear RNase P (Baum et al., 1996;
Cordier and Schon, 1999). The enzyme contains an
essential RNA and footprinting analysis reveals simi-
lar protection of the RNA to that of the yeast nuclear
RNase P. The RNA component is not independently
catalytic, however it conforms to the bacterial consen-
sus structure similarly to the putative chloroplast RNase
P RNAs identified in the genomes of red algae (Porhyra
purpurea) and green plants (Nephroselmis olivacea and
Zea mays) (Reith and Munholland, 1995; Turmel et al.,
1999; Collins et al., 2000).

The possibility of a protein-only RNase P in some
chloroplasts is also controversial. To date, the strongest
evidence for the existence of a protein only RNase P
activity in any organelle comes from the biochemi-
cal characterization of the chloroplast RNase P from
Spinacia oleracea (Gegenheimer, 1996). The purified

96 S. C. Walker and D. R. Engelke

C
ri

tic
al

 R
ev

ie
w

s 
in

 B
io

ch
em

is
tr

y 
an

d 
M

ol
ec

ul
ar

 B
io

lo
gy

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

89
.1

63
.3

4.
13

6 
on

 0
1/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



enzyme is estimated at only 70 kDa and is insensitive
to inactivation using MN. Resistance to MN has been
shown in other RNA containing RNase P holoenzymes
due to protection of the RNA by the proteins, how-
ever in these cases an RNA component was detected.
Attempts to identify RNA in highly purified spinach
RNase P enzyme fractions, using highly sensitive assays,
have not been successful (Thomas et al., 1995). The ap-
parent lack of an RNA component is further supported
by the observation that spinach choloroplast RNase P
has a protein like density in CsCl (1.28 g/ml). Investi-
gation of its cleavage mechanism utilizing a pre-tRNA
substrate containing an Rp-thio-substitution at the scis-
sile bond suggests that spinach RNase P has a different
catalytic mechanism to that of the bacterial RNase P.
The modified substrate results in a dramatic decrease
in the catalytic activity of the bacterial ribozyme, how-
ever only a modest decrease in activity was observed
in the spinach RNase P (Chen et al., 1997; Thomas
et al., 2000). These combined observations are consis-
tent with a protein only RNase P activity in the spinach
chloroplast.

7. CONCLUDING REMARKS
Ribonuclease P is clearly one of the most ancient

surviving ribozymes from the hypothetical, pre-biotic
“RNA World”. In every kingdom of life, a form of
RNase P has survived that has an essential, catalytic
RNA subunit. Two questions arise from this remark-
able retention of RNA-based catalysis: [1] why has
the function been retained as an RNA catalyst, rather
than being taken over by protein as with other en-
zyme functions, and [2] why have the archaeal and
eukaryotic nuclear enzymes become such complex
ribonucleoproteins?

The answer to the first question might be fundamen-
tally similar to why the other ancient ribozyme, the ri-
bosome, has been conserved. Both catalytic RNAs were
developed to recognize a large number of tRNAs that
are distinct, in that they must bring different amino
acids, yet have key conserved features that allow them
to be recognized as “tRNA.” The need to specifically
recognize all “tRNA” structures and not other RNA
structures, leaves very little tolerance. Once a ribozyme
existed that was able to do this, the selection pressure
for keeping the function within the ribozyme, rather
than developing a new protein-based enzyme, would

be very strong. Although RNase P could develop lim-
ited tolerance for additional substrates, or even develop
a related enzyme to deal with additional substrates (e.g.
RNase MRP), the core substrate recognition could not
stray substantially.

The cleavage of pre-tRNAs by the eukaryotic RNase
P appears to have slightly different determinants from
that of the bacterial enzymes. The human enzyme
does not cleave the same minimal substrates as the
bacterial ribozyme, requiring an additional loop be-
tween the acceptor stem and T stem-loop domains
(Yuan and Altman, 1995). The yeast enzyme has been
shown to interact with pre-tRNAs within the 3′ trailer
regions as well as the tRNA domain and the en-
zyme binds to, and is strongly inhibited by, single-
stranded homoribopolymers [poly(G) and poly(U) >
poly(A) � poly(C)] (Ziehler et al., 2000).

The large increase in the number and size of the
protein subunits could have multiple causes. First, the
proteins might provide additional opportunities for
recognition of RNA or ribonucleoprotein substrates.
As noted above, pre-tRNA cleavage by nuclear RNase
P can be strongly inhibited by low concentrations of
single-stranded RNAs and the yeast enzyme is rela-
tively promiscuous in cleaving non-physiological RNA
substrates (Chamberlain et al., 1996), unlike the bacte-
rial holoenzyme. This suggests that the nuclear holoen-
zyme has additional binding site(s) that might be used
to position non-tRNA substrates for cleavage, although
the in vitro cleavage reactions do not faithfully repro-
duce specific recognition with purified enzyme and
naked RNA. In turn, this suggests that nuclear RNase
P must be prevented from freely interacting with un-
complexed, single-stranded RNA in the cell. Such a
function for the protein complement would be com-
patible with the observations that RNases P and MRP
are found in particular subcellular and subnuclear
compartments—an arrangement that could serve the
dual purpose of providing timely access to appropri-
ate substrates and preventing access to inappropriate
ones.

The RNase P ribozyme performs a relatively simple
task, the hydrolysis of a phosphodiester bond, but the
enzyme has evolved ever increasing ribonucleoprotein
complexity to adapt to new cellular environments and
tasks. Although we are beginning to understand the na-
ture of the RNA in structure and catalysis, comprehen-
sion of these biological adaptations of the holoenzymes
is at a very early stage.
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